UNIVERSIDADE ESTADUAL DO SUDOESTE DA BAHIA
PROGRAMA DE POS-GRADUACAO EM ENGENHARIA E CIENCIA DE ALIMENTOS
Area de concentracdo: Engenharia de Alimentos

PRISCILLA AMARAL NASCIMENTO

BIORREATORES COM LIPASE IMOBILIZADA: EFEITO DA MODIFICACAO
DOS SUPORTES E SUA APLICACAO NA INDUSTRIA DE ALIMENTOS

ITAPETINGA — BAHIA
FEVEREIRO, 2024



PRISCILLA AMARAL NASCIMENTO

BIORREATORES COM LIPASE IMOBILIZADA: EFEITO DA MODIFICACAO
DOS SUPORTES E SUA APLICACAO NA INDUSTRIA DE ALIMENTOS

Tese apresentada como parte das exigéncias
para obtencdo do titulo de doutorado em
Engenharia e Ciéncia de Alimentos, area de
concentracdo em Engenharia de Alimentos,
da Universidade Estadual do Sudoeste da
Bahia — UESB.

Orientadora: Prof.2 Dra. Cristiane Martins Veloso
Coorientadores: Prof.2 Dra. Renata Cristina Ferreira Bonomo
Prof. Dr. Leandro Soares Santos

Prof. Dr. Rafael da Costa Ilhéu Fontan

ITAPETINGA — BAHIA
FEVEREIRO, 2024



660.634
N197b

Nascimento, Priscilla Amaral.

Biorreatores com lipase imobilizada: efeito da modificacdo dos suportes e sua
aplicacéo na industria de alimentos. / Priscilla Amaral Nascimento. — Itapetinga-BA:
UESB, 2024.

147f.

Tese apresentada como parte das exigéncias para obtencdo do titulo de doutorado
em Engenharia e Ciéncia de Alimentos, area de concentracdo em Engenharia de
Alimentos, da Universidade Estadual do Sudoeste da Bahia — UESB. Sob a orientacéo
da Prof.2 D. Sc. Cristiane Martins Veloso e coorientagcdo da Prof.2 D. Sc. Renata
Cristina Ferreira, Prof. D. Sc. Leandro Soares Santos e Prof. D. Sc. Rafael da Costa
IIhéu Fontan.

1. Enzima imobilizada — Carvao ativado. 2. Carvdo ativado — Enzima — Residuos
agroindustriais. 3. Biorreator — Enzima imobilizada. 1. Universidade Estadual do
Sudoeste da Bahia — Programa de Pés-Graduacdo de Doutorado em Engenharia e
Ciéncias de Alimentos, Campus de Itapetinga. Il. Veloso, Cristiane Martins. |lI.
Bonomo, Renata Cristina Ferreira. V. Santos, Leandro Soares. V. Fontan, Rafael
da Costa Ilhéu. VI. Titulo.

CDD(21): 660.634

Catalogacdo na Fonte:
Adalice Gustavo da Silva — CRB 535-5% Regido
Bibliotecaria — UESB — Campus de Itapetinga-BA

indice Sistematico para desdobramentos por Assunto:

1. Inddstria de alimentos — Biorreatores — Enzima imobilizada




PPGECAL 3 Governodo

ENGEN HARIA E ; Estado da Bahia
CIENCIA DE ALIMENTOS UESE

Universidade Estadual do Sudoests da Bahia - UESE
Recredenci tho Decreto Estad sl

DECLARACAO DE APROVACAO

Titule: “BIORREATORES COM LIPASE IMOBILIZADA: EFEITO DA MODIFICACAO
DOS SUPORTES E SUA APLICAGAO NA INDUSTRIA DE ALIMENTOS™

Autor (a): PRISCILLA AMARATL NASCIMENTO
Orientador (a): Prof® Dr* Cristiane Martins Veloso
Coorientador (a): Prof® Dr* Renata Cristina Ferreira Bonomo
Prof. Dr. Leandro Scares Santos
Prof. Dr. Rafael da Costa [lhéu Fontan

Aprovada como parte das exigéncias para obtencio do Timle de DOLUTORA EM
ENGENHARI4 E CIENCIA DE ALIMENTOS, ARE4 DE CONCENTRACAO:
ENGENHARIA DE ALIMENTOS, pela Banca Examinadora.

Dotumeras assn ado dgitame e

Dosts messn ansinade digalmeste “b WYLINA | UWGUETRA TG BATTD
ub MATELS PEREIRA FLORBES SANT 05 g Diata 04111,/ 2504 30,35 030800
g Dt 04103/ 202% 1911399300 VarSaus #m hiies vtk Sac b
WETTO M MEE U
Dr. Mateus Pereira Flores Santos Dr* Mylena Jungueira Pinto Brito
(POS/DOC- UESC) (Membro Externo /EMBASA)
VR TPV 1 0 £ L T Docemenn assinado dighalmente
AT IR TR PRI, RO M “b LEAMER SOARES LAMTAL
g Dipta 03/03/2534 09 5143 0308 g Dhita: 050 2024 18992250300

Prof Dr ﬂldllﬁ; hnE_'--mlml ?'.Spo-l:f
- Dr. Leandro Soares Santos
Prof? Dr * Renata Cristina Ferreira Bonomo (UESB)

(UESB)

YerEtawn om hriiesiradandd e

Dhecnimasstn aalnae 8 gt mests

CRISTIAME MARTIHS VELOS O
g Dlala 008 004 8811 142000
‘arfige om s a b i eyl

Prof?* Dr* Cristiane Martins Veloso
COrientadora - UESE
Presidente da Banca

Itapetinga-BA, 21 de fevereiro de 2024,



“Adventure is worthwhile in itself. ”
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RESUMO

NASCIMENTO, P.A. Biorreatores com lipase imobilizada: efeito da modificacdo dos
suportes e sua aplicacdo na industria de alimentos. Itapetinga — BA: UESB, 2024. 147 p.
(Tese — Doutorado em Engenharia e Ciéncia de Alimentos). *

As lipases sdo enzimas que constituem um importante grupo destinado a aplicacdes
biotecnoldgicas por catalisar reagdes de hidrolise, esterificagdo e transesterificacdo. No
entanto, 0 emprego de enzimas livres em nivel comercial ainda é limitado pela sua baixa
estabilidade e reuso, o que dificulta sua aplicagdo em processos continuos e no aumento de
escala. Uma proposta vidvel capaz de solucionar tais limitagdes é a utilizagdo da enzima na
forma imobilizada. Nesse sentido, pode-se apontar o carvao ativado como um suporte
promissor por possuir elevada area superficial, porosidade e pela possibilidade de sintese a
partir de residuos agroindustriais. Dentro desse contexto, o presente trabalho teve como
objetivo produzir biorreatores por meio da imobilizagdo de lipase em carvdo ativado
sintetizado a partir do residuo de sisal e submetido a diferentes métodos de modificacéo,
investigando o potencial dos derivados mais promissores em sintetizar lactato de etila e
acilglicerdis ricos em dmega-3. As condi¢des 6timas de sintese do carvdo ativado foram
determinadas utilizando-se o Delineamento Composto Central Rotacional (DCCR),
empregando como variaveis independentes o tempo e a temperatura de carbonizacéo, e como
variaveis resposta a atividade e recuperacao enzimatica, onde os maiores valores alcangados
foram 42,90 U e 60,59 %, respectivamente. O tempo e a temperatura 6timos de sintese foram
definidos a partir da derivada parcial da equacao de regressao (86 min e 700 °C) e aplicados
aos experimentos subsequentes. O efeito das modificacBes de superficie do carvao ativado
foi investigado a partir da incorporacdo de genipina (GAC), acido iminodiacético +
particulas metélicas (MAC) e genipina + particulas metalicas (GMAC) na imobilizacdo de
lipases do péncreas do porco (PPL) e Candida rugosa (CRL). Todos os suportes
apresentaram alta eficiéncia de imobilizacdo (E > 87 %), onde os carvles ativados
metalizados apresentaram maior atividade de hidrdlise (MAC = 47.3 U e GMAC =516 U
para CRL). Os derivados apresentaram resultados promissores para a sintese de lactato de
etila (Y > 90 %) e o suporte metalizado teve o maior rendimento apds os ciclos de reuso
(86,16 % para PPL e 88,46 % para CRL). Além disso, o efeito das condic¢des de glicerodlise
utilizando o derivado produzido foi avaliado de acordo com a concentracdo enzimatica,
concentracdo de suporte, razdo molar de substrato e tempo de reacgdo, tendo a conversdo de
acido graxo livre como variavel resposta. Os pardmetros Otimos foram 15 mg g*
(enzima/suporte), 8 % de derivativo (m/v), 1:5 de glicerol:6leo e 24 h de reacdo. Foram
obtidos 8,08 % de acidos graxos livres com composi¢cdo de acidos graxos n-3 PUFAs de
42,28 %, apds o tratamento enzimatico do 6leo residual de lula. O carvao ativado do residuo
do sisal funcionalizado por diferentes métodos de modificagdo tem potencial para aplicagédo
em processos de imobilizacdo de lipases para aplicacdo na obtencdo de ingredientes
alimenticios, como o lactato de etila e acilglicerdis de dmega-3.

Palavras-chave: Carvio ativado; Esterificagdo; Glicerolise; Lactato de etila; Omega-3.

Orientador (a): DSc. UESB. Cristiane Martins Veloso; Co-orientador: DSc. UESB. Renata
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SUMMARY

NASCIMENTO, P.A. Bioreactors through immobilized lipase: effect of support
modification and their application in the food industry. Itapetinga — BA: UESB, 2024.
147 p. (Thesis — Doctorate in Food Science and Engineering).*

Lipases are enzymes that catalyze hydrolysis, esterification, and transesterification reactions.
However, the low stability and reusability of free enzymes make it difficult to use them in
continuous processes and scale-up. One strategy that can reduce such limitations is enzyme
immobilization. Therefore, activated carbon is a valuable support material due to its high
BET surface area, porosity, and synthesis through agro-industrial waste. This work aimed to
produce bioreactors through lipase immobilization in activated carbon synthesized from sisal
waste and functionalized by different modification methods, investigating the potential of
promising derivatives to synthesize ethyl lactate and omega-3 acylglycerols. The optimal
conditions were determined by the Central Composite Design (CCD) and Response Surface
Methodology (RSM) through carbonization time and temperature as independent variables,
and Enzyme activity and Recovery as response variables. The highest Enzyme activity and
Recovery were 42.90 U and 60.59 %, respectively. The optimal time and temperature were
calculated by the partial derivative of regression equations (86 minutes and 700 °C) and they
were applied in the following experiments. The effect of activated carbon surface
modifications was investigated based on the incorporation of genipin (GAC), iminodiacetic
acid + metallic particles (MAC), and genipin + metallic particles (GMAC) for lipase
immobilization (porcine pancreas lipase (PPL) and Candida rugosa lipase (CRL)). All the
adsorbents showed high immobilization efficiency (E > 87 %), with the metalized-activated
carbons presenting the highest hydrolysis activity (MAC = 46.9 U and GMAC =48.1 U for
PPL and MAC = 47.3 U and GMAC = 51.6 U for CRL). The biocatalysts have reported
promising results for the synthesis of ethyl lactate (Y > 90 %). The high ester conversion
after five cycles suggested that the immobilization process efficiently protected the lipase
from desorption, and the metalized supports had the highest yield in the last cycle (MAC =
86.16 % for PPL and MAC = 88.46 % for CRL). The effect of glycerolysis conditions was
evaluated according to enzyme concentration, support concentration, substrate molar ratio,
and reaction time with the conversion of Free Fatty Acid as the response variable. The
optimal parameters were 15 mg g support, 8 % of derivative (w/v), 1:5 of glycerol:oil, and
24 hours. The squid waste oil obtained Free Fatty Acid (%) = 8.08 % and n-3 PUFAs fatty
acid composition = 42.28 % after enzymatic treatment. The microcapsules synthesized
through microencapsulation by complex coacervation showed unexpectedly high oxidative
stability (OSI =52.35 h) compared to untreated (OSI = 0.04 h) and lipase-treated oil (OSI =
2.46 h). Activated carbon from sisal waste has the potential to immobilize lipases and it can
be applied as a biocatalyst to synthesize ethyl lactate and produce omega-3 acylglycerols.

Keywords: Activated carbon; Esterification; Ethyl lactate; Glycerolysis; Omega-3.

Supervisor: DSc. UESB. Cristiane Martins Veloso; Co-supervisor: DSc. UESB. Renata
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1. INTRODUCAO

A busca por processos alternativos aplicaveis na sintese de compostos de interesse
industrial intensificou-se nos ultimos anos, onde a sintese enzimatica oferece grande
potencial frente a sintese quimica por apresentar inumeros beneficios envolvendo
seletividade, biocompatibilidade, biodegradabilidade e aceitabilidade ambiental. Por esse
motivo, 0 uso de enzimas na biocatalise € uma das areas que apresenta maior crescimento
nos ultimos anos (MELO et al., 2023; SINGH et al., 2024; WU et al., 2021).

As enzimas sdo biocatalisadores de origem proteica responsaveis por acelerar a
velocidade das reagdes. Dentre as variedades existentes, a lipase se destaca por catalisar
diversos processos produtivos devido a sua versatilidade e especificidade, tanto em meio
aquoso guanto em meio organico, como na catalise de reacdes de hidrolise de triacilglicerois
e esterificacdo (PEREIRA et al., 2022; VERMA et al., 2021). No entanto, 0 emprego de
enzimas livres em nivel comercial ainda é limitado pela baixa estabilidade, reuso e elevado
custo de isolamento e purificacdo, o que limita sua aplicacdo em processos continuos e no
aumento de escala (MONTEIRO et al., 2021; ROMERO-FERNANDEZ e PARADISI,
2020; SAMPAIO et al., 2022; SOUSA et al., 2021). Uma proposta viavel capaz de
solucionar tais limitacGes € a utilizacdo da enzima na forma imobilizada.

A imobilizacdo consiste no confinamento de biocompostos, com retencdo da
atividade bioldgica e estabilidade, destacando como principais caracteristicas: simplicidade
de execucdo, baixo custo operacional e facilidade de recuperacao e reutilizacdo da molécula
(ALMEIDA; PRATA; FORTE, 2022; RODRIGUES et al., 2021). Dos métodos de
imobilizacdo existentes, a adsorcéo é apontada como uma técnica vantajosa em funcédo da
facilidade de execucdo, baixo custo e possibilidade de regeneracdo da matriz. Além disso,
exerce poucos efeitos na estrutura conformacional das moléculas e no sitio ativo enzimatico
por envolverem interacGes de menor energia e especificidade quando comparadas as ligacdes
irreversiveis, quando empregado o suporte adequado. Dentre os suportes com potencial para
aplicacdo no processo de imobilizagéo, o carvéo ativado tem sido bastante estudado devido
as suas propriedades fisico-quimicas (ARANA-PENA et al., 2021; SANTOS et al., 2022).

O carvéo ativado (CA) é um material carbonaceo de estrutura altamente porosa
obtida através da ativacao e queima controlada da biomassa precursora de carbono. Dentre
as variedades de matérias-primas empregadas, os residuos agroindustriais apresentam
grande potencial para a sintese de carvdes ativados devido ao elevado teor de carbono e

elevada diversidade e disponibilidade, permitindo produzir suportes com melhor custo-
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beneficio quando comparados aos suportes convencionais, além de minimizar impactos
ambientais por envolver um processamento mais sustentavel (ALVEAR-DAZA et al., 2022;
GIRELLI et al., 2020; GOMEZ-DELGADO et al., 2022; SANDOVAL-GONZALEZ et al.,
2022).

A sintese do carvdo ativado envolve dois processos principais: ativacdo
quimica/fisica e carbonizacdo do material precursor. Tais etapas sdo responsaveis pelo
desenvolvimento das caracteristicas do adsorvente, como area superficial, distribuicdo e
tamanho de poros. Apesar das diversas vantagens relatadas, a aplicagdo da técnica demonstra
inconvenientes para a imobilizagdo enzimética quanto as restri¢cfes difusionais de substrato
e dos produtos, aleatoriedade e forca da interacdo enzima-suporte (HASANZADEH et al.,
2020; RATHER et al., 2022). Algumas alternativas a essas limita¢fes sdo a modificacédo das
propriedades texturais a partir da otimizacdo das condicBes de sintese, como o tempo e
temperatura de carbonizacao, e as funcionaliza¢Ges de superficie a partir da incorporacao de
agentes reticulantes e/ou particulas metalicas. Nesse sentido, a utilizacéo de genipina como
agente reticulante e particulas metalicas de ferro podem ser apontadas como métodos de
modificacdo dos suportes, onde a ligacdo covalente e a interacdo ibnica, respectivamente,
sdo 0s mecanismos de imobilizacdo (BAYRAMOGLU et al., 2022a; OLIVEIRA et al.,
2022).

A imobilizacdo enzimatica em carvdes ativados funcionalizados favorece a aplicacéo
da lipase como catalisadora de diversos processos produtivos, onde uma das vertentes de
maior expansao para o setor alimenticio nos ultimos anos é a sua utilizagdo na sintese de
ésteres de aromas (KOVALENKO et al., 2021). Além disso, as enzimas lipoliticas tém sido
relatadas recentemente no processamento de 6leo de peixe para a sintese de acidos graxos
poli-insaturados de cadeia longa - 6mega-3 (n-3 PUFAS) para suplementacao nutricional,
uma vez que o dmega-3 é um nutriente essencial e, portanto, ndo pode ser produzido pelo
organismo humano (PALACIOS et al., 2022).

Dentro desse contexto, o trabalho em questdo teve como objetivo produzir
biorreatores por meio da imobilizacdo de lipase em carvao ativado sintetizado a partir do
residuo de sisal e submetido a diferentes métodos de modificagéo, investigando o potencial
dos derivados mais promissores em sintetizar lactato de etila e acilglicerois ricos em dmega-
3.
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2. REVISAO BIBLIOGRAFICA

2.1. Imobilizagéo enzimatica

A aplicagdo industrial de catalisadores biologicos oferece grande potencial frente aos
catalisadores quimicos por apresentar inimeros beneficios envolvendo seletividade,
biocompatibilidade, biodegradabilidade e aceitabilidade ambiental. Por esse motivo, o uso
de enzimas na biocatalise € uma das areas que apresenta maior crescimento no mercado de
moléculas biologicamente ativas (MELO et al., 2023; SINGH et al., 2024; WU et al., 2021).
Entretanto, 0 emprego de enzimas livres em nivel comercial ainda é limitado pela baixa
estabilidade, reuso e elevado custo de isolamento e purificacdo, o que limita sua aplicacdo
em processos continuos e no aumento de escala. Uma proposta viavel capaz de solucionar
tais limitacBes é a utilizacdo da enzima na forma imobilizada (DE SOUSA et al., 2023;
NWAGU et al., 2021).

O processo de imobilizacdo consiste no aprisionamento da enzima em uma matriz
com preservacdo de sua atividade, visando a utilizacdo repetida e continua. A técnica de
imobilizacdo busca um melhor desempenho catalitico e a reducdo do custo global de
operacao, proporcionando vantagens em relacdo a enzima na forma livre, tais como (SOUSA
etal., 2021):

e maior atividade; estabilidade térmica;

e resisténcia as variacoes de pH;

o facilidade de recuperagéo;

e USO em processos continuos, o que promove um controle mais preciso das variaveis

do processo;

possibilidade de reutilizag&o.

Dessa forma, a sele¢do da estratégia de imobilizacdo deve ser baseada em parametros
que consideram o custo do procedimento, a toxicidade dos reagentes envolvidos, a eficiéncia
de recuperacdo da atividade enzimatica e as propriedades finais desejadas para a enzima
(ALMEIDA et al., 2022; MONTEIRO et al., 2021).

Os métodos de imobilizacdo enzimatica podem ser divididos em duas categorias
principais de acordo com o tipo de interacdo entre a biomolécula e a matriz (Figura 1): fisica
e quimica. O método fisico consiste na incorporagdo da enzima por meio de retencéo fisica
e interacBes de menor especificidade. J& a imobilizacdo quimica envolve a retencdo
irreversivel da enzima por meio de ligacdes fortes, como a ligacdo covalente
(REMONATTO etal., 2022). A atividade da enzima imobilizada é influenciada pelo método
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empregado, condi¢fes de reacdo, caracteristicas do suporte selecionado (afinidade, area
superficial, porosidade e hidrofobicidade), seletividade e especificidade do biocatalisador
(ROMERO-FERNANDEZ e PARADISI, 2020).

‘ Métodos de imobiliza¢io enzimatica ’

[ |
( Métodos fisicos ’ ‘ Métodos quimicos ’
——— s o

‘ Adsor¢io ’ { Encapsulacio ’ Confinamento Cross-linking ‘ Ligacio covalente

‘ CLE ’ ‘ CLEC H CSDE H CLEA ’

UM A Ay

Agente

reticulante I
£l Cristalizagio

i 4 Enzima seca por
pulverizagio
Solvente/sal
enzimitica

Figura 1. Métodos de imobilizacdo enzimatica. Fonte: (FILHO et al., 2019).

2.1.1 Meétodos fisicos
a. Adsorcéo
A adsorcdo fisica consiste na imobilizacdo reversivel da enzima na superficie da
matriz. Esse é um dos métodos de imobilizagdo mais utilizados devido a facilidade de
execucdo, baixo custo e possibilidade de regeneracdo da matriz. Além disso, as interagdes
envolvidas na ligacdo da enzima a superficie do suporte possuem baixa energia e
especificidade (forcas de Van der Waals, interagdes hidrofobicas, ligaces de hidrogénio)
quando comparadas as ligacbes covalentes, permitindo retencdo maxima da atividade
enzimatica uma vez que exercem poucos efeitos na estrutura conformacional e no sitio ativo

da enzima. Os suportes mais utilizados sdo carvdo ativado, silica gel, ceramica, materiais
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naturais como celulose e agarose, além de alguns residuos industriais (FILHO et al., 2019;
ISMAIL e BAEK, 2020; MO et al., 2020a).

Em contrapartida, a técnica demonstra inconvenientes quanto as restricoes
difusionais de substrato e produtos na estrutura porosa do suporte, aleatoriedade e for¢a da
interacdo enzima-suporte em decorréncia da natureza do solvente empregado e da variagao
dos parametros operacionais, como temperatura, pH e forca idnica. Tais caracteristicas
podem favorecer a dessor¢do do composto imobilizado. Sendo assim, a eficiéncia do método
de adsorcdo fisica estard associada a esses parametros, as caracteristicas do adsorvente e a
relagdo entre a concentracgdo da enzima e do suporte (FOPASE et al., 2020; RATHER et al.,
2022). Algumas alternativas a essas limitacdes sdo a otimizacdo das condicdes de sintese do
suporte e o desenvolvimento de modificacGes de superficie a partir da incorporacdo de
agentes reticulantes (BRITO et al., 2020b; YU et al., 2021b).

b. Encapsulacdo

A encapsulacdo envolve a retencdo da molécula de interesse de modo irreversivel em
estruturas poliméricas permeaveis a substratos e produtos. Diferentemente da adsorcdo, a
encapsulacdo protege a enzima do contato direto com o meio reacional, minimizando os
efeitos de inativacdo que podem ocorrer devido & natureza do solvente. Além disso, 0 método
permite maior estabilidade e facilidade de recuperacéo frente a enzima livre (SHELDON et
al., 2021). No entanto, a atividade da enzima imobilizada, geralmente, € menor do que a da
enzima nativa, o que se deve principalmente a limitacdo a difusdo do substrato e/ou a
mudanca estrutural desfavoravel da enzima dentro da matriz (NADAR; RATHOD, 2020).
Os mecanismos de encapsulacdo com maior destaque na literatura sdo as estruturas organicas
metalicas (MOF) (DU et al., 2022b), covalentes (COF) (CHAO et al., 2022) e ligadas a
hidrogénio (HOF) (L1U; SUN, 2023).

c. Confinamento
O confinamento ou aprisionamento é um método irreversivel onde a incorporagéo da
enzima ocorre por meio da sua inclusdo em uma matriz, no interior de fibras, em uma
estrutura de rede ou em membranas poliméricas. Isso permite com que 0s substratos e
produtos difundam-se através do suporte, enquanto as enzimas permanecem imobilizadas.

