S

Revista Brasileira de Agrotecnologia

¢~ | CONGRESSO
V.11, N°2, p. 944-949, ANO 2021 g/ @ BRASILEIRO ONLINE
Garanhuns, PE, Grupo Verde de Agroecologia e Abelhas \6 DE CIENCIAS DOS
https://www.gvaa.com.br/revista/index.php/REBAGRO/index ) ALIMENTOS

REBAGRO DOI: 10.18378/REBAGRO.V1212.8966

ESTUDO DA HIDROLISE DA LACTOSE EM LEITES COM DIFERENTES TEORES DE GORDURA
UTILIZANDO ENZIMA LIVRE E IMOBILIZADA

Study of lactose hydrolysis in milks with different fat contents using free and immobilized enzyme
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RESUMO

A hidrdlise da lactose é um processo amplamente utilizado na industria alimenticia, tem objetivo de disponibilizar produtos zero
lactose, pela presenca de monossacarideos (glicose e galactose) decorrente deste processo tecnologico. A enzima B-galactosidase,
mais conhecida como lactase é responsavel pela hidrélise de produtos lacteos, em sua maioria utilizada de forma livre, o que
necessita por parte da empresa um valor envolvido na elaboragdo destes produtos. Visando atender o indice ascendente de
portadores de intolerancia a lactose, estimado em cerca de 70% da populagdo adulta no mundo que manifesta alguma deficiéncia
de lactase no organismo, além da busca por alimentos funcionais, tecnologias aliadas ao uso de enzimas e técnicas de
imobilizacdo sdo estudas para aprimorar a economia e a eficiéncia dos processos biotecnolégicos. O estudo buscou avaliar a
utilizacdo da p-galactosidase para hidrdlise de leites de diferentes espécies.

A hidrdlise da lactose dos diferentes leites utilizando a EL ndo apresentou diferenca significativa (p<0,05). Jaa El, 0 LBl e LBD
apresentaram diferenca, porém o LBI utilizando a El necessitou maior tempo de hidrdlise (43 h), possivelmente por ter maior
teor de gordura em relagdo ao LBD. Os LOI e LOD n&o apresentaram diferenga utilizando a El, possivelmente devido este leite
apresentar a gordura de forma mais dispersa no meio e com tamanhos menores dos glébulos de gordura ndo interferindo no
processo de hidrélise da lactose. Foi evidenciando que o teor de gordura tem influéncia sobre o tempo de hidrélise, visto que o
LS ao menor tempo de hidrdlise para a El.

Palavras-chave: B-galactosidase, zero lactose, intolerantes
ABSTRACT

Lactose hydrolysis is a process widely used in the food industry, with the objective of providing zero lactose products, due to
the presence of monosaccharides (glucose and galactose) resulting from this technological process. The enzyme B-galactosidase,
better known as lactase, is responsible for the hydrolysis of dairy products, most of which are used freely, which requires a value
from the company involved in the preparation of these products. Aiming to meet the rising rate of lactose intolerance sufferers,
estimated at about 70% of the adult population in the world who manifest some lactase deficiency in the body, in addition to the
search for functional foods, technologies combined with the use of enzymes and immobilization techniques are studies to
improve the economy and efficiency of biotechnological processes. The study sought to evaluate the use of $-galactosidase for
hydrolysis of milks of different species.

The lactose hydrolysis of the different milks using EL did not show any significant difference (p <0.05). The EI, LBl and LBD,
on the other hand, showed a difference, but the LBI using the El required a longer hydrolysis time (43 h), possibly because it
had a higher fat content in relation to the LBD. LOI and LOD showed no difference using El, possibly due to the fact that this
milk presents the fat in a more dispersed way in the medium and with smaller sizes of fat globules, not interfering in the lactose
hydrolysis process. It was evident that the fat content has an influence on the hydrolysis time, since LS at the shortest hydrolysis
time for EI.
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INTRODUCAO

A hidrolise enzimatica da lactose é um dos processos
biotecnoldgicos mais importantes no setor de alimentos,
considerando aumento da restricdo ao consumo de alimentos
gue possuem lactose em sua composicdo (LIU et al., 2019). A
intolerancia a lactose é a incapacidade de digerir e absorver a
lactose. A lactose requer hidrélise em D-glicose e D-galactose
no intestino delgado, mas a atividade desta enzima é baixa em
aproximadamente 70% da populacdo adulta em todo o mundo,
devido a um declinio gradual geneticamente na expresséo de
lactase apés o desmame (WORTMANN; SIMON; DA
SILVEIRA, 2013; SAQIB et al., 2017; CORGNEAU et al.,
2017; SKRYPLONEK et al., 2019), por isso o mercado vem
investindo em produtos deslactosados (SILVA, 2016), com
intuito principal de suprir as necessidades desses individuos
que ndo conseguem metabolizar completamente a lactose
(MORLOCK et al., 2014; SITANGGANG; DREWS;
KRAUME, 2016).