A imobilizag&o ocorre simultaneamente a polimerizagdo do suporte ao redor da biomolécula,
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onde é necessario promover condi¢Ges operacionais adequadas tanto para a enzima quanto
para a matriz (AGGARWAL et al., 2021; IMAM et al., 2021).

Nesse sentido, o confinamento demonstra diversos beneficios, como o baixo custo,
facilidade de aplicagédo em pequena escala e protecéao frente ao contato direto com solventes,
preservando a estrutura conformacional e atividade catalitica, além de dificultar a inativago
proteica. Alguns dos polimeros utilizados como matrizes para imobilizacdo enzimatica por
aprisionamento sdo: alginato, carragena, colageno, poliacrilamida, gelatina, borracha de
silicone, poliuretano e alcool polivinilico (ISMAIL e BAEK, 2020; YUAN et al., 2023).
Entretanto, o uso pratico desta técnica é limitado pela complexa amplia¢do de escala devido
a baixa carga enzimatica suportada e a dificuldade em controlar o tamanho dos poros do
suporte, 0 que prejudica a transferéncia de massa do substrato para o sitio ativo da enzima e
pode levar a dessor¢cdo (THANGARAJ e SOLOMON, 2019).

2.1.2  Métodos quimicos
a. Imobilizacdo por ligagédo covalente

A imobilizacdo por ligacdes covalentes é o procedimento irreversivel mais aplicado
na imobilizacdo enzimatica. A retencdo da enzima a superficie do suporte ocorre por meio
de ligacOes covalentes entre o suporte e os grupos funcionais da enzima por meio das cadeias
laterais dos aminoacidos, como os grupos e-amino (lisina), tiol (cisteina), carboxilico (&cidos
aspartico e glutamico), fendlico e imidazol (MAGHRABY etal., 2023; RAFIEE e REZAEE,
2021). A eficiéncia da ligacdo covalente e a estabilidade do biocatalisador sdo influenciadas
pelas caracteristicas do suporte e pela orientacdo de ligagcdo da enzima uma vez que ligacdes
entre 0s aminoacidos do sitio ativo e a matriz podem desfavorecer a atividade catalitica (LIU
et al., 2021). Em geral, o0 método conta com uma etapa prévia de modificacdo da superficie
ou funcionalizacdo da matriz para insercdo de grupos funcionais. Neste método podem ser
utilizados como suportes agarose, celulose, quitosana, carvao ativado, cloreto de polivinila,
silica mesoporosa e vidro poroso (LIU et al., 2022).

A principal caracteristica dessa técnica de imobilizagdo € a rigidez imposta a
estrutura da enzima devido a forga das ligacGes covalentes, dificultando a dessorcéo, o
desdobramento e a desnaturacdo proteica, além de proporcionar maior eficiéncia na
imobilizacdo, estabilidade as condicdes de reacdo e possibilidade de reutilizacdo. Como

desvantagens, podem ser citadas a dificuldade de sele¢do dos parametros de imobilizacéo e
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0 encarecimento do processo proveniente da adi¢do de agentes funcionalizantes durante a
ativacdo do suporte (LUO et al., 2020; PANDEY et al., 2020).

b. Cross-linking

A imobilizacdo por reticulacdo ou cross-linking € uma metodologia irreversivel
baseada na formagdo de uma estrutura tridimensional. Em geral, a reticulagdo envolve
ligagOes covalentes entre enzimas usando agentes reticulantes bi ou multifuncionais, como
¢ 0 caso do glutaraldeido, um reticulante amplamente aplicado devido ao baixo custo e
excelente eficiéncia de operacdo em escala comercial. Outros agentes conhecidos séo
poliaminas, polietilenoimina, poliestireno sulfonatos, genipina, polialdeido dextrano e
diferentes fosfatos (BOUNEGRU e APETREI, 2023; WANG et al., 2022a; XU et al., 2023).

Os protocolos de reticulacdo mais utilizados sdo o0s agregados enzimaticos
reticulados (CLEA), reticulados de enzimas (CLE), cristais de enzima reticulados (CLEC) e
enzimas atomizadas reticuladas (CSDE). Os CLEAs destacam-se como um biocatalisador
insollvel em que ndo é obrigatoria a presenca de suporte pois a ligagdo ocorreré entre enzima
e agente reticulante. No entanto, o agente deve conter pelo menos duas extremidades reativas
para possibilitar a formacao de uma estrutura tridimensional complexa (MULEY et al., 2021,
SAMPAIO et al., 2022). Em geral, esse € um processo em que ha aumento de estabilidade
da estrutura enzimatica, possibilidade de co-imobilizacdo e reutilizacdo e ndo requer
moléculas em meios com elevada pureza. No entanto, apresenta baixa reprodutibilidade,
baixa estabilidade mecanica, alto custo, possibilidade de alteraces na estrutura
conformacional e formagéo de clusters com consequente perda de atividade, dificuldades de
manuseio devido ao aspecto gelatinoso e 0 uso excessivo dos reagentes de reticulagdo pode
reduzir a conversao e estabilidade do produto (THANGARAJ e SOLOMON, 2019).

O desenvolvimento de metodologias associadas a imobilizacdo enzimatica
intensificou-se nos Gltimos anos, onde as lipases encontram-se em evidéncia em razao de

sua seletividade, especificidade e vasta aplicacdo industrial (REMONATTO et al., 2022).

2.2 Lipases
Lipases (triacilglicerol hidrolases (E.C. 3.1.1.3)) sdo enzimas que catalisam a
hidrolise de ligacOes éster dos triacilglicerdis em diacilglicerois, monoacilglicerdis, acidos
graxos livres e glicerol. Embora sejam pertencentes a familia das hidrolases, as lipases
também possuem mecanismo de atuagdo em meio organico para a reacdo de sintese de
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ésteres a partir de um alcool e um &cido carboxilico, também conhecida como esterificacdo
(NASCIMENTO et al., 2021a; PEREIRA et al., 2022).

Outras reacOes podem ser catalisadas de acordo com a composi¢éo do meio reacional
e da transformacgdo do grupo éster (Figura 2), como é o caso da transesterificacdo. Essa
reacdo se refere a troca de grupamentos acila entre um éster e outro composto quimico em
que podem ser citadas: interesterificacdo, onde ha troca entre os substituintes de dois ésteres;
acidolise, amindlise e alcoolise, que estdo associadas a degradacdo/sintese na presenca de
um &cido, amina e alcool como agentes nucleofilicos, respectivamente. Dentre as rea¢Ges de
alcdolise, a glicerdlise (troca entre éster e glicerol) possui destaque em aplica¢des industriais
(CHANDRA et al., 2020; VERMA et al., 2021).
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Figura 2. Reag0es catalisadas por lipases. Fonte: (SALGADO et al., 2022).
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Via de regra, enzimas lipoliticas apresentam estabilidade em meio aquoso neutro e
temperatura ambiente. De acordo com a fonte enzimatica, a massa molecular das lipases esta
na faixa de 20-75 kDa, o pH de atividade pode variar de 4 a 9, sendo os valores 6timos entre
6 e 8, e a temperatura de atividade esta entre 25-70 °C, onde o valor ideal pode variar entre
30 e 40 °C (BHARATHI e RAJALAKSHMI, 2019). Conforme relatado por Mortazavi e
Aghaei (2020), o sitio ativo das lipases consiste em uma triade de residuos de aminoacidos,
nomeadamente um residuo nucleofilico (cisteina, serina ou aspartato), um residuo catalitico
acido (aspartato ou glutamato) e um residuo de histidina.

As lipases exibem um mecanismo catalitico especifico que ocorre exclusivamente na
interface dleo-agua e permite que a enzima possua duas conformacdes: forma fechada e
inativa ou forma aberta e ativa. Esse mecanismo é denominado ativacao interfacial e esta
associado a presencga de uma cadeia polipeptidica mével hidrofébica de a-hélice que atua
como uma “tampa” e isola o sitio ativo do meio reacional. No entanto, o contato com uma
interface hidrofébica (ex. gotas de 6leo e suportes hidrofébicos) promove a abertura da
tampa e favorece a interacdo substrato-sitio ativo (REMONATTO et al., 2022; ZHANG et
al., 2022a).

As lipases sdo classificadas quanto a sua regioespecificidade, ou seja, a capacidade
de hidrolisar &cidos graxos em posicOes especificas da cadeia de glicerol na estrutura dos
triglicerideos. Tais biomoléculas podem ser divididas em especificas para sn-1,3, especificas
para sn-2 ou inespecificas. As lipases especificas sn-1,3 (ex: lipases de Aspergillus niger,
Mucor miehei, Bacillus thermocatenulatus, Candida antarctica B, Rhizomucor miehei,
Thermomyces lanuginosus e pancreas do porco) séo as mais comuns e hidrolisam ligagdes
éster nas posicdes sn-1 e sn-3. As lipases especificas sn-2 hidrolisam ligacdes éster na
posicdo sn-2 e as lipases inespecificas (ex: lipases de Pseudomonas cepacia, Pseudomonas
fluorescens, Candida rugosa, Candida cylindracea e Chromobacterium viscosum)
hidrolisam aleatoriamente todas as posic¢@es dos triglicerideos. Além disso, algumas lipases
apresentam maior preferéncia por alguns tipos de &cidos graxos, como € o caso das lipases
de Candida rugosa e Rhizomucor miehei que reconhecem preferencialmente substratos
contendo acidos oleico ou elainico (MONTEIRO et al., 2021; REMONATTO et al., 2022).

As lipases podem ser obtidas a partir de animais, plantas e microrganismos com
diferente especificidade de substrato, seletividade e propriedades bioquimicas. As enzimas
vegetais apresentam processos de extracdo de baixo custo e purificagdo a partir de técnicas

simples, uso de fontes renovaveis, possibilidade de reaproveitamento de residuos e
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caracteristicas especificas ao seu mecanismo de funcionamento (ALVES et al., 2022).
Algumas fontes vegetais a serem citadas sdo: améndoa do pequi (NASCIMENTO et al.,
2021b), azeite de dendé (DIN et al., 2021), farelo de arroz (YU et al., 2021a), latex de maméo
(VB et al., 2022), semente de mamona (TAVARES et al., 2021) e semente de seringueira
(FATIHA et al., 2020). No entanto, os baixos niveis de lipase normalmente encontrados nas
fontes nativas limitam a producdo em larga escala.

Nesse sentido, grande parte das lipases utilizadas em pesquisas e processos
industriais sdo de origem microbiana devido a elevada estabilidade, baixo custo de producao,
biodisponibilidade e versatilidade. O mercado de lipases microbianas tem crescido
continuamente ao longo dos anos, com projecao de alcancar 5,59 bilhdes de délares em 2023
e taxa de crescimento anual de 6,8 % (CHANDRA et al., 2020; FASIM et al., 2021;
SALGADO et al., 2022). Como citado anteriormente, 0 emprego de enzimas livres em nivel
comercial ainda é limitado pela baixa estabilidade em determinados meios, reuso e elevado
custo de isolamento e purificacdo. Sendo assim, entende-se como necessario o
desenvolvimento de técnicas que otimizem a eficiéncia catalitica e industrial da lipase, onde

a imobilizacdo pode ser destacada.

2.2.1 Imobilizacdo de lipases
O método mais comum de imobilizacéo lipolitica € a adsorcdo. Devido ao mecanismo
de ativacdo interfacial das lipases (Figura 3), suportes com caracteristicas hidrofébicas sdo
preferenciais por potencializarem a imobilizag&o desse biocatalisador na conformacdo aberta
e ativa, sendo um desses materiais o carvéo ativado (BRITO et al., 2020a).

Imobilizacio da lipase
em suporte hidrofdbico

© — (
— _—
Forma Forma

fechada aberta

Equilibrio
conformacional da lipase

Lipase imobilizada
na forma aberta

Figura 3. Mecanismo de ativacdo interfacial das lipases em suportes hidrofobicos. Fonte:

(RODRIGUES et al., 2021).
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Entretanto, as limitagdes associadas ao processo adsortivo ampliaram a variedade de

estudos com diferentes suportes e métodos de imobilizacéo de lipases, como é reportado na

Tabela 1.
Tabela 1. Desempenho de lipases imobilizadas em diferentes suportes e métodos de
imobilizacéo.
Suporte Meétodo Fonte Atividade/ Referéncia
Reuso
Estrutura zeolitica Encapsulacéo Aspergillus 72 % de hidrdlise (NADAR e
de imidazolato niger apos 6 ciclos RATHOD, 2020)
(ZIF-8) (MOF)
LentiKats (Gel de Agregados reticulados e Candida 60 % de rendimento  (GUAJARDO et
alcool polivinilico confinamento antarctica B de glicerdlise apds 6 al., 2020)
ciclos
(PVA))
Nanoparticulas de  Reticulagdo com glutaraldeido Candida 53 % de hidrolise (QIAN et al.,
silica (SiO2) e adsorcéo antarctica B apos 5 ciclos 2023)
Nanotubos de Adsorcao rPichia/lip 80-85 % da (NURULLINA et
carbono hidrolise ap6s 36 al., 2020)
ciclos
Oxido de grafeno Adsorcao Suco 71 % de rendimento  (KUMAR; PAL,
pancreatico  de transesterificacdo 2021)
apos 5 ciclos
Novozym 435 Adsorcao Candida 40 % de rendimento  (DE MENESES et
(resina Lewatit VP antarctica de esterificacao al., 2020a)
apos 3 ciclos
OC 1600)
Lipozyme TL-IM Adsorgdo Thermomyces 58 % de rendimento (DE MENESES et
(sflica cationica) lanuginosus de esterificacao al., 2020a)
apos 3 ciclos
Lipozyme RM-IM Adsorgao Rhizomucor 54 % de rendimento (DE MENESES et
miehei de esterificacao al., 2020a)

(resina de troca

anionica)

apos 3 ciclos
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Carvéo ativado

Carvéo ativado

Superparticulas
magnéticas de
FesOa4

Nanoparticulas de
Fe304-COF

Esferas
magnéticas de

quitosana

Carvéo ativado

Biomassa da borra

de café

Palha de arroz

magnética

Adsorcao

Ligacdo covalente —

modificagdo com glutaraldeido

Ligacdo covalente

Ligacdo covalente

Ligacdo covalente —
modificacdo com

polidopamina

Ligacédo covalente —

modificacdo com particulas

metalicas

Ligacdo covalente —

modificacdo com glutaraldeido

Ligacdo covalente

Pancreas do
porco

Pancreas do
porco

Rhizopus
oryzae

Rhizomucor
miehei

Candida
rugosa

Pancreas do
porco

Candida
rugosa

Thermomyces

lanuginosus

92 % de rendimento
de esterificacao
apos 5 ciclos

90 % de rendimento
de esterificacao
apos 5 ciclos

45 % de rendimento
de transesterificacdo
apos 5 ciclos

70 % de rendimento
de transesterificacdo
apos 8 ciclos

69 % de rendimento
de esterificacao
apos 10 ciclos

80 % de rendimento
de esterificacdo
apos 5 ciclos

60 % de hidrdlise
apos 3 ciclos

82 % de rendimento
de transesterificacao
apos 5 ciclos

(BRITO et al.,
2020b)

(BRITO et al.,
2020b)

(NEMATIAN et
al., 2020)

(ZHOU et al.,
2021)

(BAYRAMOGL
U etal., 2022a)

(DE OLIVEIRA
et al., 2022)

(GIRELLI et al.,

2023)

(OTARIl et al.,
2020)

2.3 Carvao Ativado

O carvao ativado (CA) (Figura 4) € um material carbonaceo de estrutura altamente

porosa composta por micro (< 2 nm), meso (2-50 nm) e/ou macroporos (> 50 nm). E

desenvolvido através da queima controlada do material precursor e apresenta forma

microcristalina ndo grafitica com pequenas quantidades de heterodtomos (principalmente

oxigeénio, nitrogénio e hidrogénio) ligados aos atomos de carbono. O CA possui elevadas

area superficial especifica e porosidade, conferindo-lhe a capacidade de adsorver moléculas
liquidas ou gasosas no interior dos seus poros (BENITEZ et al., 2022; ZHU e XU, 2020). A
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capacidade adsortiva do carvdo ativado é orientada por sua porosidade interna, area
superficial, distribuicdo de tamanho e volume de poros e presenca de grupos funcionais
ligados a superficie, caracteristicas afetadas significativamente pelas propriedades fisicas e
quimicas do precursor, pelo método de sintese e pelas condigdes de ativacdo (BRITO et al.,
2020; WANG et al., 2022).

Macroporo a //

Mesoporo

Microporo

Figura 4. Representacdo esquematica da estrutura dos poros e grupos funcionais de
superficie do carvao ativado. Fonte: (SULTANA et al., 2022).

Os carvdes ativados sdo amplamente utilizados em processos de clarificacdo,
purificacdo, desodorizacdo e descoloracdo de materiais, além de servirem como suporte
catalitico. Por esse motivo, esses adsorventes sao de interesse do ponto de vista econdémico
e possuem uma diversidade de aplicacdes na industria, como no processamento de alimentos,
farmacos, petroleo, produtos quimicos, tratamento de efluentes e setor automobilistico. Os
CA podem ser encontrados na forma granular, fibrosa e p6, o que promove aplicabilidade
especifica para cada uma dessas estruturas (ADELEYE et al., 2021a; PATHAK e
MANDAVGANE, 2023; THONGPAT et al., 2021).

A superficie de um carvado ativado apresenta caracteristicas quimicas acidas e/ou
basicas, sendo as &cidas associadas a grupos funcionais como as carboxilas, lactonas e
fenois; e as basicas associadas a grupos como hidroxilas, carbonilas, piranos e éter. Além
disso, o carvdo pode ter capacidade oxidante, redutora, hidrofilica ou hidrofobica
(BARROSO-BOGEAT et al., 2019; SANDOVAL-GONZALEZ et al., 2022).

O CA pode ser obtido a partir de uma infinidade de materiais ricos em carbono de

origem animal, vegetal e mineral. As matérias-primas mais utilizadas s&o minerais,
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madeiras, serragens, 0ssos de animais, residuos agroindustriais, algas, entre outros. As fontes
minerais sao encontradas em abundancia, porém ndo sdo renovaveis. Ja as fontes vegetais
sdo renovaveis, encontradas em abundancia e possuem baixo custo. A escolha do material
precursor depende da sua disponibilidade e composic¢do lignocelulésica, visto que as
propriedades do carvdo serdo influenciadas pela natureza do material utilizado e pelo
processo de sintese (ABED et al., 2022; ABUELNOOR et al., 2021; ALVEAR-DAZA et
al., 2022; GOMEZ-DELGADO et al., 2022).

2.3.1 Sintese do carvéo ativado

A sintese do carvdo ativado estd associada a dois processos conhecidos como
ativacdo e carbonizacdo do material precursor, podendo ocorrer simultaneamente ou ndo. A
carbonizacdo é definida como o tratamento térmico (pirdlise) do precursor em atmosfera
inerte e elevadas temperaturas que podem variar entre 300°C e 900°C. Nessa etapa, é
removida a umidade, os componentes volateis (H, N e O) e gases leves (CO, Hz, CO2 e CHay),
responsaveis pela formacdo de uma estrutura porosa e pelo aumento da concentracdo de
carbono na amostra, resultando em um material rico em carbono (JIANG et al., 2020; REZA
et al., 2020).

A ativacdo promove reacGes secundarias no material carbonizado a fim de aumentar
sua porosidade através do aumento do diametro dos poros e da criacdo de novos poros, o que
consequentemente altera a area superficial. Em alguns casos, ha a modificacao superficial a
partir de diferentes grupos quimicos adicionados. Esse processo atribui as caracteristicas
basicas do carvao como distribuicdo de poros, area superficial especifica, atividade quimica
da superficie e resisténcia mecanica de acordo com a configuracao requerida para a aplicacéo
tecnoldgica do material carbondceo (HASANZADEH et al., 2020; ZHU e XU, 2020).

A ativacdo pode ocorrer pelo método fisico ou quimico. A ativacéo fisica envolve
um processo de duas etapas térmicas distintas, onde o material precursor é primeiramente
carbonizado sob temperatura elevada (entre 700 °C e 900 °C) e atmosfera inerte a fim de
evitar a combustdo da estrutura carbonacea. Nessa etapa, ha a remocao dos heteroatomos e
liberacdo dos volateis, o que implica na obtencao de um carvao com elevado teor de carbono.
Entretanto, o material obtido exibe uma baixa area superficial e porosidade. Sendo assim, a
segunda etapa da ativacao fisica consiste na remogdo seletiva dos &tomos de carbono mais
reativos por meio de reacOes controladas de gaseificagdo, gerando a porosidade caracteristica
dos carvdes ativados (ADELEYE et al., 2021b; DUAN et al., 2021).
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A temperatura de gaseificacdo depende do agente de gaseificagdo empregado,
normalmente didoxido de carbono, vapor d’agua, oxigénio ou uma mistura desses gases.
Temperaturas entre 700 e 900 °C sdo usadas para vapor d’agua ou CO». Por outro lado, a
temperatura de gaseificagdo deve ser muito mais baixa (300-450 °C) ao usar Oz devido a sua
maior reatividade e exotermicidade de reacdo. Nesse sentido, vapor e didxido de carbono
sdo os agentes ativadores preferenciais utilizados (LEWOYEHU, 2021).

A ativacdo quimica baseia-se na impregnacdo do material precursor com agentes
quimicos seguida de tratamento térmico sob atmosfera inerte em faixas de temperatura entre
300 e 900 °C. Nessa etapa, 0s compostos quimicos auxiliam no aumento da porosidade por
meio da despolimerizacdo, desidratacdo, condensacdo e degradacdo da estrutura do
precursor. Além disso, ha formacdo de ligacGes cruzadas no material, reduzindo a
susceptibilidade a volatilizacdo durante o processamento em elevadas temperaturas. Alguns
dos principais agentes empregados na ativacdo quimica sdo o acido fosférico (HsPOa), &cido
sulfarico (H2S0a), cloreto de zinco (ZnCly), hidroxido de potassio (KOH) e hidroxido de
sodio (NaOH). Por fim, € realizada a lavagem para remocéo do agente ativador remanescente
e dos subprodutos da reacio que podem obstruir os poros formados (BENITEZ et al., 2022;
HEIDARINEJAD et al., 2020a; LEWOYEHU, 2021).

O écido fosférico é um aditivo alimentar aprovado pela Food and Drug
Administration (FDA), tornando-o o principal agente ativante quimico na sintese de carvoes
ativados com aplicacdes na inddstria de alimentos (DUNFORD et al., 2023). A ativacdo
quimica com &cido fosférico apresenta algumas vantagens frente a ativacdo fisica,
destacando-se 0 emprego de temperaturas mais baixas (em torno de 400 a 500 °C) e,
consequentemente, menor tempo de ativacdo, o que promove maior rendimento por prevenir
a queima excessiva, formacao de alcatrdo e outros produtos volateis (IWANOW et al., 2020;
MONTALVO ANDIA et al., 2020).

Além disso, tal método permite um controle mais preciso sobre o desenvolvimento
de microporosidade e distribuicdo das dimensfes dos poros em comparag¢ao ao método fisico
devido ao seu mecanismo de degradacdo da estrutura lignoceluldsica. Durante o processo de
ativacdo, o precursor sofre condensacdo catalisada pelo H3POs, favorecendo a quebra de
ligagOes. Por serem estruturas amorfas e estarem localizadas na fragdo mais externa na fibra,
as porgdes de lignina e hemicelulose sdo mais susceptiveis a degradacdo e formacgdo de
microporos. Por outro lado, a celulose (estrutura cristalina) possui maior reatividade com o

acido fosforico e forma ligacOes éster acrescentando grupos polifosfato/fosfato ao longo da
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estrutura, 0 que promove sua expansao. Por esse motivo, a decomposicao da celulose esta
associada ao desenvolvimento de mesoporos. Em geral, o desenvolvimento de
microporosidade € observado em faixas de temperatura entre 150 e 300 °C. Acima dessa
faixa, os mesoporos passam a ser desenvolvidos, especialmente pelo enlarguecimento dos
microporos existentes (HEIDARINEJAD et al., 2020; HU et al.,, 2021; PALURI e
DURBHA, 2023; BRITO et al., 2020a).