As B-galactosidases sdo amplamente utilizadas na
indUstria de lacteos, para a produgdo de lacteos zero lactose,
(NATH et al.,, 2014), especificamente a [-galactosidase
produzida a partir de Kluyveromyces lactis tem sido
empregada na hidrélise de lactose produzindo glicose e
galactose (KLEIN etal., 2013) e para a produgdo de prebidticos
como os galactooligossacarideos e a lactulose (GUERREIRO
et al., 2017). O processo de hidrélise aumenta a solubilidade e
digestibilidade dos produtos lacteos (RICARDI et al., 2017)
como bebidas lacteas, creme, iogurte e queijo (NATH et al.,
2014).

Em condigdes de altas concentragdes de lactose, a J3-
galactosidase é capaz de “ativar” o seu outro mecanismo
catalitico, o de transgalactosilacdo, sendo que Gonzalez-
Delgado et al. (2016) observaram a otimizacgéo da sintese de
galactooligossacarideos, analisando  pardmetros  como
temperatura, concentracdo de enzima, pH e tempo de reacéo
verificando que o pH é um pardmetro critico que afeta a reacéo
realizada pela enzima. Neste sentido, faz-se necessario
verificar a agcdo das lactases em diferentes meios, buscando
atender a demanda do mercado consumidor pelo
desenvolvimento de novos produtos. Um desafio para a
indlstria lactea e ao mesmo tempo oportunidade para
desenvolver ainda mais o mercado de alimentos com teor
reduzido de lactose (PEREIRA et al., 2012).

Atualmente a grande maioria da hidrolise é realizada
por enzimas livres, no entanto, enzimas livres aumentam o
custo de producdo de alimentos sem lactose / com baixo teor
de lactose (FACIN et al., 2015). Portanto, sistemas de
imobilizagdo da 3-D-galactosidase para a hidrélise da lactose é
uma estratégia promissora para a industria alimenticia quando
0 objetivo é produzir alimentos sem lactose / com baixo teor de
lactose (LIU et al 2012). Principalmente com intuito de
recuperacdo da enzima e reutilizacdo em vérios ciclos de
hidroélise, o que reduz a relagdo custo / beneficio no processo
industrial (LIU et al 2012).

Rentschler et al. (2015), realizaram conversdes
enzimaéticas de lactose em leite bovino UHT contendo 1,5% de
gordura e lactose inicial de 48,5 + 2,1 g.L-1 com agitacdo a 8
+ 1 ° C por 72 h. Segundo Guetouache, Guessas e Medjekal
(2014), o leite bovino é composto de 3,7% de gordura, 3,5%
proteina total dessas 2,8% caseina, 4,9% de lactose, 0,72% de
sais minerais e dgua. A presenca da gordura é responsavel pelo

sabor especifico do leite bovino, pelos glébulos de gordura
dispersos serem rodeados por uma camada fina composta de
um complexo lipidico-proteico e uma pequena quantidade de
carboidrato  (DOUELLOU; MONTEL; THEVENOT
SERGENTET, 2017).

Ja o leite ovino, contém significativamente maior
concentragdo de proteina, caseina, calcio, gordura, lactose,
acido linolénico conjugado e vitaminas que o leite bovino
(BALTHAZAR et al., 2017; FAO 2019), resultado este
observado no maior teor total de solidos e nas caracteristicas
do produto elaborado. O teor de proteina é quase duas vezes
mais em comparacdo ao leite caprino e bovino, e fonte de
minerais (BALTHAZAR et al., 2017). A forma molecular das
proteinas do leite ovino e a sequéncias de aminoécidos tem
qualidade nutricional e impacta na digestibilidade e termo
estabilidade (CLAEYS et al.,, 2014). Os niveis de célcio,
fésforo, magnésio, zinco, manganés e cobre sdo maiores em
leite ovino (WIJESINHA-BETTONI; BURLINGAME, 2013).
A biodisponibilidade desses minerais faz com que seja uma
fonte importante desses elementos na dieta alimentar
(BALTHAZAR et al., 2017).

Assim, o objetivo deste estudo foi investigar a
hidrélise da lactose em meio sintético, leite bovino e ovino com
diferentes teores de gordura, pela pB-Galactosidase de
Kluyveromyces lactis (EC 3.2.1.23) quanto ao tempo de
atuacdo da enzima para hidrélise de no minimo 95% da lactose
presente nos leites.

MATERIAL E METODOS

Imobilizacao da enzima B-galactosidase

As esferas de quitosana foram preparadas seguindo
metodologia proposta por Duarte et al. (2017), com
modificagdes, 0,3 g de quitosana foram solubilizadas em 15
mL de solucdo de 4cido acético 0,35 M e submetidas a
sonicagdo em banho ultrassom SolidSteel (SKU SSBUC 6L)
(40°C) por 1 hora e apds gotejamento com uma seringa e
agulha em solucédo de coagulacdo (hidroxido de s6dio 1 M e
etanol 26% v/v) a 10 °C, sob agitacdo (250 rpm) em um
agitador magnético. As esferas permaneceram em repouso por
2 horas em geladeira (10 °C), seguida de lavagem com &gua
destilada até sua neutralidade e posterior secagem em filtro
(Whatman qualitativo n® 40) com bomba a vacuo (1 hora).

O processo de ativagdo foi realizado com soluges de
genipina 0,5% em tampao fosfato 0,02 M, pH 7,0 (KLEIN et
al., 2016). A ativagdo foi realizada em 1 hora a 60 °C em shaker
sem agitacdo (0 rpm). Posteriormente a lavagem das mesmas
em tampéo fosfato de sédio 0,02 M, pH 7,0. Apds adicionado
2 mL de solucdo enzimatica com concentragdo de 56 U/mL
durante 8 horas a 25 ° C em shaker com agitacdo de 200 rpm.
Em seguida realizado a lavagem das esferas em tampdo fosfato
de sddio 0,02 M, pH 7,0 e posterior tirado o excesso de
reagente tamponante através de filtro (Whatmam qualitativo n°
40). A imobilizacdo foi realizada através de ligagdo covalente.

ONPG foi usado como substrato para medida da atividade
enzimatica da B-galactosidase livre e imobilizada. Uma
unidade (U) da atividade da enzima é definida como a
quantidade de enzima que catalisa a hidrdlise de 1 mol de
ONPG por minuto nas condicdes reacionais (Song et al., 2013).

Hidroélise da lactose
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O leite de ovino e/ou bovino foi obtido de uma fazenda
localizada no interior de Lajeado Grande/SC, transportados em
recipientes de 5 litros em caixa de material isotérmico
contendo gelo buscando manter a temperatura de 4 °C, até a
UDESC de Pinhalzinho/SC. Os leites foram submetidos ao
desnate através da centrifuga (Canapatop) com objetivo de
padronizacdo da gordura do leite de 0,5 % e 3,0 %, ap0s
pasteurizacéo lenta a 65 °C por 30 min sob agitagéo (300 rpm)
em panela Thermomix™ (Vorwerk, modelo Bimby ® 5
(TM5)), na sequéncia resfriados a 10 °C, para realizagdo dos
experimentos de hidrolise da lactose.

O leite sintético (LS) foi elaborado a partir de 9 mL de uma
solucédo de lactose tamponada 3,85% m/v (solucdo de lactose
em tampao fosfato de 0,1 M pH 6,8).

A hidrolise da lactose foi avaliada nos leites bovino
integral (LBI), leite bovino desnatado (LBD), leite ovino
integral (LOI), leite ovino desnatado (LOD) e leite sintético
(LS), adicionando 1 mL de enzima B-galactosidase diluida em
tampéo fosfato 0,2 M pH 7,0 (56 U) para a enzima livre e
0,0914 g de enzima f-galactosidase imobilizada (56 U) para a
enzima imobilizada.

Para determinar o grau de hidrélise das
amostras foi utilizado o Kit Glicose PP (Analisa ®). As
amostras contendo enzima livre (EL) foram inativadas a 90
°C/1 min e apo6s realizada a determinacdo de glicose. A
absorbancia foi medida em 505 nm em espectrofotdmetro

(Femto — Cirrus 80). As aliquotas das reacfes com a enzima
imobilizada foram somente retiradas do meio e analisadas.A
reacdo foi realizada até obter a hidrélise maxima (~100%).

RESULTADOS E DISCUSSAO

Como é possivel observar na Figura 1A, a
demonstracdo do comportamento da hidrolise de leite bovino
desnatado (LBD) e do leite sintético (LS) através da utilizacao
de enzima livre (EL) e enzima imobilizada (EI). A hidrélise da
lactose utilizando da EL teve tempos inferiores de 22h com
97,43% de hidrélise para o LBD, e 99,86% de hidrolise para o
LS, essa pequena diferenca pode estar ligada a gordura e
proteina que no LBD apresenta. O mesmo é observado para a
El, 41h e 42 h de hidrolise, para LS e LBD respectivamente.