2.4 Utilizacédo de compostos lignocelul6sicos como precursores de carbono

A agroindustria € um setor de grande relevancia na economia e abastecimento da
populacdo brasileira. Entretanto, esse segmento contribui significativamente na geragéo e
descarte indevido de grandes quantidades de residuos sélidos e liquidos, desencadeando
inimeras problemas ambientais, como a polui¢do da agua e do solo, emissdo de gases de
efeito estufa e mudancas climaticas, gerando um impacto negativo na salide humana e
animal. Diante disso, o reaproveitamento desse material para a obtencdo de diferentes tipos
de produtos se tornou uma alternativa lucrativa e sustentavel, com destaque para o uso da
biomassa lignocelulésica na sintese de carvdes ativados (NAIR et al., 2022; SONU et al.,
2023; SRIVASTAVA et al., 2023).

Os compostos lignocelulésicos sdo 0s materiais mais disponiveis da biosfera com
estimativa de que sejam produzidas 181,5 bilhdes de toneladas por ano mundialmente. No
entanto, apenas cerca de 8,2 bilhdes de toneladas de biomassa sdo utilizadas, sendo 1,2
bilhGes de toneladas provenientes de residuos agricolas (ASHOKKUMAR et al., 2022). A
biomassa lignocelulésica (Figura 5) é encontrada na parede celular vegetal e composta por
um conjunto de tecidos celulésicos que podem ser divididos em trés fragdes poliméricas
principais, unidas entre si por uma rede complexa de ligacbes covalentes, sendo elas:
celulose (40-60 %), lignina (10-25 %) e hemicelulose (20-40 %), onde a variacdo na
concentracdo de cada um desses elementos estara associada as caracteristicas da matéria-
prima, estado de maturacéo e condi¢des climéaticas. Além desses componentes, a biomassa
vegetal possui constituintes extrativos e inorganicos (CHAKHTOUNA et al., 2022; GULEC
etal., 2021; ZHANG et al., 2021).

A celulose € um homopolimero integral e estrutural da biomassa lignocelulésica com
uma cadeia linear de unidades repetidas de -D-glucopiranose ligadas covalentemente por
ligacdes B-(1,4) glicosidicas que conferem rigidez e estabilidade a parede celular. As
ligagbes de hidrogénio e as interagbes de van der Waals ligam as cadeias de celulose
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vizinhas, refor¢ando o alinhamento paralelo e formando uma estrutura cristalina com uma
conformacéo helicoidal dupla plana estendida denominada microfibrila (BAIG, 2020). A
hemicelulose é uma estrutura curta de baixo grau de polimerizacédo, aleatoria e amorfa que
consiste em pentoses altamente ramificadas (xilose e arabinose), hexoses (manose, glicose,
galactose), sacarideos de baixo teor (ramnose e frutose), acidos urdnicos e grupos acetil em
quantidades variadas ligados entre si por ligacGes de hidrogénio e ligacdes covalentes
(SPEIGHT, 2020). A lignina é uma macromolécula fendlica irregular ndo cristalina sem
estrutura priméria definida formada pela polimerizacao por radicais livres de precursores de
alcool que fornece resisténcia mecéanica a biomassa e reforca a compactacéo das fibras entre
a parede celular (SCELSI et al., 2021).
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Figura 5. Estrutura da biomassa lignocelulésica. Fonte: (CHAKHTOUNA et al., 2022).

De modo geral, celulose e hemicelulose séo constituintes volateis, enquanto a lignina
€ o material que proporciona rigidez a biomassa e possui complexa volatilizagdo. A
decomposicéo da estrutura e quebra de ligagGes ocorre entre 180-260 °C para a hemicelulose,
240-350 °C para a celulose e 280-500 °C para a lignina. Nesse sentido, a composi¢éo do

material precursor empregado sera fator determinante para as propriedades do produto final,
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incluindo a distribuicéo e o tamanho de poros (CHAKHTOUNA et al., 2022; LU et al., 2020;
ZHANG et al., 2021).

Os residuos agroindustriais apresentam grande potencial para a sintese de carvoes
ativados por serem uma fonte abundante de biomassa. Diversos estudos tém sido realizados
a fim de converter tais materiais em produtos de alto valor agregado, uma vez que possuem
em sua composicdo elevado teor de carbono e compostos volateis, permitindo desenvolver
uma estrutura altamente porosa (IMAM et al., 2021). Dentre os residuos utilizados como
precursores de carbono, podem ser citados: casca de cacau (LEON et al., 2022), fibra de
bambu (RAHMAN e KARACAN, 2022), casca de coco (SUJIONO et al., 2022), casca de
laranja e limdo (RAMUTSHATSHA-MAKHWEDZHA et al., 2022), casca de palma
(HUSSIN et al., 2021), casca de arroz (CHAROENSOOK et al., 2021), casca de castanha
de caju (SAMIYAMMAL et al., 2022) e casca de amendoim (CAMPOS et al., 2022).
Estudos relatam que o residuo do processamento do sisal € uma fonte ainda pouco explorada
na sintese de carvdes ativados (DIZBAY-ONAT et al., 2018).

2.4.1 Sisal (Agave sisalana)

O sisal (Agave sisalana) (Figura 6) é uma planta originaria do México com
caracteristicas morfologicas e fisioldgicas que conferem resisténcia a diferentes condi¢des
ambientais, incluindo climas quentes e regides que sofrem com secas prolongadas. Por esse
motivo, o Brasil € o maior produtor e exportador de fibra de sisal do mundo, onde estima-se
que 39 % das 220 mil toneladas de fibra de sisal produzidas anualmente sejam oriundas do
Brasil (COLLEY et al., 2021). Seu cultivo é predominante em regides semiaridas, mais
especificamente no estado da Bahia, responsavel por 95 % da producdo de sisal no pais
(CRUZ-MAGALHAES et al., 2020). Além disso, o sisal também é cultivado em regides
como Tanzania, China, India, Sul da Africa e Indonésia (VEIT, 2023).

\
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Flgura 6. Planta (a) e fibra de sisal (b) Fonte: EMBRAPA, 2023.
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A Agave sisalana é uma importante produtora de fibras naturais duras. A fibra
extraida ocupa a sexta colocacdo em relevancia, representando cerca de 2 % da producéo
mundial de fibras vegetais e 75 % da producéo global de fibras duras (SHAHZAD et al.,
2022). No entanto, apenas 3-5 % da massa total da planta de sisal é utilizada adequadamente
na produgdo de fibras, sendo a porcentagem restante descartada como residuo de sisal,
levando a perda excessiva de matéria-prima e geracdo de impactos negativos a0 meio
ambiente (MELO et al., 2020). Nesse sentido, o0 uso desse residuo acompanha a tendéncia
de crescimento mundial que favorece a aplicacdo de recursos naturais sustentaveis com
reducdo de impactos ambientais.

A fibra de sisal é composta por diferentes porcentagens de celulose (47-78 %),
hemicelulose (10-24 %) e lignina (7-14 %) (CHOUDHARY et al., 2023). Ja o residuo do
desfibramento do sisal possui composicao lignocelulésica subdividida em aproximadamente
43,6 % de celulose, 18,8 % de hemicelulose e 18,7 % de lignina (L1 et al., 2021). Dessa
forma, o residuo de sisal € um recurso potencialmente valioso com destaque para a sua

conversao em carvoes ativados.

2.5 Aplicag0es do carvao ativado

O avanco no desenvolvimento de novas tecnologias ao longo dos Ultimos anos
proporcionou a obtencdo de materiais com caracteristicas adsorventes e de baixo custo, como
é o caso dos diferentes tipos de carvdes ativados encontrados no mercado. Além disso, 0 uso
de residuos agroindustriais como fonte de carbono pode reduzir ainda mais os custos de
producdo por serem abundantes e muitas vezes ndo possuirem um aproveitamento adequado,
0 que atribui valor agregado ao produto final (KAUR et al., 2023). Tais caracteristicas
aliadas a propriedades quimicas e texturais especificas dos CA, como elevada area
superficial e porosidade, estabilidade a variacdes nas condi¢bes operacionais, hidrofilicidade
e insolubilidade, tém influenciado em sua aplicacdo em diversas vertentes (WANG et al.,
2022b). De acordo com Mariana et al. (2021), a demanda global por carvdes ativados esta
avaliada em 3 bilhdes de ddlares anualmente.

O carvao ativado € amplamente empregado em escala industrial na separagéo e
purificacdo de liquidos e gases, podendo ser apontado como uma das técnicas mais eficientes
na remocdo de compostos organicos e inorganicos de um meio. Dessa forma, pode-se
destacar sua utilizacdo no tratamento de efluentes, &guas residuérias e gases; recuperacéo de
solventes e metais; clarificacdo, descoloracdo e desodorizacdo de produtos da industria

37



alimenticia, quimica e farmacéutica; e como suporte para a imobilizacdo de enzimas (KAYA
etal., 2023; PANAHI et al., 2020; SALGADO et al., 2022).

2.5.1 Modificagdes em carvdes ativados
Nos ultimos anos, diversas pesquisas tém sido relatadas sobre modificacéo de superficie das
matrizes para imobilizacdo enzimatica, sendo que o carvao ativado se tornou objeto de
estudo devido aos inconvenientes observados durante a adsor¢do e a possibilidade de
desenvolvimento de um material heterofuncional (Figura 7). A funcionalizagdo implica em
aumento de atividade, estabilidade e seletividade por promover a quimissorcao (ligagoes
covalentes) e fisissorcdo (forcas de Van der Waals, interacGes hidrofobicas, ligacbes de

hidrogénio, interacdes ionicas e interacdes especificas) (LAKSHIMI et al., 2024).
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Figura 7. Estratégias de retencdo das lipases em suportes hidrofébicos através dos
mecanismos de imobilizacdo por ligagédo covalente e reticulacdo. Fonte: (MONTEIRO et al.,
2021).

O glutaraldeido € o reagente multifuncional mais utilizado na modificacdo para
imobilizacdo de enzimas por ligacdo covalente por apresentar baixo custo, facilidade de
execucdo e promover estabilidade através da formagéo de interacdes rigidas entre a molécula
de interesse e o suporte. Os suportes ativados por glutaraldeido reagem principalmente com
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0S grupos amino primarios da estrutura proteica, embora possam reagir com outros grupos
funcionais como tidis, fenois e imidazdis. O método consiste na aminacao da superficie
carbonacea seguida da incorporacdo do glutaraldeido pela formacéo de bases de Schiff entre
0s grupamentos amina e aldeido, levando a formacdo de ligagdes aminas secundarias
estaveis e promovendo a imobilizagdo enzimatica por ligacfes covalentes devido a sua
elevada forca idnica. As maiores desvantagens ao uso dessa técnica sdo a toxicidade do
glutaraldeido e sua capacidade de polimerizacdo em meio aquoso (MO et al., 2020b;
SANTOS et al., 2019; THANGARAJ e SOLOMON, 2019).

Nesse sentido, novos metodos estdo sendo desenvolvidos como alternativas ao
glutaraldeido, onde a genipina € apontada como uma abordagem verde promissora
(toxicidade até 10000 vezes menor) devido a biocompatibilidade, biodegradabilidade e por
formar produtos reticulados estaveis. A genipina é um composto natural obtido do glicosideo
iridoide (geniposideo) comumente utilizada na medicina alternativa por possuir propriedades
antimicrobianas, antitumorais e anti-inflamatorias (YU et al., 2021b). Sua atividade
reticulante é proveniente da reacao espontanea com aminas primarias de diferentes materiais
formando ligagbes covalentes. O uso de genipina como agente de reticulacdo ja é
amplamente difundido na imobilizacdo enzimatica em quitosana (BAYRAMOGLU et al.,
2022b), gelatina (SUN et al., 2022) e colageno (ADAMIAK e SIONKOWSKA, 2020).
Contudo, ha uma caréncia de estudos reportados para a modificacdo de carvGes ativados,
podendo ser citada apenas a aplica¢do na imobilizacdo de proteases (SANTOS et al., 2022).
Sendo assim, a imobilizagdo de lipases em carvdes ativados funcionalizados com genipina
deve ser investigada com o objetivo de aumentar a eficiéncia do processo.

A funcionalizacdo de matrizes utilizando particulas metalicas também vem ganhando
destaque por apresentar diversos beneficios como biocompatibilidade, baixa toxicidade,
propriedades magnéticas vantajosas, facilidade de execucdo, estabilidade em diferentes
condigdes e possibilidade de reutilizacdo da solucdo. Dentre os compostos empregados, as
particulas magnéticas de dxido de ferro (FesO4) possuem grande destaque. O ¢xido de ferro
(11, 111 é produzido pela co-precipitacdo de ions Fe?* e Fe* e tém as interacdes ibnicas como
mecanismo de imobilizacdo (DARWESH et al., 2020; OLIVEIRA et al., 2022; GRACIDA
etal., 2019; RUSU et al., 2022).

Diante do exposto, diversos estudos tém sido desenvolvidos a fim de avaliar a
eficiéncia dos carvdes ativados como suportes cataliticos em processos de imobilizagéo de

enzimas, conforme mostrado na Tabela 2.
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Tabela 2. Estudos desenvolvidos com carvdo ativado como suporte para imobilizagéo

enzimatica.
Enzima Meétodo Aplicacao Referéncia
Lipase Adsorcao Hidrolise da emulséo de (BRITO et al., 2020)
azeite de oliva
Adsorcao Esterificacéo de acetato (OLIVEIRA et al.,
L de isoamila 2022)
Ligacdo covalente
Adsorcao Transesterificacdo de 6leo (QUAYSON et al.,
de palma em biodiesel 2020)
Ligacgéo covalente Interesterificacdo entre (ZHAO et al., 2022)
6leo de canfora e perilla
Lacase Adsorcao Oxidacéo de ABTS (BORGES et al.,
2023)
Pepsina Adsorcéo Hidrdlise da caseina (SANTOS et al., 2022)
bovina
Ligacdo covalente
Amilo Ligacdo covalente Hidrdlise da (ASLAN et al., 2020)
glucosidase maltodextrina
Tripsina Adsorcédo Hidrdlise de caseina de (SOUZA JUNIOR et
cabra, btfalo e bovina al., 2020)
Ligacdo covalente
Celulase Ligacgéo covalente Hidrdlise de celulose (MO et al., 2020b)

2.6 Aplicag0es de lipases

Devido a versatilidade das reacdes catalisadas por lipases, essa biomolécula é

considerada um catalisador valioso para a biotecnologia por ser uma alternativa limpa frente

aos métodos quimicos enquanto fornece alta especificidade e seletividade ao substrato,
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atividade sob condigbes operacionais amenas e formacdo reduzida de subprodutos e
intermediarios, 0 que aumenta o rendimento da reacdo (ISMAIL e BAEK, 2020). Por esse
motivo, as enzimas lipoliticas s@o empregadas em diversas areas, como na sintese de
biossensores para detec¢do de poluentes ambientais, como os pesticidas. Na industria
alimenticia, os biossensores podem ser utilizados para controlar a qualidade dos alimentos,
principalmente a presenca de triacilglicerdis. Ja na medicina, sensores de lipase e fosfolipase
sdo usados como ferramentas de diagndstico para detectar niveis de triglicerideos, colesterol
e fosfolipidios em amostras de sangue (CHEN et al., 2022b; THAKKAR et al., 2023).

O uso de lipases na producdo de biodiesel é uma das metodologias mais conhecidas
e difundidas do mercado através da transesterificacdo de 6leos e gorduras (WANCURA et
al., 2023). Lipases sdo apontadas como a enzima mais importante para a industria de
cosméticos devido ao seu uso como ingrediente ativo em formulagbes de cosméticos e na
sintese de ésteres utilizados nesses materiais. Além disso, pode ser usada na producéo de
medicamentos (BALOGH-WEISER et al., 2023), detergentes (SAFDAR et al., 2023),
desengorduramento de efluentes industriais (NIMKANDE et al., 2023) e matérias-primas
téxteis (TALEB et al., 2022).

Na industria de alimentos, as lipases sdo amplamente aplicadas em laticinios através
da hidrdlise da gordura do leite e na catalise da maturacdo de queijos (CHEN et al., 2021;
GUAN et al., 2021). Também existe uma grande demanda de enzimas lipoliticas na sintese
de ésteres flavorizantes (GONCALVES et al., 2021), na reducdo do nivel de gordura de
carnes (MOHAMMED et al., 2023) e na panificagdo (XIANG et al., 2021). Por fim, a
modificacdo de 6leos e gorduras € uma das principais areas do processamento de alimentos
que requer novas tecnologias econémicas e verdes. As lipases modificam as propriedades
dos lipideos e os convertem em produtos de alto valor agregado, como na transesterificacdo
de lipideos estruturados e de Oleos ricos em PUFAs 6mega-3 (ALI et al., 2023). As
aplicacdes empregadas no presente trabalho séo apresentadas a seguir.

2.7 Esteres flavorizantes

O aroma é o aditivo responsavel por determinar as propriedades sensoriais e a
identidade de um produto, sendo considerado um parametro chave associado a aceitacao do
consumidor. Estima-se que o mercado de flavorizantes de alimentos tenha alcancado
US$12,8 bilhdes em 2023 (SANTOS et al., 2023; PAULINO et al., 2021). Entretanto, a

producdo de aromas naturais atualmente ndo € capaz de atender a demanda comercial,
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fazendo-se necesséria a utilizacdo de ferramentas biotecnoldgicas para oferecer processos
eficientes e sustentaveis (PEREIRA et al., 2022; SOUSA et al., 2021).

Tradicionalmente, ésteres flavorizantes séo isolados de fontes naturais por extracdo
ou produzidos por meio de rea¢des quimicas. No entanto, esses métodos possuem algumas
limitacOes, como a baixa concentracdo dos componentes ativos desejados presentes na
matéria-prima e/ou sua dificuldade de remocéao da matriz, o que demanda etapas adicionais
de purificacdo e eleva os custos do processo; influéncia das condigdes climaticas e de
processamento; toxicidade de reagentes quimicos e catalisadores; e possibilidade de
formacdo de subprodutos (BAYRAMOGLU et al., 2022; VILAS BOAS e DE CASTRO,
2022). Dessa forma, a catalise enzimatica é capaz de reduzir vérias dessas limitacbes com
caracteristicas especificas de seletividade e pureza, atuacdo em condi¢Ges de reacdo
moderadas, além de ser considerada uma alternativa mais sustentavel que a catalise quimica
e conferir ao éster o rétulo de produto natural (MELO et al., 2023).

Uma importante vertente que se encontra em constante expansao nos Gltimos anos é
a aplicacdo da lipase como catalisador da sintese de ésteres de aromas, obtidos a partir da
reacdo de esterificacdo de um &cido carboxilico de cadeia curta ou média e um alcool,
produzindo normalmente aromas frutados e florais (Tabela 3). Por esse motivo, tais
compostos sdo imprescindiveis para os setores de limpeza, alimentos, cosméticos e higiene
pessoal (BAYOUT et al., 2020; KOVALENKO et al., 2021; ZAPPATERRA et al., 2021).

Tabela 3. Tipos de ésteres de aromas produzidos por lipases.

Ester de aroma Aroma Converséo (%) Referéncia

Acetato de cinamila Canela, floral, adocicado, 99 % de rendimento (DONG et al., 2020)
apimentado, balsdmico

Acetato de isoamila Frutado (banana) 93 % de rendimento  (OLIVEIRA et al., 2022)
Benzoato de benzila Balsamico, herbaceo, oleoso 92 % de rendimento (MENESES et al.,
2020Db)
Butirato de benzila Frutado (ameixa) 90 % de rendimento  (MENESES et al., 2019)
Butirato de butila Frutado (abacaxi) 82 % de rendimento (GONCALVES et al.,
2021)
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Butirato de citronelila Floral (rosa) 99 % de rendimento (GIRAO NETO et al.,
2023)

Lactato de etila Amanteigado, frutado, vinagre 87 % de rendimento (MEHTA et al., 2020)

88 % de rendimento (KOUTINAS et al.,

2018)
83 % de rendimento (SUN et al., 2010)
Propionato de benzila Nozes, adocicado, frutado 99 % de rendimento (JAWALE e

BHANAGE, 2021)

O lactato de etila, ou éster etilico do acido lactico, é um éster monobasico produzido
pela combinacdo de &cido lactico e etanol. Reconhecido por sua versatilidade e alto
desempenho, é amplamente empregado como solvente e agente solubilizante "verde” em
inimeras aplicacdes industriais, incluindo materiais para revestimentos especiais, tintas e
produtos de limpeza (MAJGAONKAR et al., 2021; MEHTA et al., 2020). Além disso,
desempenha um papel crucial devido a sua baixa toxicidade, principalmente como agente
aromatizante que confere notas amanteigadas a laticinios e vinhos, além de estar associado
a diferentes sabores como repolho, ervilha, vinagre, pdo, amora, frango assado, abacaxi e
framboesa (KOUTINAS et al., 2018).

Por fim, o lactato de etila destaca-se como ingrediente farmacéutico e aditivo
alimentar por ser Geralmente Reconhecido como Seguro (GRAS) pela Food and Drug
Administration (FDA) e pela European Food Safety Authority (EFSA) (CONG et al., 2019;
XUE et al., 2024). Até o momento, a esterificacdo do lactato de etila via tratamento
enzimatico a partir de lipase imobilizada em carvao ativado do residuo do sisal ndo foi
relatada na literatura. Nesse sentido, € interessante explorar a viabilidade comercial do

derivado produzido em sintetizar esse flavorizante.

2.8 Acidos graxos poli-insaturados 6mega-3 (PUFAs n-3)

Os acidos graxos (AG) de ocorréncia natural podem ser classificados de acordo com
0 comprimento da cadeia carbbnica, onde AG que contém mais de 12 atomos de carbono
sdo chamados de AG de cadeia longa. Além disso, com base no nimero de ligagdes duplas,

0s acidos graxos podem ser divididos em saturados (SFAs, sem ligacbes duplas),
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monoinsaturados (MUFAs, uma ligacdo dupla Unica) e poli-insaturados (PUFAs, > 2
ligacGes duplas). Os PUFAs ainda podem ser classificados em dois grupos, 6mega-3 (»-3
ou n-3) e dmega-6 (w-6 ou n-6), com base na posicdo da primeira ligacdo dupla na
extremidade do terminal metila (OLIVER et al., 2020; SAINI et al., 2021).

Os PUFAs 0mega-3 sdo reconhecidos como nutrientes essenciais para a nutricao e
salde humana, de modo que precisam ser introduzidos pela dieta ou outros tipos de
suplementacdo (INNES e CALDER, 2020). Os trés principais tipos de &cidos graxos dmega-
3 envolvidos na fisiologia humana s&o 0 4cido a-linolénico (ALA, 18:3-A %1215) o 4cido
eicosapentaenoico (EPA, 20:5-A 8111417 e g 4cido docosaexaenoico (DHA, 22:6-
A 4710131619 © gue podem ser encontrados no mercado principalmente na forma
de triglicerideos e ésteres etilicos (MAGONI et al., 2022).

EPA e DHA s&o compostos valiosos por desempenharem papel crucial na prevencao
de diversas doencas, como as doencas coronarianas (SHEN et al., 2022). Esses PUFAs estéo
envolvidos no desenvolvimento de estruturas de membrana, cérebro e retina, e na regulagéo
da funcdo metabdlica e fisioldgica, como a reducdo de triacilgliceréis no sangue e o controle
da presséo arterial (ZHANG et al., 2022b). Além disso, as atividades antioxidantes e anti-
inflamatérias do EPA e DHA desempenham um efeito preventivo ou paliativo contra
doencas neurodegenerativas (KOUSPAROU et al., 2023) e cancerigenas (SIM et al., 2022)
e, mais recentemente, COVID 19 (TAHA et al., 2022).