A enzima imobilizada apresentou maior tempo de
hidrélise em comparacéo a enzima livre. A diferenca entre o0s
tempo de hidr6lise pode estar relacionada ao processo de troca
difusional da enzima e mobilidade das ligagcBes enzima-
substrato, considerando que a imobiliza¢do ocorreu por ligagéo
covalente, a enzima pode se ligar aos pequenos espagos vazios
do suporte (Barbosa et al., 2015), o que dificulta a hidrolise da
lactose. Ja a EL é totalmente livre no meio sem ligagdo com
suporte ou com qualquer outro material.

Figura 1A — Hidrdlise da lactose em meio sintético e leite bovino desnatado, com enzima livre e enzima imobilizada.
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Fonte: Autor, 2019.

Durante o processo de imobilizagao, a B-galactosidase
pode formar ligagdes covalentes multipontos com seu suporte
de imobilizacdo através da reacdo com as partes da quitosana
reticulada (Rodrigues et al., 2013), diminuindo a capacidade de
estabelecer um complexo enzima-substrato (Wahba, 2018) e,
logo, a capacidade de hidrdlise.

A hidrolise da lactose pela B-galactosidase ja é uma
tecnologia difundida nas industrias de laticinios para reduzir o
teor de lactose do leite e de seus derivados (KLEIN et al.,
2013).

A imobilizagdo é utilizada para melhorar as
propriedades da enzima, como atividade, estabilidade,

seletividade, especificidade, inibicdo, resisténcia a produtos
quimicos e pureza (Barbosa et al., 2015), além da possiblidade
de recuperacdo e reutilizacdo de catalisadores, além da
melhoria de sistemas que utilizam micro-organismos ou
enzimas livres (Hettiarachchy et al., 2018).

O mesmo comportamento pode ser observado na
Figura 1B, maior tempo necessario para a hidrélise com a El.
O LBI necessitou de um maior tempo de hidrolise
possivelmente em funcgdo do diferente teor de gordura e maior
teor de lactose, no qual foi evidenciado que quando € realizado
o desnate do leite ocorre também uma pequena diminui¢ao do
teor de lactose, visto que ele € incorporado junto com a
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gordura. Esta existe como gl6bulos de gordura no leite cercado
por uma parte interna monocamada fosfolipidica e uma
complexa bicamada lipidica, denominada membrana globular

da gordura do leite (DEWETTINCK et al. 2008), que com a
atuacdo da forca centrifuga ocorre a separacdo da gordura do
leite quando realizado a centrifugacéo.

Figura 1B —Hidrolise da lactose em meio sintético e leite bovino integral, com enzima livre e enzima imobilizada.
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As enzimas sdo catalisadores eficazes em condicdes
de operacdo moderadas, usadas em reatores convencionais,
com economias consideraveis em termos de custos de
investimento e operagdo, em acordo com os principios da
quimica sustentdvel (ILLANES; WILSON; VERA, 2018;
SHELDON, 2011). Com isso é necessario levar em
consideracdo que a temperatura Otima para atuacdo desta
enzima em questdo é de 37 °C, mas sua aplicagdo nesta
temperatura correspondente no qual sua atividade ¢ maxima
alcancara o objetivo inicial no qual é hidrolisar o leite, mas para
producdo de um produto as caracteristicas da matéria prima ja

estdo alteradas, principalmente em parametros de qualidade do
leite.

O ensaio utilizando leite ovino desnatado (LOD) e
leite ovino integral (LOI), Figura 1C e Figura 1D, 40 he 43 h
respectivamente, para hidrélise utilizando El, é facilmente
observado a interferéncia que o teor de gordura tem sobre a
hidrélise ao utilizar El. J& para a EL o tempo foi inferior, 21 e
22 h, para LOD e LOI respectivamente. O mesmo
comportamento foi observado para o LS, periodos mais curtos
para EL e o inverso para a El.

Figura 1C- Comportamento cinético da hidrélise da lactose em meio sintético e leite ovino desnatado, com enzima livre e enzima

imobilizada.

100
90
80
70
60
50
40
30
20

10 =
0 v—l/.

Hidrolise (%)

LOD - EL
—a—S-EL
—=—|S-El

LOD - El

/!

18 19

20

/!

21 22 40

Tempo (h)

Revista Brasileira de Agrotecnologia- ISSN 2317-3114- (BRASIL) v. 11, n.2, p. 944 - 949, abr-jun, 2021



LOD — EL: Leite Ovino Desnatado — Enzima Livre; LS — EL: Leite Sintético — Enzima Livre; LS — El: Leite Sintético —
Enzima Imobilizada; LOD — El: Leite Ovino Desnatado — Enzima Imobilizada.
Fonte: Autor, 2019.

Figura 1D — Comportamento cinético da hidrélise da lactose em meio sintético e leite ovino integral, com enzima livre e enzima

imobilizada.
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Como podemos observar a El atuou em todos em
ensaios realizados, o que leva a crer que o seu sitio ativo ainda
ndo esta sobrecarregado, possibilitando assim sua reutilizagéo,
com hidrélise possivelmente mais lenta principalmente para
aquelas utilizadas em leite integral.

Os LOI e LOD néo apresentaram diferenga utilizando
a El, possivelmente devido este leite apresentar a gordura de
forma mais dispersa no meio e com tamanhos menores dos
glébulos de gordura (Balthazar et al., 2017a) ndo interferindo
no processo de hidrolise.
O LOD e LBI ndo apresentaram diferenca da hidrolise da
lactose com relacdo ao LS, porém necessitaram de diferentes

CONCLUSOES

A aplicagdo da enzima [-galactosidase de Kluyveromyces
lactis imobilizada para hidrélise da lactose em leite bovino e
ovino mostrou-se viavel, independente da matriz lactea e dos
teores de gordura, o que sdo fatores bastante interessantes a
industria. O teor de gordura e o tipo de leite tem influéncia
sobre o tempo de hidrdlise da lactose. A composigdo do leite
ovino tem direta atuacgéo sobre o processo de hidrdlise.
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RESUMO

O uso de biocatalizadores imobilizados na sintese de substancias prebioticas tem sido avaliada com intuito de viabilizar
0s processos biotecnoldgicos em lacteos considerando a especificidade e as condi¢Bes de reagcBes amenas. Neste
sentido, o presente estudo avaliou a atividade antioxidante (ABTS e DPPH), atividade anti-inflamatoria, a capacidade
de inibigdo da enzima a-amilase e a presenga de compostos fendlicos em amostras de iogurte elaboradas a partir de
leite bovino e ovino integrais, com e sem sintese da lactulose in loco. A capacidade de inibigdo da enzima a-amilase
foi maior nos iogurtes oriundos do leite bovino, com e sem lactulose, em relagdo aos do leite ovino. Ja a atividade
antioxidante pelo radical DPPH e a atividade anti-inflamatéria ndo apresentaram diferenca entre as matrizes lacteas,
com presenga ou ndo da lactulose, ao contrario do observado para a atividade antioxidante pelo radical ABTS e os
compostos fendlicos. Estes foram maiores nos iogurtes com leite ovino. Para os iogurtes com lactulose, apenas a
capacidade de inibicdo a enzima a-amilase para o iogurte de leite bovino foi maior em comparagdo ao sem lactulose,
demonstrando que é necessario melhorar a sintese da lactulose com consequente aumento da concentracdo deste
prebidtico e, assim, potencializar as propriedades bioativas do produto.

Palavras-chave: peptideos, fermentacéo, bactérias acido laticas, prebidtico.

ABSTRACT

The use of immobilized biocatalysts in the synthesis of prebiotic substances has been evaluated in order to enable the
biotechnological processes in dairy products considering the specificity and the conditions of mild reactions. In this
sense, the present study evaluated the antioxidant activity (ABTS and DPPH), anti-inflammatory activity, the inhibition
capacity of the a-amylase enzyme and the presence of phenolic compounds in yogurt samples made from whole bovine
and sheep milks, with and without lactulose synthesis in loco. The inhibition capacity of the a-amylase enzyme was
greater in yogurts from bovine milk, with and without lactulose, compared to those from sheep milk. The antioxidant
activity by the DPPH radical and the anti-inflammatory activity, on the other hand, showed no difference between milk
matrices, with or without the presence of lactulose, contrary to what was observed for the antioxidant activity for the
radical ABTS and the phenolic compounds. These were higher in yogurts with sheep milk. In yogurts with lactulose,
only the ability to inhibit the a-amylase enzyme for bovine milk yogurt was greater compared to lactulose-free,
demonstrating that it is necessary to improve the synthesis of lactulose with a consequent increase in the concentration
of this prebiotic, and thus to enhance the bioactive properties of the product.