Dentro desse contexto e com base na dose diaria recomendada (500 mg/pessoa), a
demanda global de acidos graxos 6mega-3 é estimada em mais de 1,27 milhdes de toneladas
por ano e espera-se que esta procura cresga continuamente (cerca de 11 % entre 2020 e
2025). O mercado de PUFAs dmega-3 esta avaliado em USD 2,1 bilhdes e foi projetado um
crescimento de 7,8 % entre 2020 e 2028 (BENVENGA et al., 2022). A distribuicdo de acidos
graxos n-3 ocorre na forma de triglicerideos e ésteres etilicos para diversas aplicacdes, como
suplementos dietéticos e alimentos fortificados. A América do Sul pode ser citada como um
mercado crescente impulsionado pelo alto consumo de produtos fortificados (CHOPRA et
al., 2022).

2.8.1 Reaproveitamento de residuos marinhos para producdo de PUFAS
A principal fonte de acidos graxos émega-3 € marinha, principalmente peixes e
crustaceos como o salmao, atum, sardinha, camardo e lula. No entanto, o processamento

dessas espécies produz quantidades significativas de subprodutos. Em paises ocidentais
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como o Brasil e a Austrélia, existe um nivel consideravel de desperdicio resultante da
subutilizacdo de partes de mariscos, uma vez que apenas a carne € consumida por grande
parte das pessoas (OZYURT e OZKUTUK, 2020). De acordo com a Organizagio para a
Alimentacdo e Agricultura (FAO), a producdo anual de mariscos esta estimada em mais de
180 milhdes de toneladas, mas cerca de um quarto de sua massa total é descartada
(AUBOURG et al., 2023).

Recentemente, tem sido discutida a valorizacao de espécies marinhas descartadas e
subprodutos da inddstria de frutos do mar por apresentarem composi¢do constituinte
semelhante aos tecidos marinhos comerciais e comestiveis (AUBOURG et al., 2023).
Ahmad et al. (2019) reportou altos niveis de PUFAs ricos em ®-3 em extratos lipidicos da
cabeca (26 e 29 %), intestino (24 e 27 %) e figado (23 e 24 %) da sardinha e atum,
respectivamente. Nesse sentido, o desenvolvimento de novas tecnologias e estratégias para
recuperacdo ¢ purificagdo de compostos de alto valor agregado, como os PUFAs w-3, pode
promover um aproveitamento sustentavel de residuos, além da incorporacdo em formulacGes
nutracéuticas, alimentos funcionais ou aplicacfes farmacéuticas.

Uma fonte alternativa de matéria-prima para a obtencao de PUFAS sdo as visceras da
lula. As lulas sdo consideradas frutos do mar econdmicos com elevada qualidade proteica e
nutricional que podem trazer inimeros beneficios as fungdes fisiolégicas humanas. Park
(2017) observou um contetdo significativo de EPA (20,23 %) e DHA (35,50 %) para o 6leo
de lula. No entanto, o processamento da lula gera uma grande quantidade de subprodutos
que representam 35 % da massa total capturada e incluem cabeca, visceras e pele (WANG
et al., 2019b). Estudos tém sido desenvolvidos com o intuito de reaproveitar tais
componentes, onde Aubourg et al. (2023) relatou altos niveis de EPA (17,73 %) e DHA
(34,67 %) para uma mistura de residuo de lula. Até o momento, néo foi relatada na literatura
a reutilizacdo do 6leo proveniente do intestino da lula para obtencdo de compostos n-3
PUFAs.

Diversas reacGes podem ser empregadas no processamento de 6leos 6mega-3 por
meio de métodos quimicos ou enzimaticos, onde a biotransformagdo enzimatica apresenta
vantagens por ser um processo verde com elevada seletividade e especificidade sob
condi¢cdes amenas. Nesse sentido, é possivel destacar a glicerolise entre as reagcdes em

potencial para o tratamento do 6leo residual de lula.
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2.8.2 Glicerdlise

A glicerolise é a reacdo de transesterificacdo entre acidos graxos livres (AGL), mono
(MAG), di (DAG) ou triacilglicerois (TAG) e glicerol. A reagéo entre acilglicerdis e glicerol
é uma alternativa ao tratamento de esterificacdo convencional para a redugdo do teor de
acidos graxos livres dos 6leos (MAMTANI et al., 2021), como é o caso do 6leo residual de
lula, que apresenta 44,25 % de &cidos graxos livres em sua composi¢cdo. Os AGLs sdo
compostos mais instaveis e susceptiveis a oxidacdo frente aos demais componentes lipidicos
quando submetidos a varia¢Ges nas condi¢fes operacionais. Por esse motivo, é necessaria a
conversdo eficaz de &cidos graxos livres em lipideos estruturais, como 0s mono e
diacilglicer6is (NICHOLSON e MARANGONI, 2022).

A composicao lipidica de dleos e gorduras é dividida em Etil Ester (EE), Acido Graxo
Livre (AGL), Monoacilglicerol (MAG), Diacilglicerol (DAG) e Triacilglicerol (TAG). As
formas mais disponiveis de concentrados de 6mega-3 sdo EE e TAG. No entanto, estudos
recentes demonstraram que MAG e DAG (MDG) sdo mais facilmente utilizados pelo corpo
humano devido as diferencas em relacdo a absorcdo, digestdo e estereoespecificidade
(CHEN et al., 2022a; GUNATHILAKE et al., 2021). Além disso, as propriedades de
cristalizacdo e fusdo dos MDGs também despertam interesse por apresentarem maior ponto
de cristalizacéo e fuséo que os TAGs (NICHOLSON e MARANGONI, 2022).

Mono e diacilglicerdis sdo surfactantes ndo i6nicos amplamente utilizados na
industria de alimentos como emulsificantes (Ex. margarinas, molhos, laticinios e
panificacdo) e podem ser considerados ingredientes funcionais por suas propriedades
nutricionais. Além disso, sdo utilizados em cosméticos, farmacos e téxteis devido as suas
caracteristicas plastificantes e texturizantes (AWADALLAK et al., 2020; PALACIOS et al.,
2022). Nesse sentido, ha um grande interesse de mercado na obtencdo de mono e
diacilglicerois de 6mega-3 uma vez que é sintetizado um produto de alto valor agregado com
maior estabilidade a oxidacdo enquanto fornece absorcéo e digestdo adequadas.

Um esquema simplificado para a reacdo de esterificagédo de AGLs em MAG, DAG e

TAG através da glicerdlise é apresentado na Figura 8.
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Figura 8. Esquema de reacdo de glicerolise. Fonte: (MAMTANI et al., 2021).

O glicerol é uma molécula hidrofilica que possui trés grupos hidroxila ligados a sua
estrutura e, portanto, apresenta baixa solubilidade em solucgdes orgénicas (4-5 % em gorduras
comuns). Essa insolubilidade traz limitagdes a reacdo e, a menos que seja realizada na
presenca de um catalisador ou em elevadas temperaturas, levara longos periodos para ser
concluida. A eficiéncia da reacdo de glicer6lise catalisada por lipases pode ser influenciada
pelas condigcbes reacionais, como: concentracdo enzimatica, temperatura, razao molar de
substrato, presenca de solventes e tempo de reacdo (LI et al., 2023; PALACIOS et al., 2019).
Sendo assim, € importante investigar o efeito dos parametros de glicerélise no tratamento
enzimatico do 6leo de lula.

A incorporagdo de O6leos Omega-3 em alimentos é limitada pela elevada
susceptibilidade desses 6leos altamente insaturados & oxidacao, principalmente na exposi¢do
ao ar, luz e temperaturas elevadas. Tais limitacbes podem ser solucionadas a partir do
desenvolvimento de metodologias de protecdo da estrutura lipidica, onde a
microencapsulacao pode ser citada.

2.9 Oxidacéo lipidica dos PUFAS
Nos ultimos anos, as tendéncias de mercado tém se adaptado ao novo perfil dos

consumidores em buscar alimentos que oferecam propriedades benéficas a satde. Espera-se
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que os produtos auxiliem na satde e bem-estar para além da sua funcdo bésica de fornecer
0S nutrientes necessarios ao funcionamento do corpo humano. Assim, o conceito de
alimentos funcionais € ativamente promovido por governos, industria e populacdo (WANG
et al., 2019a). Os 6leos ricos em PUFAs 6mega-3 sdo um importante exemplo dessa
tendéncia de consumo. No entanto, a aplicacdo desses 6leos na industria de alimentos é
limitada por sua susceptibilidade a oxidacdo durante a producdo e armazenamento. A
oxidacdo dos PUFAs compromete as propriedades funcionais dos produtos e produz
caracteristicas sensoriais desagradaveis (XIA et al., 2020).

A oxidacdo lipidica € um fendbmeno complexo relacionado & uma série de reacoes
quimicas indesejaveis que afetam a qualidade de alimentos, cosméticos e farmacos. As
reacOes envolvem a degradacao de lipideos que resultam na formacao de sabores e aromas
desagradaveis (off-flavors) e produtos potencialmente tdxicos, além de outros efeitos
negativos como a descoloracdo, destruicdo de vitaminas, perdas nutricionais e polimerizagao
(GARCIA-OLIVEIRA et al., 2021). Dentro das vias quimicas, a oxidacdo lipidica pode
ocorrer por oxidacao enzimatica, foto-oxidacdo ou auto-oxidacdo, que podem ser induzidas
por diferentes fatores, incluindo temperatura, exposicdo a luz, teor de oxigénio, grau de
insaturacdo dos lipideos formulados e presenca de espécies pré-oxidantes
(fotossensibilizadores, metais pré-oxidantes, espécies radicais). Além disso, a composic¢éo,
estrutura e propriedades de um produto também influenciam na sensibilidade a oxidagédo
lipidica, incluindo o teor de umidade, atividade de &gua, organizacdo estrutural, reologia e
estado fisico (QIU et al., 2019; VILLENEUVE et al., 2021).

A microencapsulacdo pode proteger o0 composto ativo contra a oxidagao durante o
armazenamento, processamento ou incorporacdo em alimentos e medicamentos (MU et al.,
2022; SAVIKIN et al., 2021). Dentre as metodologias de encapsulamento aplicadas ao 6leo
de peixe, podem ser citadas as emulsdes, lipossomas, hidrogéis e coacervados complexos. A
coacervacao complexa tem sido amplamente utilizada nos Gltimos anos por apresentar
caracteristicas Unicas como baixo custo, alta estabilidade, estrutura compacta, alta densidade

de carga e processamento em condi¢cbes moderadas (XIA et al., 2019).

2.9.1 Microencapsulacdo por coacervagao complexa
A coacervagdo complexa ocorre a partir do revestimento do composto de interesse
utilizando duas macromoléculas biol6gicas de cargas opostas que sdo responsaveis por

formar um invélucro complexo por interacdo eletrostatica e outras forcas motrizes. Uma
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ampla gama de biopolimeros, especialmente proteinas e carboidratos, pode ser combinada
para a formacéo dos coacervados complexos. Na industria alimenticia moderna, a gelatina é
a principal proteina usada nessa técnica, enquanto outras moléculas aniénicas podem ser
empregadas, como a goma arébica, dodecil sulfato de sddio (SDS), quitosana, pectina e
hexametafosfato de sédio (SHMP) (DU et al., 2022a; MA et al., 2019; XIA et al., 2020).

O processo de microencapsulacéo por coacervacdo complexa envolve quatro etapas
principais: 1) Preparacdo de emulsdes Oleo-agua e definicdo do tamanho das estruturas
internas das cépsulas; 2) Coacervagdo, onde goticulas de dleo na emulsdo sdo revestidas
pelos coacervados através do ajuste de pH da emulsdo. Durante essa etapa, as goticulas de
Oleo revestidas tendem a se aglomerar para formar particulas de tamanho definido, onde
espera-se que as particulas estejam dentro do limiar sensorial (entre 10-25 pum) para que
sejam imperceptiveis pela boca; 3) Resfriamento, que ird favorecer a formacgdo da camada
externa ao redor dos aglomerados; 4) Enrijecimento do involucro da microcapsula por
reticulacdo enzimatica ou quimica, de modo que as particulas ndo possam ser redissolvidas
(WANG et al., 2014). Vérios parametros operacionais podem influenciar a coacervacao
complexa através de interacdes eletrostaticas, como forga idnica, pH, proporcao, distribuicdo
de carga e hidrofobicidade relativa dos polimeros empregados, além das propriedades fisicas
e quimicas das microcéapsulas (MA et al., 2019).

Nesse sentido, € interessante explorar a estabilidade oxidativa do método de
microencapsulacdo por coacervacdo complexa de acilglicerois ricos em PUFAs émega-3
obtidos da reacdo de glicer6lise do dleo proveniente do intestino da lula utilizando lipases

imobilizadas em carvao ativado do residuo do sisal.

3. OBJETIVOS
3.1 Obijetivo Geral

Produzir biorreatores por meio da imobilizacdo de lipase em carvdo ativado
sintetizado a partir do residuo de sisal e submetido a diferentes métodos de modificacéo,
investigando o potencial dos derivados mais promissores em sintetizar lactato de etila e

acilglicerdis ricos em dmega-3.

3.2 Obijetivos Especificos
e Sintetizar carvdes ativados atraves da ativagcdo quimica com acido fosforico

utilizando o residuo do processamento do sisal como precursor de carbono;
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e Modificar a superficie do carvao por meio da incorporacdo da genipina como agente
reticulante;

e Modificar a superficie do carvdo por meio da incorporacao do &cido iminodiacético
(IDA) como agente quelante + particulas metalicas;

e Modificar a superficie do carvao por meio da incorporacdo da genipina como agente
reticulante + particulas metalicas;

e Caracterizar os carvoes ativados produzidos;

e Avaliar a eficiéncia das funcionalizagdes dos carvdes na imobilizacéo de lipases;

e Investigar o potencial dos derivados em sintetizar o éster lactato de etila (aroma
amanteigado);

e Avaliar a estabilidade operacional da lipase imobilizada de acordo com os ciclos de
esterificacao;

e Investigar o potencial dos derivados em converter o elevado teor de &cidos graxos
livres do 6leo residual de lula em acilglicerois ricos em PUFAs Omega-3;

e Avaliar a estabilidade a oxidacao dos acilglicerois de Omega-3 encapsulados por
coacervagao complexa;

e Caracterizar as microcapsulas de acordo com as propriedades fisico-quimicas e

morfolégicas.
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ABSTRACT

This work aimed to optimize the synthesis conditions (pyrolysis time and temperature) of
activated carbon produced from sisal waste by chemical activation for lipase immobilization
and ethyl lactate production. The optimal conditions were determined by the Central
Composite Design (CCD) and Response Surface Methodology (RSM), through the response
variables enzyme activity and yield. The highest enzyme activity and yield were 42.90 U
and 60.59%, respectively. The statistical analysis showed a significant quadratic effect for
pyrolysis time and a linear effect for pyrolysis temperature for both response variables. The
response surface suggested a behavior for increasing enzyme activity and yield as
temperature increases and within a time range between 70 and 110 minutes. The optimal
time and temperature were 86 minutes and 700 °C. The coefficient of determination (R? =
0.732 and 0.715) verified that the model fits the experimental design. Scanning Electron
Microscopy (SEM) confirmed the porous structure, and BET analysis verified a surface area
of 433 m? g%, indicating a valuable structure for enzyme immobilization. The derivative was
employed in the synthesis of ethyl lactate and achieved high ester conversion after five cycles
(Y = 80.68%), suggesting that the immobilization process efficiently protected the lipase
from desorption, denaturation, and inactivation under the reaction conditions employed.
Therefore, the activated carbon from sisal waste has the potential for lipase immobilization
as a low-cost sustainable adsorbent through agro-industrial waste management. It can also
be used for catalyzing ethyl lactate esterification for commercial purposes, providing a green

alternative to the chemical method.

Keywords: adsorption; enzyme; hydrolysis; response surface; statistical analysis.

1. Introduction

Sisal (Agave sisalana) is a plant that originated in Mexico with morphological and
physiological characteristics that justify its growth in different conditions, as well as to show
adaptation to environments with warm climates, high luminosity, and prolonged droughts.
Agave sisalana commercial exploitation is based on its fibers, widely used in the automotive
industry, ropes, strings, sea cables, carpets, brooms, upholstery, and handicrafts [1]. Brazil
is the world’s largest producer and exporter of sisal, producing 39 % of the world’s 220,363
tonnes of sisal fiber in 2019 [2].
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The fiber extracted from sisal is classified as hard natural fiber, extracted from the
plant’s leaves. This product is ranked the sixth most important fiber crop, representing 2%
of the world's production of plant fibers and 75 % of the global production of hard fibers [3].
However, only 3-5 % of the total sisal plant mass is properly used to produce fibers. The
remaining percentage is discarded as sisal waste, leading to the loss of plant materials and
the generation of environmental wastes [4]. Furthermore, the lignocellulosic content of sisal
waste consists of cellulose (44 %), hemicelluloses (19 %), and lignin (19 %) [5]. Considering
this content, sisal waste has the potential to be transformed into an added-value product, such
as its use as lignocellulosic biomass for activated carbon synthesis.

Activated carbon (AC) is a carbonaceous and porous material obtained by the thermal
decomposition of biomass under an inert atmosphere [6]. Biomass includes agricultural,
industrial, and household wastes. Nevertheless, agro-industrial waste, such as sisal waste,
has great potential for AC synthesis due to its high carbon content, high diversity, and
availability of precursor material [7]. Moreover, using these will help in waste management
while being economically feasible thereby promoting sustainability on many levels [8].

The production of AC through the chemical method involves two main steps:
activation and pyrolysis of the raw material. The synthesis conditions and type of precursor
material can influence the AC characteristics, such as surface area, pore size, and distribution
[9,10]. For instance, pyrolysis time and temperature are associated with the thermal and
chemical decomposition of the lignocellulosic structure, which leads to pore development
[11,12]. Accordingly, it is important to evaluate the effect of synthesis variables on activated
carbon for different applications, including enzyme immobilization.

Enzyme immobilization was developed to solve issues related to the stability and
reusability of free enzymes and enable simpler process control [13]. Among commercial
biocatalysts, lipase (triacylglycerol acyl hydrolase, EC 3.1.1.3) can be mentioned as the most
prominent biocatalyst in biotechnology. Lipases are biomolecules that hydrolyze
triacylglycerols, but they can also carry out ester synthesis via different strategies, such as
esterification, transesterification, interesterification, or acidolysis reactions [14,15]. These
enzymes have great industrial potential due to their versatility and high selectivity, such as
in food [16-19], detergents [20], cosmetics [21], pulp and paper [22], textiles [23], biofuels
[24], and pharmaceutical [25] industries. Recently, it has been used to synthesize natural
aroma compounds through esters of short-chain carboxylic acid and alcohols such as ethyl

lactate.
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Ethyl lactate, also known as lactic acid ethyl ester, is a monobasic ester produced by
combining lactic acid and ethanol. It is commonly used as a solvent and is considered to be
a "green” solubilizing agent, which means that it has several advantages over other organic-
based solubilizing agents [26,27]. Ethyl lactate is widely used in industrial applications such
as specialty coatings, inks, and cleaners due to its high performance and versatility.
Additionally, ethyl lactate is a popular choice due to its low toxicity, particularly as a
flavoring agent providing buttery notes to dairy products and wines, as well as being
associated with different fruit flavors [28,29].

Although lipolytic enzymes are widely studied, lipase immobilization on activated
carbon produced from sisal waste has not been studied, as well as its application in ethyl
lactate synthesis. Therefore, the present work aimed to optimize the synthesis conditions
(pyrolysis time and temperature) of activated carbon produced from sisal waste for lipase
immobilization and ethyl lactate production.

2. Materials and methods
2.1 Materials
The raw material used as the precursor material for activated carbon synthesis was
sisal (Agave sisalana) waste purchased from a sisal-based products company in Valente,
Bahia, Brazil. Lipase from Porcine Pancreas (LPP) type Il (CAS number: 9001-62-1) was
obtained from Sigma-Aldrich Brazil. Phosphoric acid (85 % P.A-ACS; CAS number: 7664-

38-2) was obtained from Synth Brazil. All other chemicals used were of analytical grade.

2.2 Preparation and characterization of precursor material

Sisal waste employed for activated carbon synthesis was dried in an oven at 105 °C
for 24 h, crushed in a blender, and sieved to 20 mesh. The residue was characterized for ash
and moisture contents according to the AOAC. Lignocellulosic content (lignin, cellulose,
and hemicellulose) was determined using the neutral detergent fiber and acid detergent fiber
(NDF and ADF) methodologies described by Van Soest et al. [30]. Fourier Transform
Infrared Spectroscopy (FTIR) evaluated functional groups of biomass. The sample was
directly analyzed using the attenuated total reflectance (ATR) technique in the 4000-600 cm”
Linfrared region in an Agilent Cary 630 FTIR spectrophotometer (Agilent Technologies Inc.,
Santa Clara, CA, USA).
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2.3 Activated carbon synthesis

Synthesis of activated carbon was carried out by chemical activation method using
phosphoric acid in the impregnation ratio of 2.5:1 (activating agent mass/precursor mass)
defined according to preliminary data, followed by drying at 105 °C for 24 h. Then, the
samples were carbonized under nitrogen flow (50 mL min ) at different levels of time (min)
and temperature (°C) as reported in Table 1. Finally, the activated carbon was washed with
hot water (100 °C) until it reached pH 7.0. The samples were dried at 105 °C for 24 h and
packaged in airtight packaging.

2.3.1 Optimization of synthesis conditions
The Central Composite Design (CCD) was used as the experimental design. Surface
Response Methodology (SRM) was employed to optimize the synthesis conditions of the
activated carbon from sisal waste. The independent variables evaluated were carbonization
temperature (°C) and carbonization time (min) with the response variables enzyme activity
(U) and enzyme activity yield (%). The experimental design had 11 assays with 4 factorial
points, 4 axial points, and triplicate at the central point (Table 1).

Table 1. Factors and levels of the Central Composite Design (CCD).

Factor Coded Levels
factor
-1.41 -1 0 +1 +1.41
Time (min) X1 46.14 56.00 82.50 109.00 119.87

Temperature (°C) X2 379.97 426,50 540.00 653.50 700.04

The independent parameters were correlated to the response () through a quadratic

polynomial model (Equation 1).
Y = Bo + BiXq + B2X; + BaXiXy + BaXi” + BsXy” 1)

Where: Bo to Bs are the polynomial coefficients estimated from nonlinear regression
following the least square method. The model adequacy was determined by significance (p
< 0.05), lack of fit (p > 0.05), and coefficient of determination (R?). All statistical analyses

were performed using SAS Studio software.
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2.4 Activated carbon characterization

The AC was characterized for ash content as reported in the AOAC [86]. Fourier
Transform Infrared Spectroscopy (FTIR) evaluated functional groups of material. The
sample was directly analyzed using the attenuated total reflectance (ATR) technique in the
4000-600 cm™ infrared region in an Agilent Cary 630 FTIR spectrophotometer (Agilent
Technologies Inc., Santa Clara, CA, USA). The point of zero charge (pHrzc) was determined
using the methodology reported by Kusmierek et al. [16]. The morphology of AC was
obtained by Scanning Electron Microscopy (SEM). For that, the carbon samples were fixed
in appropriate supports (stub) and directly metalized with a thin layer of gold. Then, the
samples were subjected to SEM (QUANTA 250, FEI COMPANY, Waltham, MA, USA).
The nitrogen adsorption and desorption isotherms were determined on an ASAP 2420
Micrometrics equipment (Micromeritics Instrument Corporation, Norcross, GA, USA) using
approximately 0.20 g of sample at -196.15 °C. Before measurements were taken, the samples
were pretreated through heating at 60 °C. The specific surface area was achieved by the
Brunauer-Emmett-Teller (BET) equation [32]. The pore size distribution was determined
from the desorption isotherm using the Barrett-Joyner—Halenda (BJH) method [84] and the
micropore volume was obtained using the t-plot analysis according to the adsorption
isotherms [33].