Keywords: peptides, fermentation, lactic acid bacteria, prebiotic.
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1. INTRODUCAO

Os leites fermentados sdo tradicionalmente produzidos pela fermentacdo espontanea, induzida
pelo &cido latico do leite (Widyastuti; Rohmatussolihat; Febrisiantosa, 2014), ou por bactérias acido
laticas (BAL) (Serafeimidou et al., 2013), que liberam peptideos bioativos, 0s quais existem
naturalmente nos alimentos ou sé&o formados ou formulados durante o processamento de alimentos
(Park, 2009).

As propriedades bioativas dos alimentos tém ganho cada vez mais aten¢do dos consumidores
pelos beneficios que trazem a salde. Durante a fermentacdo microbiana, as proteinas do leite sdo
submetidas a divisdo conforme o sistema proteolitico dos micro-organismos (Hayes et al., 2007). As
culturas bacterianas de Lactobacilos spp., Lactococci spp. e Streptococci spp. sdo comumente usados
para gerar hidrolisados de leite (Fitzgerald; Murray, 2006). Estudos tém demonstrado que as proteases
LAB especialmente de Lactococcus sp. e Lactobacillus sp. poderiam hidrolisar >40 % das ligagdes
peptidicas de al e B caseinas resultando na liberagdo de varios oligopeptideos que sdo posteriormente
hidrolisados por peptidases complexas (Choi et al., 2012).

Os peptideos bioativos sdo fragmentos especificos de proteinas que possuem impacto nas
funcbGes do organismo e podem influenciar a salde beneficamente (Rizzello et al., 2016), como
compostos reguladores com atividade semelhante aos horménios (Nongonierma; Fitzgerald, 2015). Para
a saude, os efeitos benéficos incluem atividades antimicrobiana, antioxidante, anti-hipertensivas e
imunomoduladoras (Muniandy; Shorib; Baba, 2016; Ayyash et al., 2018).

O leite bovino é composto por 3,7 % de gordura, 3,5 % de proteina total sendo 2,8 % caseina,
4,9 % de lactose, 0,72 % de sais minerais e 4gua (Guetouache, Guessas; Medjekal, 2014). A presenga
da gordura é responsavel pelo sabor especifico do leite bovino, pelos glébulos de gordura ser dispersos
e rodeados por uma camada fina composta de um complexo lipidico-proteico e uma pequena quantidade
de carboidrato (Chatterjee et al., 2015; Douéllou; Montel; Thevenot Sergentet, 2017).

J& o leite ovino é fonte de minerais e possui quase duas vezes mais proteina em comparacao ao
leite bovino (Balthazar et al., 2017). A forma molecular das proteinas do leite ovino e a sequéncia de
aminoacidos tem qualidade nutricional e impacta na digestibilidade e termoestabilidade (Claeys et al.,
2014). Estas sao consideradas importantes fontes de peptideos bioativos, identificados em hidrolisados
de proteina do leite e produtos lacteos fermentados (Nongonierma; Fitzgerald, 2015). Os niveis de
calcio, fosforo, magnésio, zinco, manganés e cobre sdo maiores em leite ovino (Wijesinha-Bettoni;
Burlingame, 2013). A biodisponibilidade desses minerais faz com que este seja uma fonte importante
desses elementos na dieta alimentar (Balthazar et al., 2017). Giroux, Veillette e Britten (2018) relataram
valores médios de gordura (6,42+0,04 %), sélidos ndo gordurosos de (12,4+0,01 %), proteina
(5,7920,12 %) e lactose (4,62+0,03 %) para o leite ovino.

A industria a fim de buscar por alimentos diferenciados e inovadores vem seguindo tendéncias
em alimentos derivados de leite, como o crescimento pela demanda de produtos funcionais, dessa forma,
lacteos como a presenca de lactulose tem relevante potencial. A lactulose (4-O-p-D-galactopiranosil-
D-frutose) é um prebidtico constituido por unidades de galactose e frutose, sintetizados pela primeira
vez por Montgomery e Hudson (1930), como um novo acgucar, pelo seu poder dulcor equivalente a
metade da sacarose (Oliveira, 2009; Ziegler; Sgarbieri, 2009), e considerado um promotor da saude
(Panesar; Kumari, 2011; Nath et al., 2016). Esta apresenta propriedades funcionais que torna sua
aplicacdo em alimentos uma boa alternativa (Panesar; Kumari, 2011; Ait-Aissa; Aider, 2014), como
para regulacdo intestinal (Panesar; Kumari, 2011; Ruszkowski; Witkowski, 2019), propriedades
nutricionais e farmacoldgicas, baixo contetido calorico e baixa carcinogenicidade (Zimmer et al., 2017).

A sintese enzimatica da lactulose gera menos produtos secunddrios, pela atuagdo da -
galactosidase e glicose isomerase (Zimmer et al., 2017), por ser uma reacdo especifica. Duas das
enzimas responsaveis por essa sintese sdo a [-galactosidase, a qual possui grande importancia na
industria de lacteos, pois catalisa a conversdo de lactose em glicose e galactose (Hemavathi;
Raghavarao, 2011) e a glicose isomerase que converte glicose a frutose (Shakoor; Singh; Singh, 2018).
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Com isso, 0 objetivo deste trabalho foi investigar as propriedades bioativas e 0os compostos fenolicos
no iogurte bovino integral e iogurte ovino integral com lactulose.

2. MATERIAL E METODOS
2.1. Leite

O leite ovino da racga Lacaune e/ou bovino da raca Jersey foi obtido de uma fazenda localizada
no interior de Lajeado Grande/SC, transportados em recipientes de 5 litros em caixa de material
isotérmico contendo gelo a fim de manter a temperatura de 4 °C, até a UDESC de Pinhalzinho/SC. Os
leites foram coletados em réplicas.

Os leites integrais (>3,5£0,5 %; LBI-leite bovino integral e LOI-leite ovino integral) foram
submetidos a pasteurizacdo lenta a 65 °C por 30 min sob agitagdo (300 rpm) em Thermomix™
(Vorwerk, modelo Bimby® 5 TM5) e, posteriormente, foram resfriados a 10 °C. O leite ovino
pasteurizado e resfriado a 10 °C foi congelado (-10 °C) em recipientes de polipropileno de 140 mL em
freezer vertical (Consul), sendo descongelado sob refrigeracdo (~10 °C) em geladeira (Brastemp)
(Tribst et al., 2018) para sua utilizacao.

2.2. Sintese da lactulose

A sintese da lactulose nos leites (LBLU-leite bovino integral com lactulose, LBI-leite bovino
integral, LOLU-leite ovino integral com lactulose e LOI-leite ovino integral) foi realizada em trés
etapas: (a) adicdo da enzima B-galactosidase imobilizada, adicionada em suporte de poliéster com
espessura de 0,15 mm e diametro de 42 mm, com area de 160 cm?, para a hidrélise da lactose em
condicdes estabelecidas por Lima (2020), 10+1 °C com 250 rpm por 34 h até hidrolisar em torno de 60
% da lactose, determinada pela analise de glicose pelo Kit de Glicose PP (Analisa®); (b) adicdo da
enzima glicose isomerase (EC 5.3.1.5) (Sigma Sigma-Aldrich Co. - Germany) imersa em suporte de
poliéster com espessura de 0,15 mm e granulometria de 42 mesh, com area de 160 cm?, para realizar a
isomerizacdo da glicose durante 36 h a 8+1 °C e agitacdo de 200 rpm (Rentschler et al., 2015); (c)
transgalactosilacdo da frutose e galactose para sintese da lactulose.

O processo de obtencdo da lactulose foi controlado pela acdo da glicose isomerase, considerando
a concentracdo de lactulose obtida. A concentracdo minima de lactulose indicada em alimentos é de 3
g (Brasil, 2018), sendo esta quantificada pelo Kit de lactulose (K-Lactul, Megazyme, Bray, Co.
Wicklow, Ireland) a fim de controlar o maximo de 5 g dia™* pelo efeito laxante quando consumido em
maiores quantidades.

2.3. Elaboragéo do logurte

As amostras foram designadas como sendo 1B — iogurte de leite bovino integral e 10 — iogurte
de leite ovino integral, os iogurtes controle. J4 o IBLU — iogurte de leite bovino integral com lactulose
e 0 IOLU - iogurte de leite ovino integral com lactulose foram provenientes da hidrélise da lactose
seguidos da sintese da lactulose.

ApoOs a sintese da lactulose, o leite controle (LBI e LOI) e o leite com lactulose (LBILU e
LOILU) foram aquecidos & 43 °C para inoculacdo direta da cultura latica comercial (YF-L811, Chr.
Hansen) composta por Streptococcus thermophilus e Lactobacillus delbrueckii subsp. bulgaricus na
concentracdo de 0,003% e apds distribuidos em embalagens de polietileno com capacidade para 100
mL (6,7 cm de didametro e 4,9 cm de altura).

O processo de fermentacdo foi conduzido a 43 °C em camara BOD (Solidsteel, Brasil), até o
produto atingir pH 4,8+0,05, sendo imediatamente resfriado através da reprogramacdo da BOD para
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temperatura de 41 °C, permanecendo armazenado nesta temperatura até as analises (1° e 28° dia)
(Moschopoulou et al., 2018; Feng et al., 2019).