2.5 Enzyme immobilization
The activated carbons produced according to the CCD were used as supports for
lipase immobilization by adsorption. Following Brito et al. [9], 0.1 g of support was added
to 5 mL of lipase solution (6000 mg L) in sodium acetate buffer (0.1M, pH 5.0) and kept
stirring on an orbital shaker at 10 g force, 30 °C, and 2 h. The derivative was centrifugated
at 2000 g force for 5 min, and the supernatant was collected to quantify protein concentration

by the Bradford (1976) method. The immobilization capacity was determined according to

Equation 2.
C;—-C
Cimo = %a) (2)

Where: Cimo is the immobilization capacity (mg g?); v is the volume of lipase
solution (mL); Ci is the initial lipase concentration (mg L); C is the lipase concentration at
equilibrium (mg L™); ma is the adsorbent mass (g).
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2.6 Lipase hydrolysis

Hydrolysis was carried out following the olive oil emulsion method [35] with some
modifications. The substrate was prepared with 1.25 g of olive oil and 3.75 g of 3 % gum
arabic under stirring until reaching a homogenous solution. To this, 5 mL of sodium
phosphate buffer (0.1 M, pH 8.0), and the derivative or 1 mL of lipase solution were added
in 125 mL erlenmeyer flasks. The samples were incubated in a shaker bath at 37 °C for 10
min, stirring at 85 g force. The reaction stopped when 10 mL of 92.5 % ethanol was added
to the flasks. The liberated fatty acids were titrated with 30 mM NaOH until reaching pH 11.
The enzyme activity was calculated by Equation 3, where one unit of activity was defined
as the amount of enzyme that releases 1 umol of fatty acid per minute of reaction under the
assay conditions.
U (pmol) _ (Va—Vp).M.103 3)

min t

Where: V, is the NaOH volume used in the sample titration (mL), Vp is the NaOH
volume used in the control titration (mL), M is the molar concentration of NaOH solution

and t is the reaction time (min).

2.7 Enzyme activity yield
The difference in enzyme activity between free enzyme and immobilized enzyme,
determined through the method described in 2.6, was measured by enzyme activity yield (%)

using Equation 4.

Yield(%) = 3— 100 4

Where: Ui is the enzyme activity in the solution before the immobilization process,

and Us is the immobilized enzyme activity.

2.8 Aroma ester synthesis
The ethyl lactate synthesis was performed according to Oliveira et al. [36], with
minor modifications. The substrate was prepared by mixing lactic acid (100 mM) and
ethanol (300 mM) in hexane solvent. The reaction was carried out in 100 mL Duran flasks

containing 5 mL of the reaction mixture and 0.5 g of the derivative. The samples were
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incubated in a shaker bath at 40 °C and 115 g force for 4 hours. The enzyme activity was
stopped by freezing the sample for 5 minutes.

After the reaction, the lactic acid content was determined by titration. For this, 500
pL of the reaction mixture was withdrawn, diluted in 10 mL of ethanol-acetone solution (1:1
v/v), and titrated with 30 mM NaOH until reaching pH 11. The yield of esterification for the
synthesis of ethyl lactate was calculated through Equation 5.

Y(%) = 2% 100 (5)
0

Where: Co is the initial concentration and Cs is the final concentration of lactic acid (mM).

2.9 Operational stability
The operational stability of the derivative was investigated by conducting successive
esterification reactions between lactic acid and ethyl alcohol, as described in 2.8. After each
cycle, 20 mL of sodium acetate buffer (0.1M, pH 5.0) was added to the flasks containing the
derivative, followed by stirring at 10 g force for 5 min and centrifugation at 2000 g force for
5 min. Subsequently, the derivative was washed with hexane to remove any unconverted
substrates, and products adsorbed in their microenvironment. Finally, the derivative was

recovered and incubated in a new reaction cycle.

3. Results and discussion
3.1 Chemical composition of precursor material
The chemical characteristics of sisal waste in this study consisted of cellulose,
hemicellulose, lignin, and ashes (Table 2).

Table 2. Chemical composition (w/w) of sisal waste.

Sample Cellulose (%)  Hemicellulose (%) Lignin (%) Ash (%)

Sisal waste 41.11 + 3.68 18.45 +0.37 20.83 + 0.06 5.52+0.01

The chemical composition of lignocellulosic waste varies depending on the climate
conditions, maturity, and organizational structure of raw materials, which is essential for the
synthesis and yield of carbonaceous material [37]. Precursor sources with high lignin content
can yield higher because of their high decomposition temperature (280-500 °C) [12]. The
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lignin in sisal waste agrees with the composition described by Chakhtouna et al. [24], as
cellulose (40-60%), lignin (10-25%), and hemicellulose (20-40%).

The sisal waste analyzed in the current work had a high lignocellulosic content
(80.39%), with a particularly high cellulosic content (42.11%). These data suggest the
potential to synthesize activated carbons with larger surface areas and porosity due to the
lower thermal stability of hemicellulose (180-260°C) and cellulose (240-350°C) [38,39].
Similar results were reported by Li et al. [5], with 43.6% cellulose, 18.8% hemicellulose,
and 18.7% lignin.

The ash content of raw materials refers to their inorganic or mineral composition.
Therefore, lignocellulosic biomass contains ash percentages ranging from 0.8% to 15.1%
[40]. According to Zhang et al. [28], precursors with low ash content (less than 10%) are
generally preferred for activated carbon synthesis due to their ability to enhance texture
properties, which has been observed in the current study (ash % = 5.52).

3.2 Optimization of synthesis conditions

To determine the optimum conditions for activated carbon synthesis (pyrolysis time
and temperature), the response variables Enzyme activity (U) and Enzyme Activity Yield
(%) were evaluated using the Central Composite Design (CCD) (Table 3). The highest
Enzyme activity (U = 42.90) and Yield (Y% = 60.59) were achieved at 82.5 minutes and
700 °C (Assay 8). The enzyme immobilization on activated carbon by adsorption is related
to the precursor material, since the activation and pyrolysis can influence the AC
characteristics, such as surface area, pore size, and pore distribution. The chemical activation
with phosphoric acid improves porosity through dehydration and degradation of the biomass
structure [42,43]. While in pyrolysis, volatile components and light gases are removed as the
temperature increases [44]. As described in 3.1, the high lignocellulosic content of sisal
waste suggests the potential to synthesize carbon-based materials with larger surface area
and porosity due to the lower thermal stability of cellulose (240-350 °C) and hemicellulose
(180-260 °C). Furthermore, the high lignin content of 20.83% explains the need for high
temperatures to achieve greater enzyme activity from the biocatalyst. For instance, Assay 3
is among the lowest values for enzyme activity and enzyme activity yield. This may be due
to the thermal decomposition of lignin between 280 and 500 °C, which suggests that the

temperature used (426.5 °C) did not efficiently degrade the structure since lignin is its
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external component [12]. The increase in temperature leads to pore development and

consequent enzymatic immobilization in its active form, in addition to reducing the substrate

diffusion restrictions [45].

Table 3. Central Composite Design (CCD) and values of enzyme activity (U) and enzyme

yield (%).

Assay (X1)? x1° (X2)? x2° Enzyme activity (U) Immobilization Enzyme

capacity (mg g*%) Yield (%)
1 (-1) 56.00 (-1) 426.50 17.40 £ 3.04 271.55 + 3.26 24.58 + 4.30
2 (-1) 56.00 (+1) 653.50 26.70 + 3.60 276.98 + 2.53 37.71+5.08
3 (+1) 109.00 (-1) 426.50 18.00 + 3.90 260.83 + 2.07 25.42 + 551
4 (+1) 109.00 (+1) 653.50 28.00 £ 0.62 272.78 £ 3.77 39.55+0.88
5 (-1.41) 45.14 (0) 540.00 18.60 £ 0.79 263.30 £ 2.71 26.27+1.12
6  (+1.41)119.87  (0)540.00 26.70 + 2.40 276.56 + 3.83 37.71+3.39
7 (0) 82.50 (-1.41) 379.97 28.10 + 0.62 252.64 + 1.89 39.69 +0.88
8 (0) 82.50 (+1.41) 700.04 42.90 £ 2.70 279.72 £0.96 60.59 + 3.81
9 (0) 82.50 (0) 540.00 29.25+2.85 264.52 + 3.40 41.31+4.03
10 (0) 82.50 (0) 540.00 31.60 + 1.48 275.88 + 1.55 44.63 + 2.09
11 (0) 82.50 (0) 540.00 27.80 + 2.72 270.63 + 1.17 39.27 +3.84

4 Coded values.
b Uncoded values of: x1 — time (min) and x. — pyrolysis temperature (°C).

Furthermore, the pyrolysis time associated with temperature plays a crucial role in
the development of the porous structure. The lowest enzyme activities and yield were
observed for assays with very low pyrolysis time (Assays 1 and 5), and this is attributed to
the action mechanism of phosphoric acid. According to Brito et al. [9], phosphoric acid
degrades hemicellulose and lignin structures before cellulose as they are more accessible to
acid hydrolysis. Activation from amorphous polymers (hemicellulose and lignin) creates
mainly micropores, while activation from crystalline polymers (cellulose) produces a wider
pore size. This is attributed to the greater swelling power from crystalline cellulose when
compared to other compounds as it is more susceptible to high esterification with phosphates
and polyphosphates. Moreover, cellulose is the most difficult to hydrolyze due to its internal
position within the fiber structure [11,46,47]. Since cellulose is the main lignocellulosic
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component of sisal waste, more time will be needed during the activation/pyrolysis steps to
develop the porous structure.

The pore development begins from the expansion process of the material surface
through the phosphate group insertion. The chemical reaction begins at milder temperatures,
and significant micropore formation is observed between 150 and 350 °C. A further increase
in temperature creates the mesopores, mainly through the enlargement of existing
micropores, leading to a decrease in surface area [9,48]. Therefore, varying carbonization
time and temperature will affect the activated carbon texture properties due to the precursor
characteristics and activation method, especially for sisal waste which has a high
lignocellulosic content. These findings are supported by the immobilization parameters and
the behavior observed on the response surface (Figure 1).

Although the enzymatic parameters were affected by synthesis conditions, the
Immobilization capacity (mg g*) was similar for all tests. These results indicate that
activated carbon is highly suitable for immobilization, but the lipase may be immobilized in
a way that negatively affects its activity. For all assays with low enzymatic activity, low
pyrolysis times or temperatures were observed, suggesting that the meso-microporous
structure was harmed. Therefore, the micropore development was probably dominant, and
the enzyme activity was limited by the lipase immobilization in smaller pores. As a result,
there were substrate diffusional restrictions within the pores, steric hindrance, and pore-
clogging. Furthermore, the effect of interfacial activation may be reduced [49-51].

The model and factors of experimental design were investigated by analysis of
variance (ANOVA) and verified for significance using the F test at a 5% significance level.
The independent variables were applied to the regression analysis through their coded
values. Non-significant parameters were grouped as errors and a new reduced model was
obtained. The low probability (p < 0.0001) observed for the F value confirms that the model
was significant, as well as the lack of adjustment. The mathematical model is expressed in
Table 4.
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Table 4. Parameter estimate of the quadratic model adjusted to enzyme activity and yield.

X1 —time (min) and Xz — temperature (°C).

Factors Enzyme activity Enzyme Yield
Parameter estimate p-Value Parameter estimate p-Value
Intercept 32.416 <.0001 45.785 <.0001
X1 1.670 <.0001 2.359 <.0001
X2 5.036 <.0001 7.113 <.0001
X1 -6.585 <.0001 -9.301 <.0001

The results of statistical analysis showed a significant quadratic effect for time and a
linear effect for temperature on the response variables enzyme activity and yield. The
regression equation of the uncoded variables was also determined for their use in the

Response Surface Methodology (RSM) (Figure 1), as described in Equations 6 and 7.
U =-60.56619 + 1.61018 t + 0.04437 T — 0.00938 t2 (6)
Y (%) = —85.54589 + 2.27427 t + 0.06267 T — 0.01324 t2 @)

Where: U is the enzyme activity (U); Y (%) is the enzyme yield; t is the pyrolysis time (min);
and T is the pyrolysis temperature (°C).
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Figure 1. Response surface for enzyme activity and yield: effect of pyrolysis time (min)
and temperature (°C). R?2 = 0.732 and 0.715, respectively.
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The response surface suggests a behavior for increasing enzyme activity and yield as
temperature increases and within a time range between 70 and 110 minutes. The linear effect
for temperature is attributed to the lignocellulosic structure degradation during chemical
activation with phosphoric acid. Each component has its thermal stability (lignin > cellulose
> hemicellulose), and increasing temperature will completely decompose them since lignin
makes up the external layer of the structure. Such compounds have their structure, which
develops different pore sizes through activation. Crystalline materials (cellulose) develop
mesopores, while amorphous materials (hemicellulose and lignin) develop micropores. As
the temperature increases, micropores are formed followed by mesopores. However, very
high temperatures cause excessive mass loss with enlargement of pores (macropores) and
lower synthesis yield. Therefore, the relationship between the thermal and chemical
decomposition of lignocellulosic components will influence the texture properties and the
immobilization in a way that enhances catalysis [46,52].

The quadratic effect for time may be due to the complex acid hydrolysis of the
cellulolytic crystalline structure that is found inside the fiber. This particular compound
constitutes the most significant part of the raw material and promotes mesopore
development. Therefore, an intermediate pyrolysis time is required to deteriorate this
material. From a commercial perspective, this is an economically promising behavior as it
reduces energy costs by using shorter carbonization times. On the other hand, the structure
begins to decompose excessively during high pyrolysis periods, causing an increase in pore
diameter and a decrease in surface area. This leads to a higher enzyme density within the
pores, which can result in the formation of aggregates and inactive enzyme complexes [9,53].

From the partial derivative of regression equations, the optimal conditions to achieve
the highest response variables were calculated and described as 86 minutes and 700 °C,
similar to the experimental values. According to Senthilkumar et al. [34], the coefficient of
determination (R?) is a measure of the degree of fit and is defined as the ratio between the
explained variance and the total variance. An R? of at least 0.7 indicates a satisfactory model
fit. In this study, the coefficients of determination R2 = 0.732 and 0.715 confirm that the
model fits the experimental design. Therefore, the synthesis conditions were optimized and
applied in the subsequent experiments.
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3.3 Characterization of activated carbon from optimal conditions

The chemical characterization of activated carbon synthesized from sisal in the
optimal condition waste was determined based on yield (45.61%), ash (7.89%), and point of
zero charge (pHpcz = 5.83).

The activated carbon yield obtained under optimal conditions was around 46%,
considerably higher than other sisal studies. For instance, Xinping et al. [85] achieved a yield
of 35%, Wu et al. [55] verified 27.6%, and Jambeiro et al. [56] had 44%. This might be due
to differences between the lignocellulosic composition of the raw materials. Moreover, the
activation method and the activating agent applied during synthesis can also contribute to
the result. Chemical activation has a greater yield than physical activation by avoiding the
formation of tar and other undesirable volatile products [53]. In addition, acidic-activating
agents reach higher yields than basic-activating agents, such as phosphoric acid. Although
phosphoric acid breaks some bonds in the biomass structure, it provides phosphate cross-
links between the polymers of the lignocellulosic structure, which strengthens the internal
matrix, prevents excessive burning of precursor material, and reduces the loss of volatiles
during heating [42,57-59].

The ash content of activated carbon varies according to the inorganic residues of the
raw material and the synthesis conditions, such as the carbonization temperature, as high
temperatures lead to greater volatilization of mineral structures. In this work, sisal-activated
carbon has a higher ash content compared to sisal waste (7.89 %). This increase is related to
the components of the activating agent that were not eliminated in the pyrolysis or desorbed
in the washing step, such as phosphate groups from phosphoric acid. Typically, high ash
content has a negative effect on adsorption efficiency since the mineral material can block
the adsorbent pores [37,60]. As mentioned previously, the ash content of AC is expected to
be less than 10%.

The point of zero charge (pHrcz) or charge density of the adsorbent is the pH at which
the surface has zero surface electrical charge density. When the pH of the reaction medium
is lower than the pHpcz, the material surface becomes positively charged and preferentially
adsorbs anionic compounds. On the other hand, for solutions with a pH higher than the
pHrcz, the carbonaceous surface becomes negatively charged and presents greater efficiency
for adsorbing cationic materials [61]. The point of zero charge of the AC from this study was
5.83, verifying a slightly positively charged surface at the pH of lipase immobilization (pH
=5.0). As the isoelectric point of porcine pancreas lipase is close to 4.9 [62], its surface has
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a neutral charge at the pH of immobilization. Therefore, it can be concluded that the
hydrophobic effect is predominant in the immobilization process.

Acidic pHecz is related to using phosphoric acid as an activating agent and
dissociating acidic surface oxygen complexes, such as carboxyl and phenolic groups [57].
The functional groups from this AC responsible for the low pHpcz were C-O-C (1997 cm’
1, C=0 (1563 cm™), C-0 (1162 cm'?), P*—O" and P-O—P (1070 cm™), as shown in the FTIR
spectra (Figure 2).

Regarding the sisal waste, characteristic wavelengths of lignocellulosic materials
were observed (Figure 2), such as the band at 3283 cm™, which is attributed to the stretching
vibrations of the hydroxyl group (OH) and the lignocellulosic structure; the band at 2922
cm? refers to the axial deformation present in cellulose, hemicellulose, and lignin (C-H
group); 1597 cm is related to the C=0 bond in carboxymethyl cellulose; the band at 1241
cmt corresponds to the vibration of the guaiacyl groups from lignin; and the band at 1027
cm? is assigned to the stretching of the glycosidic bonds (C-O-C) in the lignocellulosic
structure [63,64].

Sisal waste 1027
Activated carbon 1070|

Absorbance {a.u.)

T T T T T T r T T T r T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2. FTIR of sisal waste and activated carbon.

After the chemical activation and pyrolysis, some functional groups disappeared
(3283 cm?, 2922 cm?, and 1241 cm™) due to the thermal decomposition, and new

compounds were verified. The spectra of activated carbon from sisal waste showed the band
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at 2330 cm™ which is associated with the methyl group; the band at 2110 cm™ represents
the carbon-oxygen bond; the bands at 1794 cm™ and 1563 cm™ are attributed to the stretching
of C=0 and C=C from carbon-based materials; the band at 1162 cm™ is assigned to C-O
vibrations; and the band at 1070 cm™ refers to the phosphate ester bonds from the activation
with phosphoric acid [65,66].

In Figure 3, the isotherms and pore size distribution of activated carbon from sisal
waste are presented. According to the IUPAC classification [67], the support showed a
hysteresis loop characteristic of Type 1V isotherm. This phenomenon can be defined as the
capillary condensation in mesopore structures, exhibiting different shapes described between
Type I-1V of the hysteresis loop. Type | found for this work refers to porous materials that
feature agglomerates or compacts of regular array and narrow pore size distributions.
Furthermore, the first nitrogen slope (low-pressure region) indicates monolayer adsorption,
while the second slope implies multilayer adsorption. Such behavior suggests a significant
development of carbon mesoporosity, and it can be confirmed by analyzing the pore size
distribution (Figure 3 b) and texture properties of the adsorbents (Table 5).
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Figure 3. Nitrogen adsorption-desorption isotherms (a) and pore distribution (b) of

activated carbon from sisal waste.

The pore distribution exhibits a narrow peak at 3.8 nm diameter and a larger peak at
around 10 nm, which can improve the diffusion restrictions. Additionally, the texture
properties of activated carbon produced from sisal waste are shown in Table 5. The results
confirm the formation of pores, categorizing the material as micro-mesoporous. In
adsorption processes, a good relationship between mesopores and micropores of the

adsorbent is expected, as the mesopore allows for rapid diffusion of molecules inside it, with
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access to the micropores where the adsorption effectively occurs. The high mesopore volume
in this material results from the chemical activation with phosphoric acid and the pyrolysis
of precursor material containing high cellulose content [9,68]. Furthermore, the optimal
conditions for activated carbon synthesis (pyrolysis time and temperature) helped in the
efficient decomposition of the lignocellulosic structure to develop the desired texture

properties. This is supported by the high immobilization efficiency and enzyme activity.

Table 5. Texture properties of activated carbon produced from sisal waste.

Sample Sg(M?gh)  Dp (M) Vmeso €M) Vmicro (€M®*g?1)  Viow (cm® g?)

Activated carbon 600 5.68 0.4738 0.0888 0.6024

Sg — BET surface area; Dp — average pore diameter; a — maximum pore size distribution; Vmeso — mesopore volume;

Vmicro — micropore volume; Vtotal — total pore volume.

The BET surface area is one of the most important parameters for enzyme
immobilization by adsorption as it provides a greater available area for bonding between
biomolecule and support. A good relationship between surface area and porosity is required
as it allows for different types of interaction with the matrix, both on the surface and inside
the pores. The surface area (Sg) from our work is similar to other activated carbon from sisal
waste under similar synthesis conditions, such as Dizbay-Onat et al. [69] (BET =674 m? g
1.

However, this surface area is lower compared to other studies using lipase
immobilized on activated carbon. Oliveira et al. [36] reported a surface area of 1135 m?g’*
for corn cob-activated carbon using phosphoric acid as a chemical activating agent and
Almeida et al. [70] reported a surface area of 1491 m? g* for guava seed AC chemically
activated with potassium hydroxide. This can be attributed to sisal stiffness, which is known
as a hard natural fibre. Furthermore, sisal waste is obtained from the extraction of sisal fiber,
leading to a decrease in lignocellulosic content and changes in the adsorbent texture
properties depending on the processing method applied [3].

Despite this, the carbon-based material in our work reached great immobilization
parameters and hydrolytic activity similar to Oliveira et al. [36] under the same
immobilization conditions (U = 42,5). This can be explained by the pore diameter (Dp)
verified, which is larger than lipase dimensions (around 4 nm) and enables its adsorption

[62]. Moreover, the surface functional groups observed in the FTIR spectra may have
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influenced the affinity of the enzyme for the support, resulting in efficient immobilization
by strong interactions [37].

The derivative may also be viable for other lipolytic reactions, such as esterification.
This is supported by the results observed in section 3.4. Buchori et al. [71] verified Sg =
61.64 m? g and a high yield (> 90%) for biodiesel production, and Ramani et al. [72]
obtained twice the conversion efficiency into an oily waste when compared to the free
enzyme even with BET = 411 m? gL,

Scanning Electron Microscope (SEM) was employed to observe the structure of
activated carbon from sisal waste (Figure 4). The surface morphology of AC presents a
spongy appearance and porous structure with different pore sizes and shapes, containing
both micropores and mesopores. Thus, the support from sisal waste provides desirable
properties for its application on enzyme immobilization by adsorption once this is a surface
mechanism and depends mainly on the surface characteristics of the carbonaceous material.

90.73 mm 838 um 90.48 mm

UH-RESOLUTION - < UH-RESOLUTION

Figure 4. Scanning Electron Microscopy (SEM) of activated carbon from sisal waste.

3.4 Aroma ester synthesis

After successfully optimizing the lipase immobilization, the derivative was explored
for commercial purposes such as the esterification of aromas. The esterification yield of ethyl
lactate (Y%) for immobilized lipase on activated carbon from sisal waste was 91.290 +
0.099%, and it may be due to the greater specificity of PPL in anhydrous medium for short-
and medium-chain compounds, such as ethyl alcohol and lactic acid, rather than complex

triglyceride structures like olive oil [78]. Regarding free enzyme (94.968 = 0.959%), a
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slightly lower yield was observed, but this is expected as PPL-AC has lower mobility and
access to the substrate [79]. Furthermore, this is a promising result since pancreatic lipase is
a low-cost enzyme when compared to other sources [80]. Subsequently, the operational

stability of the derivative was investigated based on the reuse cycles (Figure 5).
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Figure 5. Conversion of ethyl lactate ester catalyzed by porcine pancreas lipase immobilized

on activated carbon from sisal waste as a function of the number of reuse cycles.

PPL-AC achieved 80.677 £ 0.888% of ester conversion after five cycles, which is
11.62% lower than the first cycle. This decrease is caused by the biocatalyst desorbing from
biochar structure due to the weak forces involved in physical immobilization methods, such
as Van der Waals, hydrophobic, and hydrogen interactions [87]. To overcome this problem,
binding agents can be incorporated into the activated carbon surface to increase the
interaction strength between enzyme and support [81].

However, these findings agree with other studies on lipase-mediated ethyl lactate
synthesis, suggesting that the immobilization process efficiently protected the lipase from
desorption, denaturation, and inactivation under the reaction conditions employed. Mehta et
al. [28] reported Y% = 87.32% in the first cycle, Sun et al. [82] found Y% = 83.3% in the
first cycle, and Koutinas et al. [83] reported Y% = 85% after five cycles. Therefore, the
derivative synthesized has the potential to catalyze the esterification of ethyl lactate for use
in industry and replace the chemical method as a green alternative.
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4. Conclusion

The Central Composite Design (CCD) and Response Surface Methodology (RSM)
were applied successfully to optimize the synthesis conditions of activated carbon derived
from sisal waste for lipase immobilization and ethyl lactate production. The coefficient of
determination verified that the model fits the experimental design. Morphological and
texture analysis confirmed the porous structure and surface area of activated carbon
synthesized under optimal conditions, indicating a valuable structure for enzyme
immobilization. The high ester conversion after five cycles suggested that the
immobilization process efficiently protected the lipase from desorption, denaturation, and
inactivation under the reaction conditions employed. Therefore, the activated carbon from
sisal waste has the potential for lipase immobilization as a low-cost sustainable adsorbent
through agro-industrial waste management for industrial-scale application. It can also be
used for catalyzing ethyl lactate esterification for commercial purposes, providing a green
alternative to the chemical method.
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ABSTRACT

This study aimed to investigate the effect of surface modification (genipin (GAC),
iminodiacetic acid (IDA) + metallic particles (MAC), and genipin + metallic particles
(GMACQ)) on activated carbon for immobilizing lipase (Porcine pancreas lipase (PPL) and
Candida rugosa lipase (CRL)) and their application in synthesizing ethyl lactate. The texture
properties of functionalized carbons were confirmed by pore size distribution, BET surface
area, and average pore diameter, indicating a valuable structure for enzyme immobilization.
All the adsorbents showed high immobilization efficiency (E > 87%), with the metalized-
activated carbons presenting the highest hydrolysis activity (MAC = 46.9 U and GMAC =
48.1 U for PPL and MAC = 47.3 U and GMAC = 51.6 U for CRL). The derivatives have
reported promising results for the synthesis of ethyl lactate (yield > 90%). The high ester
conversion after five cycles suggested that the immobilization process efficiently protected
the lipase from desorption and maintained its active form, and the metalized supports had
the highest yield in the last cycle (MAC = 86.16% and GMAC = 85.79% for PPL; MAC =
88.46% and GMAC = 88.14% for CRL). Therefore, the synthesized derivatives have the
potential to catalyze the production of aroma esters through biotechnological tools for use in
industry.

Keywords: aroma ester; functionalization; covalent bond; genipin; metallic particles.

1. Introduction

Biocatalysis is a powerful approach used in the industry to produce various chemical
compounds. Enzymatic synthesis has many advantages over conventional chemical
synthesis due to its selectivity, biocompatibility, biodegradability, and environmental
acceptability (Monteiro et al., 2021; Sampaio et al., 2022). Hydrolases (EC 3.1.1.3) are the
most commonly used biocatalysts in the market, among which lipases are known for their
versatility and selectivity. They catalyze the hydrolysis of triacylglycerols but can also
catalyze synthesis reactions in non-aqueous media (Nascimento et al., 2021; Pereira et al.,
2022).

In recent years, lipase application for synthesizing flavor esters has become
increasingly important. Flavor esters are produced by reacting short or medium-chain
carboxylic acids with alcohols, resulting in fruity and floral aromas. These compounds are

crucial for the food, cleaning, cosmetics, and hygiene industries as they determine the
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sensorial properties of products and consumer acceptance (Bayout et al., 2020; Kovalenko
etal., 2021).

Ester production through natural sources or chemical synthesis is related to several
variables, such as ester concentration and bonding in the raw material, processing conditions,
and toxicity (Vilas Boas & de Castro, 2022). Consequently, the method becomes more
expensive and cannot meet the current market demand since aromas, flavors, and fragrances
are the world's largest field of food additives, with an estimated global market of US$12.8
billion in 2023. Therefore, the trend to efficiently and sustainably synthesize aromas using
biotechnological tools is increasing (Bayramoglu et al., 2022; Santos et al., 2023).

The use of free lipases in industrial processes is often hindered due to their low long-
term stability, a gradual decrease in activity during storage, and expensive and/or inefficient
recovery, which makes reuse difficult. However, these disadvantages can be addressed by
using an appropriate immobilization protocol (Santos et al., 2020). There are several
methods of immobilization based on the interaction between the biomolecule and the matrix,
such as adsorption (Gongalves et al., 2021), covalent bonds (Brito et al., 2020), cross-linking
(Guajardo et al., 2020), and encapsulation (Nadar & Rathod, 2020). Among these
mechanisms, activated carbon has shown potential as an adsorptive support in enzyme
immobilization.

Activated carbon (AC) is a carbon-based material suitable for different applications
such as catalytic support. Nevertheless, the adsorption efficiency is affected by the
diffusional effects of substrate and products, randomness, and strength of the enzyme-
support interaction (Hasanzadeh et al., 2020; Rather et al., 2022). Several studies have
recently been carried out to overcome these challenges by modifying surfaces to obtain
heterofunctional carbonaceous support (Goncgalves et al., 2021; Santos et al., 2022).
Promising agents for covalently and ionically binding lipases on activated carbon include
genipin as an alternative to the conventional functionalization with glutaraldehyde and
magnetic particles, respectively (Bayramoglu et al., 2022; Oliveira et al., 2022).

Genipin is a green, stable, and low-toxicity (up to 10,000 < glutaraldehyde)
crosslinking agent. This is a natural compound obtained from iridoid glycoside (geniposide)
commonly used in alternative medicine due to its antimicrobial, antitumor, and anti-
inflammatory properties (Tacias-Pascacio et al., 2019; Yu et al., 2021). The cross-linking

activity occurs in primary amines of different materials creating covalent bonds. Although
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genipin use as a crosslinking agent is widely applied in enzyme immobilization in chitosan
(Bayramoglu et al., 2022), gelatin (Sun et al., 2022), and collagen (Adamiak & Sionkowska,
2020), there are few works for surface modification on carbon-based materials. Before this
study, the literature only reported protease immobilization using activated carbon (M. P. F.
Santos et al., 2022). Therefore, lipase immobilization on genipin-functionalized activated
carbon should be investigated to increase process efficiency.

On the other hand, functionalization using metallic particles is an acknowledged
technique for having several advantages such as biocompatibility, low toxicity, magnetic
properties, easy execution, stability in different conditions, and reusability of the solution.
Among the chemicals used, magnetic iron oxide (Fe3Oa) particles are known to bind lipases
covalently. Iron oxide (11, I11) is produced by the co-precipitation of Fe?* and Fe®" ions
(Darwesh et al., 2020; Oliveira et al., 2022; Rusu et al., 2022). However, the benefits
presented regarding enzyme stability and activity are limited by the iron leaching due to
changes in reaction conditions (Alchouron et al., 2021). Chelating agent incorporation is an
alternative as they have a strong binding ability for metal ions, such as iminodiacetic acid
(IDA) (Anito et al., 2020).

Although lipolytic enzymes are widely studied, lipase immobilization on
functionalized activated carbon with genipin and metallic particles has not been reported yet.
Therefore, this study aimed to investigate the effect of surface modification (genipin, IDA +
metallic particles, and genipin + metallic particles) on activated carbon for immobilizing
lipase (Porcine pancreas lipase and Candida rugosa lipase) and their application in

synthesizing ethyl lactate.

2. Materials and methods

2.1 Materials

Sisal waste was previously characterized regarding lignocellulosic content (w/w):
41.11% cellulose, 18.45% hemicellulose, 20.83% lignin, and 5.52% ash. Activated carbon
(synthesis yield = 45.61%, Ash = 7.89% w/w, pHpcz = 5.83, Sg = 600 m? g%, Dp = 5.68 nm,
Vmeso = 0.4738 cm® g, Vimicro = 0.0888 cm?® g2, Vioral = 0.6024 cm?® g1) was synthesized in
previous studies by chemical activation method using phosphoric acid through sisal waste
carbonization at 700 °C, 86 minutes, and an impregnation ratio of 2.5:1 (activating agent
mass/precursor mass). Genipin extract (70% ethyl alcohol, 6.46 mg mL™t) was obtained from
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the work carried out by Santos et al. (Santos et al., 2022). Lipase (CAS: 9001-62-1) from
Porcine Pancreas (PPL) type Il (> 125 units/mg protein) and Lipase from Candida rugosa
(CRL) type VII (> 700 units/mg solid) were obtained from Sigma-Aldrich Corporation. All

other chemicals used were of analytical grade.

2.2 Functionalization of Activated Carbon
The surface modification of activated carbon was performed through different
modifying agents such as genipin and iron salts (Fe?* and Fe**). The functionalization with
magnetic particles was also investigated using iminodiacetic acid (IDA) as a chelating agent

and genipin as a cross-linking agent.

2.2.1  Functionalization with Genipin

The surface modification using genipin was performed as described by Santos et al.
(Santos et al., 2022). First, 10 g of AC was mixed in an amine solution (2.5% v/v) containing
0.85 mL of ethylenediamine (99%) and 32.5 mL of acetone. This mixture was manually
stirred for 10 min and left undisturbed for 24 hours to obtain amino-functionalized activated
carbon.

The amino-functionalized AC was mixed with a genipin solution containing 33.5 mL
of genipin extract and 33.5 mL of acetone under magnetic stirring at 85 g force for 30 min.
The sample was dried at 60 °C for 24 h. After solvent evaporation, the functionalized
activated carbon was washed with distilled water to remove any unbound chemical
compounds and dried at 60 °C for 6 h. Finally, the genipin-functionalized activated carbon

(GAC) was sieved (40 mesh) and packaged in airtight packaging.

2.2.2  Functionalization with magnetic particles

The surface modification using iron salts was carried out by co-precipitating Fe?* and
Fe3* jons to incorporate magnetic particles on the activated carbon surface and create cross-
links with enzymes. For this, two methods were employed: functionalization using
iminodiacetic acid (IDA) as a chelating agent and genipin as a cross-linking agent before the

incorporation of metallic particles.
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I. Iminodiacetic acid as a chelating agent

To incorporate iminodiacetic acid (IDA) as a chelating agent, 3 g of AC were mixed
with 20 mL of 1M sodium carbonate (Na2COz) under magnetic stirring for 1 h. Then, 20 mL
of 0.5M iminodiacetic acid 98% (HN(CH2COOQOH).) were added, and the pH was adjusted to
11 with 1M sodium hydroxide (NaOH). The mixture was kept under stirring at 10 g force
and 40 °C for 14 h in a BOD incubator. After this period, the activated carbon was washed
with an acetic acid solution (1% v/v) until the washing water became neutral.

The metallic particles were synthesized following Mohan et al. (Mohan et al., 2011)
and Santos et al. (Santos et al., 2022) through the co-precipitation of ferrous sulfate (Fe?*)
and ferric chloride (Fe*) in an alkaline solution. For this, 5 g of activated carbon were mixed
with 250 mL of ultrapure water while being stirred magnetically. The iron salts solution was
prepared by mixing 200 mL of a solution containing 0.067 mol of trivalent iron
(FeCl3.6H20), 200 mL of a solution with 0.033 mol of bivalent iron (FeSO4.7H20), and 2.5
mL of 37% HCI. The ferrous sulfate and ferric chloride solutions were added to the AC and
stirred at 70 °C for 15 min. After this step, 500 mL of 4M sodium hydroxide (NaOH) was
added to the solution to precipitate the particles under magnetic stirring for 2 h. The
precipitate was collected in Falcon tubes, washed 10 times with 40 mL of ultrapure water,
and centrifuged at 2285 g force for 5 min. Once washed, the magnetic activated carbon with
iminodiacetic acid as a chelating agent (MAC) was dried at 60 °C for 24 h.

ii. Genipin as a cross-linking agent
The activated carbon cross-linked with genipin and functionalized with magnetic
particles (GMAC) was prepared according to the methods described in 2.2.1 and 2.2.2 (i),
respectively.

2.3 Supports characterization
The supports were characterized by Fourier Transform Infrared Spectroscopy
(FTIR), point of zero charge (pHrzc), Scanning Electron Microscopy (SEM), Porosity, and
BET surface area.
The functional groups were evaluated through Fourier Transform Infrared
Spectroscopy (FTIR). The sample was directly analyzed using the attenuated total
reflectance (ATR) technique in the 4000-600 cm™ infrared region in an Agilent Cary 630
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FTIR spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA). The point of
zero charge (pHezc) was obtained as described by Kusmierek et al. (Kusmierek et al., 2016).
Scanning Electron Microscopy (SEM) determined the surface morphology (QUANTA 250,
FEI COMPANY, Waltham, MA, USA). The support samples were placed in stubs and
metalized with a thin layer of gold. Subsequently, the samples were observed under the
microscope. The specific surface area was measured by the Brunauer—Emmett—Teller (BET)
equation (Brunauer et al., 1938). The pore size distribution was obtained through the
desorption isotherm using the Barrett—Joyner—Halenda (BJH) method (Barrett et al., 1951)
and the micropore volume was achieved from the t-plot analysis according to the adsorption
isotherms (Lippens et al., 1964) on a Micrometrics ASAP 2420 equipment (Georgia, USA)
using approximately 0.20 g of sample at -196.15 °C.

2.4 Enzyme immobilization

Lipase from Porcine Pancreas (PPL) and Candida Rugosa (CRL) were immobilized
on functionalized activated carbons. First of all, 0.1 g of support and 5 mL of lipase solution
(6000 mg L* for PPL or 2000 mg L"* for CRL) in sodium acetate buffer (0.1M, pH 5.0) were
stirred on an orbital shaker at 10 g force and 30 °C for 2 h (Brito et al., 2020a). The samples
were centrifugated (2000 g force, 5 min), and the supernatant was collected to measure the
protein concentration (Bradford, 1976). The immobilization capacity was calculated by
Equation 1, and the immobilization efficiency (E%) was determined according to the ratio

between the immobilized and initial lipase mass.

v (C;—C)
Cimo =——

(1)

Mmq

Where: Cimo is the immobilization capacity (mg g?); v is the volume of lipase solution (mL);
Ci is the initial lipase concentration (mg L™1); C is the lipase concentration at equilibrium

(mg L™1); m, is the adsorbent mass (g).

2.5 Hydrolytic activity
The hydrolysis of olive oil emulsion determined the lipolytic activity according to
Soares et al. (Soares et al., 1999) with modifications. One unit of activity was defined as the

amount of enzyme that releases 1 umol of fatty acid per minute of reaction under the assay
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conditions. The Enzyme Activity Yield (%) was calculated by the ratio between the

immobilized and free enzyme activities.

2.6 Ethyl lactate synthesis
The esterification of ethyl lactate was carried out following the method described by
Oliveira et al. (2022), with slight modifications. The substrate was prepared by mixing lactic
acid (100 mM) and ethanol (300 mM) in hexane solvent. The reaction was carried out in a
shaker bath at 40 °C and 115 g force for 4 hours using 5 mL of the reaction mixture and 0.5
g of the derivative. The lactic acid content was determined after the reaction by titration (30
mM NaOH) until pH 11 was reached. The results were presented based on the yield of

esterification (Y%).

2.7 Operational stability
The operational stability of the derivatives was evaluated using the reuse cycles
method through esterification reactions between lactic acid and ethyl alcohol as mentioned
in 2.6. After each cycle, the biocatalysts were washed using sodium acetate buffer (0.1M,

pH 5.0) followed by hexane before beginning a new reaction.

2.8 Statistical analysis
The data was evaluated by analysis of variance (ANOVA) with the F test and Tukey
test for comparison between means (p < 0.05) using SAS Studio and Sigmaplot software.

All assays were performed in triplicate.

3. Results and discussion
3.1. Characterization of activated carbons

3.1.1.  Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was used to determine the functional
groups present in sisal waste, activated carbon (AC), and AC modified with genipin (GAC),
IDA + metal (MAC), and genipin + metal (GMAC) as shown in Figure 1.

Sisal waste presented functional groups related to the lignocellulosic content. These
include a band at 3283 cm™ referred as the hydroxyl group (OH) in the cellulose structure;
the band at 2922 cm™, which represents the vibration of methyl group (C—H) from cellulose,
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hemicellulose, and lignin; 1597 cm™ is attributed to the C=0 bond in carboxymethyl
cellulose; 1241 cm™ is associated to the guaiacyl groups; and the wavelength at 1027 cm™
is related to the stretching of the glycosidic bonds (C—-O and C-O-C) of lignin, cellulose and
hemicellulose (Lu et al., 2022; Zhuang et al., 2020).

Sisal waste
— GMAC 1063, 1018
—MAC e |
—GAC

1996 1803

Absorbance (a.u.)

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 1. FTIR of sisal waste and activated carbon functionalized with genipin (GAC), IDA
+ metal (MAC), and genipin + metal (GMAC).

During activated carbon synthesis, chemical activation and pyrolysis caused some
functional groups to thermally decompose (3283 cm™, 2922 cm™, and 1241 cm™) while new
ones emerged. It was verified that the band at 2330 cm™ corresponds to the methyl group;
2110 cm™ is assigned to the stretching of C-O bond from ketone groups; the wavelength at
1996 cmt is associated to the carboxylic acid anhydrides groups; 1794 cm? is attributed to
C=0 vibrations of ketone, aldehyde, lactone or carboxylic groups; the band at 1162 cm™ is
related to the C—O vibrations in tertiary alcohols; and 1070 cm™ represents the phosphate
ester bonds from the activation with phosphoric acid (P*~O" and P-O-P) (Bhandari &
Gogate, 2018; Mistar et al., 2020).

The spectra of modified supports verified an increase in peak intensity when
compared to the unmodified support, especially the metallic activated carbon (MAC).

Additionally, new vibrations were observed for all functionalized matrices such as the bands
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at 2669 cm™ and 1543 cm™ referred to the methyl and amine groups, respectively. Regarding
the adsorbents modified with magnetic particles, the incorporation of metal and IDA (MAC)
showed greater peak intensity than metal and genipin (GMAC) due to the greater interaction
between the functional groups and FezO4 through a chelating agent. This may be due to the
strong binding ability of iminodiacetic acid functional groups for most metal ions (Anito et
al., 2020; Aryee et al., 2020).

3.1.2.  Point of zero charge (pHpcz)

The surface charge of carbon materials was measured through the point of zero charge
(pHrcz). Activated carbon (AC) from sisal waste had pHpcz = 5.83 due to the acid groups
obtained from chemical activation with phosphoric acid and dissociating acidic surface
oxygen complexes, such as carboxyl and phenolic groups (Brito et al., 2020a). According to
the FTIR spectra (Figure 1), the functional groups related to the low pHpcz were C-O-C
(1997 cm™?), C=0 (1563 cm™?), C-0 (1162 cm-1), P+—O- and P-O-P (1070 cm™).

The pHpcz of the supports modified with genipin (GAC), IDA + metal (MAC), and
genipin + metal (GMAC) was higher than pHpcz of unmodified biochar (6.54, 8.13, and
7.94, respectively). The increase in pHpcz of GAC (pHpcz = 6.54) might be attributed to the
surface amination for genipin incorporation. On the other hand, the higher pHpcz values of
MAC (pHpcz =8.13) and GMAC (pHpcz = 7.94 no GMAC) may be due to the basic solution
(NaOH) used to include the metallic particles and the resulting increase in surface alkalinity
(Delgadillo-Velasco et al., 2021). Among the metal-functionalized adsorbents, IDA + metal
(MAC) presented the highest point of zero charge and it can be related to the higher content
of iron oxide inserted on the activated carbon surface due to the chelation by iminodiacetic
acid (Anito et al., 2020). Furthermore, genipin acidic groups may have reduced the pHpcz
of GMAC (Hong et al., 2021).

The point of zero charge (pHecz) or charge density determines the pH at which a
material has zero surface electrical charge density. If the pH of the solution is lower than the
pHecz, the surface will be positively charged and adsorb anions more efficiently. On the
other hand, for solutions with a pH higher than the pHecz, the carbonaceous surface will be
negatively charged and present greater efficiency in adsorbing cations (Fernandez-Sanroman
et al., 2020). The findings of this work indicate that the modified supports are positively
charged at the pH of enzyme immobilization (pH = 5.0). As the isoelectric point of porcine

pancreas lipase (PPL) is around 4.9 (Gongalves et al., 2021) and Candida rugosa lipase is
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4.2 (Geluk et al., 1992), its surface has a negative charge at the pH of immobilization.

Therefore, the immobilization process occurs through specific forces such as electrostatic

interactions.

3.1.3.  Texture properties

Figure 2 shows the nitrogen (N.) adsorption-desorption isotherms and pore size
distribution of activated carbon functionalized with genipin (GAC), IDA + metal (MAC),

and genipin + metal (GMAC).
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Figure 2. Nitrogen adsorption-desorption isotherms and pore distribution of activated carbon
functionalized with genipin (GAC) (a and b), IDA + metal (MAC) (c and d), and genipin +
metal (GMAC) (e and f).

All the functionalized supports demonstrated hysteresis loop characteristics (Type 1V
isotherm) according to the IUPAC classification (1985). Hysteresis refers to the capillary
condensation in mesopore structures, and it may exhibit a wide variety of shapes such as
Type | of hysteresis loop. This type of loop is often associated with porous materials that
have agglomerates or compacts of regular array and narrow pore size distributions. The first
nitrogen slope was observed in the low-pressure region (P/Po < 0.5), which is attributed to
the monolayer coverage. On the other hand, at P/Po > 0.5 the multilayer adsorption began. It
was also verified that MAC adsorbed the highest N, volume (309.89 cm?® g STP) when
compared to the other matrices, except for the unmodified activated carbon (395.63 cm?® g
STP), suggesting a greater pore volume and surface area available for adsorption. These
observations can be confirmed by analyzing the pore size distribution (Figure 2 b, d, and f)
and texture properties of the adsorbents (Table 1).

The modified activated carbons have a pore distribution that indicates peaks at 3.8 and
10 nm in diameter, classifying these adsorbents as micro-mesoporous. In addition to the
standard AC (0.769 cm? g™* A1), GMAC presented the highest value for pore volume (0.589
cm3 gt A). The adsorption phenomenon is influenced by the good relationship between the
mesopores and micropores of materials since the mesopore allows for the diffusion of
compounds to the micropores, where the adsorption is carried out (Gongalves et al., 2021;
Peng et al., 2022). Additionally, Table 1 shows the texture properties of supports
functionalized with genipin (GAC), IDA + metal (MAC), and genipin + metal (GMAC).
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Table 1. Texture properties of activated carbon functionalized with genipin (GAC), IDA +
metal (MAC), and genipin + metal (GMAC).

Sample Sg(m?gl)  Dp(Mm)?  Vmeso (CM*g?Y)  Vmicro €M3g?Y)  View (cm® g?)
GAC 187 6.82 0.3317 0.0026 0.3393
MAC 433 6.04 0.3850 0.0602 0.4694

GMAC 366 5.79 0.3847 0.0257 0.4369

Sg — BET surface area; Dp — average pore diameter; a — maximum pore size distribution; Vmeso — mesopore volume;

Vmicro — micropore volume; Vtotal — total pore volume.

Regarding the activated carbon properties (Section 2.1), all modified supports
verified a decrease in surface area and pore volume, which confirms the surface changes.
This behavior may be due to the insertion of the chelating/crosslinking agent and magnetic
particles into the pores during the functionalization process, leading to pore blockage
(Bonyadi et al.,, 2022). These findings show that the BET area depends on pore
characteristics, especially the micropores. As the pore volume decreases, the surface area
will also decrease. However, the modifications led to an increase in the pore diameter and it
can be related to the smaller pores being obstructed by the functionalizing agents resulting
in a higher average pore diameter (Santos et al., 2022).

Genipin-functionalized AC demonstrated the lowest BET area and pore volume among
the modified adsorbents. This demonstrates a 68.8% reduction in the surface area compared
to unmodified activated carbon. Genipin is a crosslinking agent that creates stable cross-
linked structures, which can lead to self-crosslinking and higher pore clogging (Yu et al.,
2021). This can be verified by observing the genipin-iron oxide interaction in GMAC that
resulted in lower pore obstruction and higher surface area (39% reduction compared to the
original matrix).

Although the BET area was reduced by 27.8%, the highest surface area and pore
volume between the functionalized activated carbons was observed for MAC. The higher
values for both metal-functionalized adsorbents suggest that most iron particles were
incorporated into the surface, and the chelating agent (MAC) was more effective in retaining
iron oxide on the surface than the crosslinking agent (GMAC). The greater the texture
parameters, the more efficient lipase immobilization tends to be since it provides a greater

area available for bonding between the enzyme and support (Brito et al., 2020b).
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The texture changes on functionalized activated carbons were also observed through
Scanning Electron Microscope (SEM) (Figure 3). The surface morphology of modified
supports has a spongy appearance and porous structure with different pore sizes and shapes,
containing both micropores and mesopores. This statement agrees with the area and pore
distribution analyses. Figure 3 also confirms that the functionalization was successful as the
structure became smoother with smaller pores due to obstruction by the modifying agents.
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Figure 3. Scanning Electron Microscopy (SEM) of activated carbon functionalized with
genipin (GAC) (a), IDA + metal (MAC) (b), and genipin + metal (GMAC) (c).

3.2. Lipase immobilization
3.2.1. Effect of lipase source on immobilization
The effect of lipase source for immobilization on different activated carbons was
investigated based on their Immobilization Efficiency (%), Enzyme Activity (U), and
Enzyme Activity Yield (%) as shown in Table 2.

Table 2. Effect of activated carbon functionalization on lipase immobilization.

Sample Porcine Pancreas Lipase (PPL) Candida rugosa Lipase (CRL)
Immobilization Enzyme Enzyme Immobilization Enzyme Enzyme
Efficiency (%) Activity (U) Yield (%) Efficiency (%) Activity (U) Yield (%)
GAC 89.32 +0.0117 B 31.3+2851AP 5364+4.887A° 98.17+0.00184% 32.2+0.917AP 54,67 +1.556 A¢
MAC 99.43+0.00154%  46.9+1.652A% 80.38+2.832A% 98.76+0.0021 A% 47.3+0.3467%  80.30 + 0.588 AP
GMAC 87.41 +0.0176 B 48.1+3.822”% 8243+6551B2 97.90+0.0021A* 51.6+0.520A%  87.61+0.882 A2

*Means followed by the same lowercase letter in the support type and uppercase letter in the lipase source do

not differ significantly from each other according to Tukey’s test (P < 0.05).

Lipase from porcine pancreas had the highest Immobilization Efficiency for MAC
(E% = 99.43) while the highest Enzyme Activity (U =48.1) and Enzyme Yield (Y% = 82.43)
were found for GMAC. However, there was no significant difference between GMAC and

MAC, which showed an activity of 46.9 U and a yield of 80.38%. Similarly to PPL, lipase
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from Candida rugosa found the highest E% = 98.76 for MAC, U = 51.6, and R% = 87.61
for GMAC.

The differences between immobilization and activity parameters for different
supports may be due to the strength and orientation with which the lipase was attached to
the support. Although the immobilization is suitable for all materials, the biocatalyst can
bind with an orientation in which the active site is blocked or the substrate diffusion is
restricted. Lipase has a specific catalytic property called interfacial activation that occurs in
the oil-water interface, which allows the enzyme to have two configurations: the closed,
inactive conformation and the open, active conformation. This mechanism has a mobile
hydrophobic a-helix polypeptide chain that acts as a “lid” and blocks the active site from the
reaction medium. However, the lid opens in the presence of a hydrophobic interface and aids
the substrate-active site interaction. Thus, the biocatalyst activity is influenced by the
immobilization on hydrophobic surfaces such as activated carbon (Remonatto et al., 2022;
Zhang et al., 2022). Furthermore, the functionalizing agents tend to incorporate the enzyme
through strong bonds, changing the lipase conformational structure and decreasing its
flexibility (Al-sareji et al., 2023; Hasanzadeh et al., 2020).

Comparing both enzyme sources, Candida rugosa lipase showed significantly higher
efficiency values (> 97% for all supports). Since the molecular weight of PPL is around 50
kDa (Mendes et al., 2012) and CRL is around 60 kDa (De Maria et al., 2006), the
immobilization process of CRL was probably more influenced by interactions on the
activated carbon surface than inside the pores. For the other parameters, CRL also had the
highest values but they did not differ significantly from each other. This can be attributed to
the higher purity level of CRL since PPL is supplied via a crude extract of porcine pancreas
composed of other hydrolases as contaminants, such as esterases, amylases, and proteases
(Majd et al., 2022). For instance, the experiments were carried out with different protein
concentrations (PPL = 6000 mg L™ and CRL = 2000 mg L) to achieve similar lipolytic
activity.

Moreover, each source has its specificity and selectivity to the substrate. Regarding
regiospecificity, PPL is sn-1,3 specific and hydrolyzes ester bonds at the sn-1 and sn-3
positions, which releases free fatty acids and 2-monoacylglycerol. On the other hand, CRL
is nonspecific and randomly hydrolyzes all triglyceride positions. This results in a mixture
of products, including free fatty acids, monoacylglycerols, diacylglycerols, and glycerol

(Monteiro et al., 2021). Lipases also show selectivity for different types of fatty acids, such
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as Candida rugosa lipase, which preferentially recognizes substrates containing oleic acids
(Remonatto et al., 2022). The olive oil employed in our work as substrate has a high oleic
acid content (56-84 % of total fatty acids), making it suitable for the CRL catalytic

mechanism (Lopez et al., 2020).

3.2.2. Effect of surface modification on lipase immobilization

As reported in Table 2, the effect of surface functionalization on activated carbon for
different lipase sources was also evaluated based on their Immobilization Efficiency (%),
Enzyme Activity (U), and Enzyme Activity Yield (%). The highest immobilization
efficiency was observed for MAC, followed by GAC and GMAC. On the other hand, the
highest enzymatic variables were found by GMAC, MAC, and GAC, respectively.

Among the modified matrices, genipin-functionalized support achieved the lowest
immobilization parameters for both enzymes and the immobilization efficiency was the only
variable that had a significant difference between them. Even with a low surface area,
genipin-carbon presented a high immobilization efficiency and this suggests that
immobilization occurred through the spacer arms inserted into the surface. The
functionalization method involves the carbon surface amination followed by genipin
incorporation through the amino group attack on the carbonyl from the ester group of genipin
(C-11), developing a stable amide bond. Due to its bifunctional properties, genipin can also
bind to proteins through ion exchange, covalent, or hydrophobic interactions. Under low pH
conditions, the primary amines of the amino acid side chains (such as lysine, hydroxylysine,
and arginine) make a nucleophilic attack on the C-3 of genipin. This attack promotes an
opening in the genipin dihydropyranic ring and creates an intermediate aldehyde group in
the molecule. Subsequently, the intermediate aldehyde group undergoes an aldol
condensation with the secondary amines, resulting in a new heterocyclic compound (Flores
et al., 2019; Tacias-Pascacio et al., 2019).

Regarding the low enzyme activity, the low enzyme yield indicates that the decreased
biocatalyst mobility following immobilization may have increased restrictions on the
substrate. Since this is a novel immobilization method for lipases, it is very likely that the
potential of this chemical is not yet fully exploited. Therefore, further studies should be

carried out by evaluating the optimal modification and immobilization conditions to increase
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process efficiency. Furthermore, tests can be performed by incorporating pure genipin to
enhance surface properties (Khan et al., 2020).

Metal-functionalized carbon (MAC) was significantly efficient in immobilization (E
> 98%) with a significant difference for Porcine Pancreas Lipase. Since the molecular weight
of PPL is lower than CRL, the high surface area and pore volume of this support may favor
PPL adsorption within the pores. Furthermore, MAC activity and yield did not differ
significantly from GMAC even though the enzymatic values were not the highest. The
interaction mechanism between magnetic particles and enzymes is mainly influenced by
electrostatic, van der Waals, and hydrophobic forces, followed by covalent bonding between
epoxy groups of iron oxide and amino acids (amino, thiol, or hydroxyl groups) of lipase
(Esmi et al., 2021; Moreira et al., 2020).

GMAC showed the lowest immobilization efficiency despite having an intermediate
surface area. This may be due to a hysterical hindrance caused by adding large molecules
into the activated carbon surface, such as the spacer arm and metal particles (Ouyang et al.,
2020). As a result, lipase did not bind as easily. However, the binding enzyme concentration
showed the highest activity and yield compared to the free enzyme. This suggests that the
biocatalyst has bound tightly with preserved activity since the high point of zero charge of
the metalized supports enhanced the electrostatic interactions between the adsorbent
(positively charged) and enzyme (negatively charged) at the immobilization pH (Oliveira et
al., 2022).

Although influenced by different factors, both iminodiacetic acid and genipin proved
to be effective in retaining magnetic particles on the AC surface when used as a chelating
and cross-linking agent, respectively. However, GMAC offers a green approach by
eliminating a chemical compound from the process and reducing costs through the use of
genipin extract in the modification method. Therefore, genipin has the potential to replace
IDA as a binding agent.

For all modified activated carbons, high immobilization efficiency was observed
even with different texture properties. These findings are attributed to the difference in
charges on the supports and enzyme under the immobilization conditions. Therefore,
immobilization was favored by electrostatic interactions, especially for adsorbents that have
surface groups that intensify these interactions (MAC and GMAC) (Santos et al., 2022).

GMAC was influenced by crosslinking (genipin) and electrostatic interactions (iron oxide).
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3.3. Ethyl lactate synthesis

Once lipolytic immobilization proved to be efficient, the derivative was evaluated for
the synthesis of aroma esters. The esterification of ethyl lactate using different lipase sources
and modified activated carbons regarding Yield of Esterification (Y%) is presented in Table
3, which was greater than 90% for all variables investigated.

Among the modified supports, GMAC had the highest yield compared to free enzyme
(FE) for porcine pancreas lipase and similar significance to GAC and MAC for Candida
rugosa lipase. This is attributed to the strong binding of the biocatalyst in a favorable
orientation, leading to higher esterification activity of this derivative.

Despite the low hydrolytic activity value, GAC achieved high ester conversion,
indicating a high specificity of the enzymes for esterification reactions and protection of the
active site even after the immobilization process (Gamayurova et al., 2021). As previously
mentioned, genipin is a cost-effective and low-toxicity crosslinking agent. Therefore, it can
be used as an alternative to conventional functionalization methods such as glutaraldehyde,
as it proves to be effective for the synthesis of ethyl lactate.

Table 3. Conversion of ethyl lactate ester catalyzed by PPL and CRL (FE) immobilized on
activated carbon functionalized with genipin (GAC), IDA + metal (MAC), and genipin +
metal (GMAC).

Sample Conversion (Y%)

Porcine Pancreas Lipase (PPL)  Candida rugosa Lipase (CRL)

FE 94.968 + 0.959 B2 06.571 + 0.222 A2
GAC 91.917 + 0.691 AP 91.477 +0.070 AP
MAC 01.444 + 0.064 AP 02.880 + 0.831 AP

GMAC 04.213 + 0.756 A2 92.299 + 0.039 Bb

*Means followed by the same lowercase letter in the column and uppercase letter in the row do not differ

significantly from each other according to Tukey’s test (P < 0.05).

When comparing both biocatalyst sources applied, CRL showed the highest yield for
FE despite having no significant difference concerning PPL. On the other hand, PPL reached
the highest significant conversion for immobilized enzyme using GMAC, similar to Y% of
free enzyme. High activity for the free enzyme is expected since it has greater mobility and
access to the substrate (Santos et al., 2020). The high yield for both lipases can be attributed
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to their specificity for short- and medium-chain compounds, such as ethyl alcohol and lactic
acid (Gamayurova et al., 2016).

This is a promising result for commercial purposes as it offers effective support
options for lipolytic immobilization and its application in the synthesis of aroma esters. Ethyl
lactate is widely applied due to its low toxicity, and its use as a flavoring agent is highlighted
by the buttery notes to dairy products and wines (Cong et al., 2019). Previous work reported
ester conversion of 87.32% using Aspergillus fumigatus lipase (Mehta et al., 2020), 83.3%
using immobilized Candida antarctica lipase B (CALB) (Sun et al., 2010), and 88% using
Novozym 435 (Koutinas et al., 2018). These findings show the potential of these derivatives
for use in the food, cosmetic, and pharmaceutical industries.

3.4. Operational stability
The main feature of the industrial application of immobilized enzymes is their
operational stability, as reusing the biocatalyst reduces process costs (Maghraby et al., 2023).

To illustrate this point, Figure 4 presents the cycles of use for lipase from porcine pancreas
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Figure 4. Conversion of ethyl lactate ester catalyzed by PPL (a) and CRL (b) immobilized
on activated carbon functionalized with genipin (GAC), IDA + metal (MAC), and genipin +
metal (GMAC) as a function of the number of use cycles (T =40 °C, t =4 h).

All derivatives exhibited stability during reuse for both enzymes, and the metalized
supports had the highest yield in the last cycle (MAC = 86.16 + 0.947% and GMAC = 85.79
+0.117% for PPL; MAC = 88.46 + 0.657% and GMAC = 88.14 + 0.073% for CRL). This
may be due to the strong interactions between the lipase structure and the functionalized
supports such as covalent bonds and electrostatic interactions, mitigating biocatalyst losses
via desorption (Al-sareji et al., 2023). Moreover, these results suggest that using genipin and
iminodiacetic acid as crosslinking and chelating agents were efficient methods in preventing
the leaching of metal ions from the carbon surface (Long et al., 2021).

Both lipase sources achieved great results in the reuse cycles, although PPL was less
stable in the last cycle. The high ester conversion after 5 cycles (> 83%) suggests that the
immobilization process efficiently protected the biocatalyst from denaturation during its
successive use through the synthesis of a rigid derivative (Liang et al., 2020). Koutinas et al.
(Koutinas et al., 2018) found 85% of ethyl lactate after 5 cycles using the commercial lipase
Novozym 435. Furthermore, Brito et al. (Brito et al., 2020) state that washing the derivative

with hexane after each cycle may have contributed to maintaining its activity since this non-
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polar solvent removes any product around the enzyme that may reduce its activity and limit

the substrate and product diffusion.

3.5. Effect of terc-butanol as solvent

The polarity of the esterification solvent was investigated by using terc-butanol as a
solvent based on the ethyl lactate yield. The study found Y (%) = 73.25 £ 0.622 for free PPL
and Y (%) = 70.60 £ 2.971 for PPL-GMAC. On the other hand, it was reported Y (%) = 77.49
+ 0.916 for free CRL and Y (%) = 75.17 + 2.446 for CRL-GMAC. These findings are lower
than those obtained using hexane as a solvent, but this is expected as lipase-mediated
esterification occurs mainly in a hydrophobic medium (isooctane > petroleum ether > n-
hexane > terc-butanol > terc-amyl alcohol). According to Subroto et al. (Subroto et al.,
2020), it is caused by a strong deformation due to the essential interactions between water
and protein. Hydrophilic solvents influence the water content surrounding the lipase
microenvironment on the active site, which affects its conformation structure and activity.
Further studies are needed, but the method may have a similar potential (Y >70%) to hexane
as a less toxic solvent in the ethyl lactate synthesis using immobilized lipase on activated

carbon.

4. Conclusion

The surface modification of activated carbon from sisal waste through gepinin,
iminodiacetic acid and metallic particles, and genipin and metallic particles was successfully
applied to immobilize lipase from porcine pancreas and Candida rugosa for ethyl lactate
synthesis. The texture properties of derivatives were confirmed by pore size distribution,
BET surface area, and average pore diameter, indicating a valuable structure for enzyme
immobilization. All the supports showed high immaobilization efficiency, with the metalized-
activated carbons presenting the highest hydrolysis activity. The derivatives have reported
promising results for the synthesis of ethyl lactate. The high ester conversion after five cycles
suggested that the immobilization process efficiently protected the lipase from desorption
and enzyme denaturation. Therefore, the synthesized derivatives have the potential to
catalyze the production of aroma esters through biotechnological tools for use in industry.
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ABSTRACT

This work aimed to explore the potential of immobilized lipase (Rhizomucor miehei) on
activated carbon to convert the high Free Fatty Acid (FFA) content of squid waste oil into
acylglycerols (MAG and DAG) rich in n-3 PUFASs in a solvent-free system. The product was
microencapsulated by complex coacervation, and stability studies were investigated. The
effect of glycerolysis conditions was evaluated according to enzyme concentration,
derivative concentration, substrate molar ratio, and reaction time, with the conversion of
Free Fatty Acid as the response variable. The optimal parameters were 15 mg g support,
8% of derivative (w/v of the reaction mixture), 1:5 of glycerol:oil, and 24 h. The lipid class
of squid waste oil in the optimal conditions was EE(%) = 2.63, TAG(%) = 17.91, FFA(%)
= 8.08, and MDG(%) = 71.38. The fatty acid composition analysis confirmed that squid
waste oil had a high content of omega-3 PUFAS (0-3 = 42.28%). The enzyme-treated oil
was microencapsulated by complex coacervation between gelatin and sodium
hexametaphosphate to protect the oil against oxidation. Microscope and Scanning Electron
Microscopy (SEM) confirmed the microcapsule formation. The microencapsulation process
achieved an Encapsulation Efficiency (%) of 99.79, Payload of 65.71 %, and Encapsulation
Yield of 98.82 %. The microcapsules showed unexpectedly high oxidative stability (OSI =
52.35 h) compared to untreated (OSI = 0.04 h) and lipase-treated oil (OSI = 2.46 h).
Therefore, immobilized lipase on activated carbon has the potential to efficiently synthesize
acylglycerol without solvents, making it a fast and reusable enzymatic technology for
creating omega-3-rich functional ingredients. Furthermore, the microencapsulation by
complex coacervation can stabilize the omega-3 oil structure against oxidation for

incorporation in food products.

Keywords: Enzyme; Esterification; Free fatty acid; Immobilization; Squid oil.

1.  Introduction

Lipases catalyze triacylglycerol hydrolysis in diacylglycerols, monoacylglycerols, and
free fatty acids. However, they also have a mechanism for working on esterification,
transesterification, and interesterification reactions under non-aqueous conditions (Pereira et
al., 2022; Sampaio et al., 2022; Verma et al., 2021). This interfacial property gives the
enzyme versatility and selectivity, making them an important tool in different fields, such as
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food (Chen et al., 2023), pharmaceuticals (Balogh-Weiser et al., 2023), detergents (Safdar
et al., 2023), pulp and paper (Dixit et al., 2022), cosmetics (Liu et al., 2022), textiles (Taleb
etal., 2022), biofuels (Wancura et al., 2023), and effluent treatment (Nimkande et al., 2023).

The high cost associated with lipase separation and reuse has been identified as the
most significant issue to their use in large-scale and continuous industrial processes
(Monteiro et al., 2021; Sousa et al., 2021). To overcome this limitation, the immobilized
enzyme has been employed due to its benefits against the free enzyme, including activity,
stability, substrate specificity, resistance to inhibitors, and greater control over reaction
conditions (Almeida et al., 2022; Rodrigues et al., 2021).

There are several methods of immobilization based on the interaction between the
biomolecule and the support, such as adsorption (Ferreira Goncalves et al., 2021), covalent
bonds (Oliveira et al., 2022), cross-linking (Guajardo et al., 2020), and encapsulation (Nadar
& Rathod, 2020). The activity of the immobilized enzyme is influenced by the reaction
conditions, surface area, porosity, and hydrophobicity of the support. For lipases,
hydrophobic matrices allow biomolecule interaction in an open form through interfacial
activation (Remonatto et al., 2022; Zhang et al., 2022). Among these mechanisms, activated
carbon has shown potential as support in enzyme immobilization.

Lipase immobilization enhances its application as a catalyst for industrial processes.
Recently, it has been used in marine oil processing to concentrate omega-3 polyunsaturated
fatty acids (n-3 PUFAS) for nutritional supplements since omega-3 is an essential nutrient
that cannot be produced by the human body (Innes & Calder, 2020; Magoni et al., 2022).
Among marine organisms, squid viscera are an alternative source for obtaining PUFAs.
Squid is an economical seafood with high protein and nutritional quality that can benefit
human physiological functions. For instance, Park (2017) observed a significant content of
EPA (20.23%) and DHA (35.50%) for squid oil. However, squid processing generates a
large number of by-products that represent 35% of the total mass caught, including head,
viscera, and skin (Wang et al.,, 2019a). Studies have been developed to reuse such
components, where Aubourg et al., (Aubourg et al., 2023) reported high levels of EPA
(17.73%) and DHA (34.67%) for a squid waste mixture. To our knowledge, the reuse of
squid gut oil to obtain concentrated n-3 PUFAs has not been reported in the literature.

The most common forms of omega-3 concentrates are triacylglycerol (TAG) and ethyl
ester (EE). However, recent studies have shown that monoacylglycerol (MAG) and

diacylglycerol (DAG) are more easily digested and absorbed than TAG and EE due to
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differences in absorption, digestion, and stereospecificity (Chen et al., 2022; Gunathilake et
al., 2021). Furthermore, MAG and DAG are partial acylglycerols widely used as emulsifiers
in the food, pharmaceutical, and cosmetic industries. They are produced through glycerolysis
reactions between glycerol and free fatty acids. Lipase-catalyzed glycerolysis is an
alternative to the high-temperature chemical process usually applied on an industrial scale
for MAG and DAG synthesis due to the mild conditions needed for enzymatic processes,
making the production of these heat-sensitive PUFAs suitable (Awadallak et al., 2020;
Palacios et al., 2022). The reaction yield can be influenced by modifying glycerolysis
conditions such as enzyme concentration, substrate molar ratio, solvent addition, and
reaction time (Li et al., 2023; Palacios et al., 2019). Accordingly, it is important to evaluate
the effect of glycerolysis parameters on lipase-treated oil.

The unsaturated structure of PUFAs makes omega-3 oils more susceptible to oxidative
deterioration and gives undesirable organoleptic properties to products (Garcia-Oliveira et
al., 2021). Thus, microencapsulation techniques can protect the active compound against
oxidation during storage, processing, or incorporation into foods and drugs (Mu et al., 2022;
Savikin et al., 2021). Among the encapsulation methodologies, complex coacervation has
been used in recent years for having unique characteristics such as high stability, compacted
structure, high load density, and processing under moderate conditions (Xia et al., 2020).

Although enzymatic glycerolysis has been widely studied, the treatment of omega-3-
rich oil using lipase immobilized on activated carbon has not been reported yet. Therefore,
this study aimed to explore the potential of immobilized lipase (Rhizomucor miehei) on
activated carbon to convert the high Free Fatty Acid (FFA) content of squid waste oil into
acylglycerols (MAG and DAG) rich in n-3 PUFASs in a solvent-free system. The product was

microencapsulated by complex coacervation, and stability studies were investigated.

2. Materials and methods
2.1 Materials

Activated carbon was synthesized in previous studies by chemical activation method
using phosphoric acid through sisal waste carbonization at 700 °C, 86 minutes, and an
impregnation ratio of 2.5:1 (activating agent mass/precursor mass) (Yield = 45.61%, Ash =
7.89%, pHprcz = 5.83, Sg = 600 m? g, Dp = 5.68 NM, Vimeso = 0.4738 cm® g%, Vimicro = 0.0888
cm® g, Vo = 0.6024 cm® g1). Crude squid gut oil from arrow squid was provided by

Mantzaris Fisheries Pty Ltd, North Geelong, Australia. Lipase from Rhizomucor miehei
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(Palatase 20,000 L, Activity > 20,000 U/g) was purchased from Sigma-Aldrich Corporation.

All other chemicals were of analytical grade.

2.2 Enzyme immobilization

Rhizomucor miehei lipase was immobilized on activated carbon (AC) by adsorption
following previous tests. For this, 0.1 g of activated carbon was suspended in 5 mL of sodium
phosphate buffer solution (25 mM pH 7.0) containing RML (enzymatic load: 10 mg/g
support) (Moreira et al., 2020). The system was placed under constant agitation at 10 g force
for 2 hours at 30 °C. Samples were centrifugated at 2000g for 5 min, washed with the
immobilization buffer to remove non-adsorbed molecules, and dried in an oven at 40 °C for

8 h. The biocatalyst synthesized was characterized by Circular Dichroism Spectroscopy.

2.3 Enzymatic glycerolysis

Glycerolysis of squid waste oil was carried out in a glass bottle (300 mL) at 50 °C
with magnetic stirring at 170 g force. The effect of reaction parameters on Free Fatty Acid
(FFA) reduction was investigated, such as enzyme concentration (5-20 mg g of support),
derivative concentration (2—8% of derivative (w/v of the reaction mixture)), substrate molar
ratio (1:2-1:5 of glycerol: oil molar ratio), and reaction time (1-24 h). Each of the factors
was varied while others were kept constant. Aliquots of the sample (500 uL) were
periodically withdrawn from the reaction mixture for lipid class analysis by Thin Layer

Chromatography-Flame lonization Detector (latroscan-FID).

2.4 Analysis of Fatty Acid Compositions by Gas Chromatography

Fatty acids in squid oil samples were converted to methyl esters as earlier described
(Akanbi et al., 2013). The samples were analyzed using an Agilent 6890 gas chromatograph
equipped with a BPX70 SGE column (30 m, 0.25 mm i.d., 0.25 pm film thickness) and a
flame ionization detector (FID). The oven's temperature was programmed to increase from
140 °C (5 min hold) to 240 °C (5 min hold) at a rate of 4 °C/min and a total run time of 30
minutes. A split ratio of 50:1 was used to inject 1 puL of the solution (injector temperature =
250 °C). Helium was used as the carrier gas, with a constant flow of 1.5 mL/min. The
detector gases were defined as 30 mL/min hydrogen, 300 mL/min air, and 30 mL/min
nitrogen. ChemStation software was used to integrate peak areas, which were corrected by

theoretical relative FID response factors (Craske and Bannon, 1987). Fatty acid standards
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for the GC were a mixture of saturated, monounsaturated, and polyunsaturated fatty acids
ranging from carbon 4 to 24 (C4-24) (Gunathilake et al., 2021).

2.5 Microencapsulation using complex coacervation

Microcapsules of acylglycerol concentrate from squid waste oil were prepared using
the complex coacervation method based on the procedure described by Xia et al. (2020),
with minor modifications. For this methodology, 15 g of squid oil under enzymatic treatment
was mixed with gelatin dispersion (6%, w/w). The mixture was mechanically stirred for 5
min at 400 g force and emulsified for 15 minutes at 8570 g force using a homogenizer
followed by adding sodium hexametaphosphate solution (0.6%, w/v) at 340 g force. The
emulsion pH was adjusted to 4.7 by dropwise 1% phosphoric acid while coacervate synthesis
was monitored by microscope. The procedure was carried out at 50 °C, followed by cooling
down to 5 °C (8 °C/h) through a refrigerating water bath. The sample was kept at 5 °C for an
hour, after which a transglutaminase dispersion (5%, w/w) was added to it. The temperature
was then raised gradually to 25 °C (5 °C/h) and maintained for 5 hours, allowing the enzyme
to be activated and create cross-links. Finally, the microcapsules obtained were freeze-dried
to achieve a final powdered product. Microcapsule morphology was observed by Scanning
Electron Microscopy (SEM) using a Zeiss LEO EVO 40 XVP (Germany) with a secondary
electron (SE) detector and accelerating voltage of 20 kV. Samples were gold coated with a

sputter coating technique.

2.6 Physicochemical properties of microcapsules

The properties of the coacervate microcapsules were determined as follows. The
moisture content was determined gravimetrically by drying the solid microcapsules at 105
°C for 12 h. The surface oil content was determined using Liu et al. (2010) method with
minor modifications. Briefly, 3 g of dried microcapsule powder was dispersed in 30 mL
hexane and vortexed for 60 s. The solvent containing the extracted oil was centrifuged at
18,514 g force and 20 °C for 15 min. The solvent was removed by evaporation under a fume
hood for 12 h. The extracted oil was further heated to 80 °C for 1 h to remove any residual
hexane and was finally cooled down to room temperature. The mass of the extracted oil was
measured by weighing.

Total oil (i.e., both surface oil and encapsulated oil within the coacervates) was

determined according to Wang et al. (2014). In this protocol, 3 g microcapsules were
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dispersed in 90 mL 4 N hydrochloric acid and vortexed for 60 s. Then 45 mL hexane was
added followed by vortexing for another 60 s and incubating at room temperature for 12 h
at 228 g force. After this, it was centrifuged at 18,514 g force for 30 min at 20 °C. The
solvent phase was recovered and dried at 80 °C in an inert atmosphere to remove the residual
solvent. The encapsulation efficiency (EE), payload (PL), and encapsulation yield (EY) were

calculated using Equations 1-3.

EE =2 x 100% 1)
Wi
Wi
PL = =% x 100% (2)
EY ==t x 100% (3)
wi

Where w; is the total oil mass (g) of microcapsules, ws is the surface oil mass (g) of
microcapsules, wi is the mass (g) of oil added during microencapsulation and wp, is the mass

(g) of the resulting microcapsules.

2.7 Oxidative stability analysis

Accelerated oxidation tests were carried out for squid oil and microcapsules using
Rancimat (Herison 743 model). For this, oil (3 mL) or microcapsules (1.5 g) samples were
heated at 110 °C under purified air with a flow rate of 20 L/h. The induction time of samples

was determined and used as the oxidative stability index (OSI).

2.8 Statistical analysis
All assays were performed in triplicate. The data was evaluated through analysis of
variance (ANOVA) with F test and Tukey test for comparison between means (p < 0.05)

using SAS Studio and Sigmaplot software.

3. Results and Discussion
3.1 Circular Dichroism
The Circular Dichroism spectra for activated carbon, lipase, and immobilized lipase

on activated carbon are presented in Figure 1.
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Figure 1. The Circular Dichroism spectra for activated carbon (AC), lipase (RML), and
immobilized lipase (AC-RML).

CD spectroscopy was employed to investigate the conformational changes related to
RML immobilization. In the far-UV region (190-240 nm), which corresponds to the peptide
bond absorption, the CD spectrum can be analyzed. This analysis can give information about
the content of regular secondary structural features, such as a-helix and, B-sheet (Miles et
al., 2021). The spectra presented minima at 208 nm and maxima at 192 nm, indicating a
general excess of a-helical content. A decrease in ellipticity at 208 nm was observed between
the free and immobilized enzymes, suggesting a decrease in a-helical content. This
information can be explained by the bond built between the hydrophobic lipase lid and the
hydrophobic surface of activated carbon, resulting in changes in the enzyme conformational
structure (Mathesh et al., 2016). Although the conformational changes can improve
immobilization yield, they may reduce enzyme activity due to the decreased enzyme
flexibility, the active site blockage, and diffusional restrictions between substrate and

enzyme within the porous structure (Al-sareji et al., 2023).
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3.2 Optimization of glycerolysis conditions

The effect of glycerolysis conditions was performed using lipase from Rhizomucor
miehei based on its broad usage in esterification and transesterification reactions, with results
presented in Figures 2-5. The initial lipid class of squid waste oil was 3.07% Ethyl Ester
(EE), 38.14% Triacylglycerol (TAG), 44.25% Free Fatty Acid (FFA), and 14.54% Mono-
Diacylglycerol (MDG).

The impact of enzyme concentration on converting free fatty acids in omega-3 mono
and diacylglycerol was investigated. Figure 2 shows that increasing enzyme load enhances
glycerolysis efficiency, reaching the lowest Free Fatty Acid content (27.14%) and the
highest Mono-Diacylglycerol content (35.30%) at the lipase immobilization of 15 mg g*
support, before decreasing in 20 mg g support. As adsorption is a physical phenomenon,
an excessive enzyme may lead to pore clogging and protein aggregation on the activated
carbon surface, limiting the mass transfer of substrate to the active site of the biocatalyst and
the reaction rate (Saikia et al., 2021). Ghide et al. [42] studies presented the same behavior
with immobilized RML on magnetic multiwalled carbon nanotubes. Thus, 15 mg g™* support

was selected as the optimum enzyme amount for immobilization.
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Figure 2. Effect of enzyme concentration on squid oil’s lipid class (%) using immobilized

lipase on activated carbon as enzymatic treatment.
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As shown in Figure 3, the significance of derivative concentration was studied. We
observed that esterification yield is increased as the concentration percentage increases. The
lowest FFA (FFA = 14.21%) and MDG (MDG = 52.83%) were found by the derivative
concentration of 8% wi/v. Similar results were reported by Palacios et al. (2022), achieving
the optimal condition at a concentration of 7.31% (Lipozyme RM-1M). Therefore, 8% of the

derivative concentration was the condition used for subsequent experiments.
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Figure 3. Effect of derivative concentration on squid oil’s lipid class (%) using

immobilized lipase on activated carbon as enzymatic treatment.

The effect of modifying the molar ratios of substrate (glycerol and oil) was verified
by adjusting oil concentration while maintaining glycerol levels constant (Figure 4). The
results showed that changing the substrate ratio did not significantly affect glycerolysis
conversion, although a trend of decreasing FFA and increasing MDG was observed as the
oil amount increased. The lowest FFA and highest MDG percentages were 24.73% and
39.91%, respectively. This can be explained by the lower viscosity resulting from the
decrease in glycerol concentration, which could compromise homogeneity in viscous
mixtures and lead to the entrapment of the immobilized enzyme particles. Furthermore,
glycerol is a hydrophilic molecule with low solubility in organic solvents (95-96%
insolubility for fats and oils), limiting the enzyme access to both substrates simultaneously.
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Therefore, reducing glycerol content will increase solubility (Gunathilake et al., 2021).

Accordingly, the substrate molar ratio was determined to be 1:5 of glycerol:oil.
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Figure 4. Effect of substrate ratio on squid oil’s lipid class (%) using immobilized lipase on

activated carbon as enzymatic treatment.

Figure 5 displays the study on the appropriate reaction time for MDG synthesis
through FFA consumption. It was observed that FFA content decreased from 44.25% to
8.08% after 24 hours, while the MDG increased from 14.54% to 71.38% after 24 hours. In
the reaction conditions tested, a small amount of free fatty acids was converted in the final
reaction products (about 6% between 9 and 24 h), indicating a rapid esterification process.
Similarly, Feltes et al. (2012) obtained the equilibrium after 10 h at 55 °C using the
immobilized lipase Novozym 435 in another solvent-free system. Therefore, the non-
aqueous mixture used is suitable for achieving good glycerolysis while limiting hydrolysis.
Glycerol is also a suitable acyl group acceptor in lipase-catalyzed reactions, allowing for
greater conversion of free fatty acids to MAG and DAG (Zhou et al., 2022).
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Figure 5. Effect of glycerolysis time on squid oil’s lipid class (%) using immobilized lipase

on activated carbon as enzymatic treatment.

However, the MDG esterification continued to increase significantly over time (about
16% between 9 and 24 h), which can be attributed to the decrease in triacylglycerol content
from 27.53% to 17.91%. This process, known as interesterification (IE), can modify TAG
properties through initial lysis and subsequent esterification reactions, resulting in the
redistribution or exchange of fatty acids between acyglycerol molecules (Z. Zhang et al.,
2020). Xia et al. (2019) used Lipozyme RMIM to optimize interesterification and remove
palmitic acid from palm oil while incorporating ALA and EPA in a reaction time between
18 and 24 h. Therefore, 24 h was selected as the reaction time capable of providing the ideal
lipid class for this research purpose.

The optimized conditions for the glycerolysis of Free Fatty Acids into omega-3 MDG
were: immobilized lipase (Rhizomucor miehei) on activated carbon (15 mg g support; 8%
of derivative (w/v of reaction mixture)), molar ratio of substrates (1:5; glycerol: oil), and a
reaction time of 24 h. This method uses the biocatalyst to efficiently synthesize acylglycerol
without solvents, making it a fast and reusable enzymatic technology for creating omega-3-

rich functional ingredients such as emulsifiers and stabilizers for the food industry.
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3.3 Fatty acids composition

The fatty acid content of raw oil and oil treated with immobilized lipase (Rhizomucor

miehei) on activated carbon were analyzed using Gas Chromatography and the results are

reported in Table 1.

Table 1. Fatty acid composition determined by Gas Chromatography of raw squid waste oil

and immobilized lipase-treated oil.

Fatty Acid Squid oil (%) Lipase-treated oil (%)

C14:0 Myristic acid 4.88+0.012 4.62+0.012

C16:0 Palmitic acid 1419+0.112 14.30 £ 0.06 2

Cl6:1 Palmitoleic acid 521+0.042 524+0.002

C18 Stearic acid 1.88 +0.00 ? 1.89+0.02°2

Ci18:1 Oleic acid 15.71+0.042 15.75+0.142

C18:2 n-6 Linoleic acid 2.27+0.03°2 2.32+0.032

C18:3n-3 a-Linolenic acid (ALA) 1.70 £ 0.02 2 1.72+0.022

C20:0 Arachidic acid 441+0.00° 442 +0.032

C20:1 4.22+0.012 4.28+0.052

C20:4 n-6 Arachidonic acid 1.33+£0.00°2 1.37+0.05°2

C20:5n-3 Eicosapentaenoic acid 19.68 £ 0.04 2 19.90+£0.152

(EPA)
C22:6 n-3 Docosahexaenoic acid 20.19+0.01° 20.39+£0.122
(DHA)

Saturated fatty acids 26.63 £0.08 2 26.53+0.13%

Monounsaturated 27.06 £0.11% 26.34+0.21%
fatty acids (MUFAS)

Polyunsaturated fatty 46.31£0.03°2 46.89 £ 0.42 2

acids (PUFASs)

n-6 4.49 +£0.062 461+0.12°2

n-3 41.82+£0.03°2 42.28+0.302

n-6/n-3 ratio 0.11+£0.002 0.11+£0.002

According to Table 1, the fatty acid composition was not significantly modified after

glycerolysis reactions of squid waste oil, showing the effectiveness of the method in
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changing only the availability and stability of lipid molecules by converting FFA into MDG.
The main % of fatty acids were Docosahexaenoic acid (DHA), Eicosapentaenoic acid (EPA),
Oleic acid, and Palmitic acid. Similar results were found by Sun et al. (2023) for the raw oil.

Marine species are known as nutrient-rich and balanced foods due to their high
content of valuable constituents, especially omega-3 compounds. However, processing these
species produces significant amounts of by-products. According to the Food and Agriculture
Organization (FAQ), annual seafood production contributes to more than 180 million tonnes,
but roughly a quarter of the total marine catch is discarded (Ozyurt & Ozkiitiik, 2020). Squid
processing also generates many by-products, representing 35% of the total mass caught and
including the head, viscera, and skin (Wang et al., 2019b). Recently, there has been a lot of
discussion about the valorization of discarded marine species and by-products from the
seafood industry because they have a similar constituent composition to commercial and
edible marine tissues (Aubourg et al., 2023).

Therefore, the development of new technologies and strategies for recovering and
purifying high-added-value compounds, such as -3 PUFAS, can promote better utilization
of discards, and they could be incorporated into nutraceutical, functional food formulation
or pharmaceutical applications (Ahmad et al., 2019). The percentage of PUFAs in the current
work represents 46.89% of total fatty acids, and it is mainly composed of omega-3
compounds (o-3 = 42.28% against m-6 = 4.61%), which confirms the omega-3-rich content
of squid gut oil from arrow squid. Indeed, this approach can be considered an eco-friendly
strategy to convert marine wastes to high-added-value compounds while offsetting

environmental pollution and disposal problems.

3.4 Microencapsulation by Complex Coacervation
The morphologies of the complex coacervates and microcapsules were studied using
optical microscopy. The agglomeration of O/W emulsion droplets occurred at pH 4.7 upon
the formation of complex coacervates in the aqueous phase (Figure 6A), which led to the
formation of "multi-core™ microcapsules in the cooling step (Figure 6B). The gelatin-SHMP
complex coacervate was formed surrounding these O/W emulsion droplet agglomerates
resulting in the synthesis of microcapsules with multiple oil-in-water droplets, which are
stabilized as "cores." This structure is referred to as a “multi-core” structure. The coacervate
layers coating the oil droplets within the microcapsules are crosslinked when
transglutaminase is added, and the "multi-core” microcapsules can no longer redissolve (Xia
et al., 2020).
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Figure 6. Morphological structure of complex coacervates (A) and microcapsules from

squid waste oil observed by microscope (B) and SEM (C).
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This microencapsulation method has been particularly successful in stabilizing
unsaturated lipids and providing an ingredient with a sensory shelf-life consistent with the
food products. It has not been used successfully to deliver unsaturated lipids into food
products until the development of multicore products, though. For the preparation of
multicore microcapsule, oil-in-water emulsion is produced; hence, the sizes of its inner
single oil droplet cores are defined. Thereafter, the oil droplets are coated by the complex
coacervate and tend to agglomerate to form multicore microcapsules with a size of 30-50
um. However, the size of multicore microcapsules is greater than the oral sensory threshold,
which is usually considered to be 10-25 um, and therefore it can be easily perceived by the
mouth (Ma et al., 2019). Figure 6B shows that the microcapsules of the present study had
sizes of 18.21 um, showing agreement with the sensory threshold for incorporation in food
products.

The SEM observation confirmed the formation of microcapsules coated by complex
coacervation, as shown in Figure 6C. Similarly to those observed under light microscopy,
the microcapsules observed by SEM had oval morphologies with aggregated oil droplets
inside and a smooth gelatin—-SHMP coacervate coating layer as the outer shell. Furthermore,
no holes or cracks were found on the surface of complete microcapsules in the current study,
indicating an effective protective barrier.

3.5 Physicochemical properties of microcapsules

The Surface Oil, Encapsulation Efficiency, Payload, Encapsulation Yield, and
Moisture of squid waste oil microencapsulated by complex coacervation are reported in
Table 2.

Table 2. Physicochemical properties of microcapsules.

Sample Surface oil (%) Encapsulation Payload (%) Encapsulation Moisture (%)
Efficiency (%) Yield (%)
Microcapsule 0.13+£0.58 99.79 £ 0.37 65.71+£0.74 98.82 +0.81 3.38+£0.24

The microcapsule powder exhibited 3.38% moisture, which falls within the
recommended range of 4-6% for dry food ingredients (Savikin et al., 2021). The
encapsulation efficiency attained a high value, and the powders had low surface oil content
with a high encapsulation yield. Wang et al. (2019) states that the encapsulation efficiency
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Is related to the presence of free oil on the surface of the particles within the powder and the
degree to which the shell matrix can prevent the extraction of internal oil through a leaching
process. The high encapsulation efficiency observed here indicates that most squid oil would
be well-protected from oxidation (Mu et al., 2022; Wang et al., 2019). Furthermore, the high
encapsulation yield suggests that the oil loss during the microencapsulation is negligible.

3.6 Oxidative stability

Lipid oxidation is a complex process related to undesirable chemical reactions that
reduce oil quality, resulting in organoleptic rancidity in the finished products and other
degrading effects such as discoloration, vitamin destruction, nutritional losses, and
polymerization (Garcia-Oliveira et al., 2021). The oxidation progresses at different rates due
to different factors, such as temperature, light, oxygen, moisture, storage time, and lipid
composition (Qiu et al., 2019). Therefore, the oxidative stability of raw squid oil, enzyme-
treated oil, and microcapsules was investigated and the oxidative stability index (OSI) is
shown in Figure 7.
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Figure 7. Oxidative stability index (OSI) of raw squid waste oil, lipase-treated oil, and

microcapsules.

The oil treatment with immobilized lipases significantly enhanced the oxidative
stability index (OSI = 2.46 + 0.01 ° h) of squid oil (OSI = 0.04 + 0.0 ° h) after reducing its
Free Fatty Acids content from 44.25% to 8.08% after 24 h. This behavior is observed due to
the susceptibility to oxidation by the long-chain polyunsaturated fatty acids (PUFAS),
making omega-3 oils highly vulnerable (Du et al., 2022). Furthermore, the microcapsules
showed an unexpectedly high oxidation stability of 52.35 + 0.01 ? h under high-temperature

conditions (110 °C), confirming the effective protection of the complex coacervates without
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any antioxidants added to the microencapsulation process. Wang et al. (2019) reported a
maximum oxidative stability index of 33.6 h in their studies with anchovy oil microcapsules,
while Wang et al. (2014) reached the highest OSI = 40.2 h working with tuna oil
microencapsulation. Xia et al. (2020) achieved 62 h of induction time, although their
Rancimat tests were performed at 90 °C, and the microencapsulated tuna oil was mixed with
varying amounts of additives. Therefore, the current work shows potential for stabilizing the

omega-3 oil structure against oxidation for incorporation in food products.

4.  Conclusion

In this study, omega-3 MDG oils were produced in a solvent-free system by reacting
squid waste oil and glycerol in the presence of lipase from Rhizomucor miehei immobilized
on activated carbon. The glycerolysis conditions were optimized according to enzyme
concentration, derivative concentration, substrate molar ratio, and reaction time. The fatty
acid composition analysis confirmed that squid waste oil had a high content of omega-3
PUFAs. The enzyme-treated oil was microencapsulated by complex coacervation between
gelatin and sodium hexametaphosphate to protect the oil against oxidation. The
microcapsules showed unexpectedly high oxidative stability compared to untreated and
lipase-treated oil. Therefore, immobilized lipase on activated carbon has the potential to
efficiently synthesize acylglycerol without solvents, making it a fast and reusable enzymatic
technology for creating omega-3-rich functional ingredients. Furthermore, the
microencapsulation by complex coacervation can stabilize the omega-3 oil structure against

oxidation for incorporation in food products.
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CAPITULOS

Consideracdes finais

O residuo do processamento do sisal foi utilizado como fonte precursora de carbono
para a sintese de carvdo ativado. Os parametros texturais demonstraram a formacéo de uma
estrutura com area superficial e porosidade adequadas para a imobilizacdo enzimatica. Além
disso, realizou-se a modificacdo de superficie através da incorporacao de genipina, particulas
metalicas utilizando o acido iminodiacético como agente quelante e particulas metélicas
utilizando genipina como agente reticulante. A modificacdo foi confirmada a partir de
analises texturais, ponto de carga zero, Microscopia Eletrénica de Varredura e
Espectroscopia no Infravermelho por Transformada de Fourier, onde observou-se uma
reducdo na area superficial e porosidade em relacdo ao carvéo ativado. Os materiais foram
utilizados como suportes para a imobilizacdo de lipases (Lipase do Pancreas do Porco e
Candida rugosa) e apresentaram alta eficiéncia de imobilizacdo. Os biocatalisadores
também demonstraram resultados promissores para a sintese de lactato de etila, onde o
suporte metalizado apresentou os maiores valores para atividade de hidrdlise e esterificacéo.
Os derivados se mostraram viaveis comercialmente uma vez que apresentaram elevada
estabilidade operacional a partir dos ciclos de reutilizacdo. Além disso, a lipase imobilizada
em carvao ativado foi aplicada com sucesso na producéo de acilgliceréis de 6mega-3 em um
sistema livre de solventes por reacdo de glicerélise do Oleo residual de lula. A
microencapsulacdo por coacervacdo complexa do 6leo enzimaticamente tratado mostrou
elevada estabilidade oxidativa quando comparada ao 6leo sem tratamento. Portanto, o carvéao
ativado do residuo do sisal funcionalizado por diferentes métodos de modificacdo tem
potencial para imobilizacéo de lipase como um adsorvente sustentavel de baixo custo através
do reaproveitamento de residuos agroindustriais para aplicagdo na obtencdo de ingredientes

alimenticios, como o lactato de etila e acilglicerdis de dmega-3.
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