2.4. Propriedades Bioativas e Compostos Fendlicos do logurte

O preparo do extrato das amostras (IBLU, IB, I0LU e 10) foi baseado no método de Wang et
al. (2019) com modificacbes. Foram quantificadas 10 g de amostra em tubos Falcon de 50 mL e,
posteriormente, centrifugadas por 10 min a 3260 G (4500 rpm) a 4 °C. Os sobrenadantes foram
coletados, identificados e armazenados em ultra freezer a -80 °C para posterior analise. As amostras dos
iogurtes foram analisadas no 1° e 28° dia de armazenamento.

2.4.1. Compostos Fendlicos Totais

Os compostos fenolicos totais foram determinados conforme o método descrito por Roesler et
al. (2007), com modificacbes. O volume de 0,5 mL de amostra foi adicionado em um tubo de ensaio e
misturado com 2,5 mL do reagente Folin-Ciocalteau diluido em &gua destilada (1:10). A mistura foi
mantida em reacdo durante 5 min ao abrigo de luz. Em seguida foram adicionados 2 mL de carbonato
de sddio 7,5 % e as solugBes permaneceram em reacao por 2 h ao abrigo de luz. Posteriormente, as
absorbancias foram lidas em espectrofotometro Cirrus 80 SA (Femto, Brasil) a 760 nm. Um branco foi
preparado realizando 0 mesmo experimento, substituindo o extrato por 4gua ultrapura. A concentracao
foi obtida com auxilio da curva-padréo de acido galico PA (AG) variando de 10 a 80 mg EAG L. Os
dados foram expressos como equivalentes de &cido galico em mg por 100 g de amostra (mg EAG 100

9.
2.4.2. Atividade Anti-inflamatoéria

A atividade anti-inflamatéria foi baseada no método de Hazra, Biswas e Mandal (2008), em que
1 mL de cada amostra foi misturado com 3 mL de nitroprussiato de sédio 10 mM em tubos de ensaio e
mantido a 25 °C em banho-maria digital SSD 5L (Solidsteel, Brasil) por 2 h. Posteriormente, aliquotas
de 0,5 mL foram misturadas com 1 mL de sulfonamida 0,33% e mantidos a 25 °C no mesmo banho por
5 min. Em seguida foram adicionados 1 mL de N-(1-Naphthyl) ethylenediamine dihydrochloride (NED)
0,1% sobre a amostra e esta mistura foi mantida em banho a 25 °C por 30 min. Finalmente, as leituras
das absorbancias foram realizadas em espectrofotdmetro Cirrus 80 SA (Femto, Brasil) a 540 nm. Para
obter a concentracdo equivalente de trolox foi construida uma curva padrdo em que foram realizadas
diluicBes de trolox em alcool etilico em concentragdes de 0,02 a 0,2 mg mL™. Um branco, utilizando
alcool etilico foi analisado em paralelo seguindo o mesmo procedimento. Os resultados sdo com relacédo
a inibi¢do da a-amilase, expressos em pmol de trolox g de amostra Gmida™.

2.4.3. Capacidade de Inibicéo a Enzima a-amilase

A capacidade de inibi¢ao da enzima a-amilase se baseia na atividade antidiabética, pelo método
de Gonzéalez-Muiioz et al. (2013). 500 puL de amostra foram misturados com 500 pL de solugdo tampao
fosfato de sddio 0,02 M (pH = 6,9) contendo a enzima a-amilase (0,5 mg mL™), em seguida a mistura
foi incubada a 25 °C por 10 min em banho-maria digital SSD 5L (Solidsteel, Brasil). Posteriormente,
500 pL de uma solugdo de amido 1% em tampdo fosfato de sodio 0,02 M (pH = 6,9) foi adicionada a
mistura de reacgdo e esta foi incubada novamente a 25 °C durante 10 min em banho. Ap6s, 1 mL de &cido
dinitrosalicilico (DNS) 1,56% (m v'1) foi adicionado e a nova mistura foi incubada em agua fervente
durante 10 min. Finalmente, a mistura foi resfriada a temperatura ambiente e diluida adicionando 15
mL de &gua destilada. A leitura da absorbancia foi realizada em espectrofotdometro Cirrus 80 SA (Femto,
Brasil) a 540 nm. A acarbose foi usada como controle positivo. Para o controle utilizou-se apenas
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solugdo tampdo pH 6, no lugar do extrato. O branco de cada amostra foi analisado com a adicdo da
solugédo tampédo pH 6,9 e extrato sem a enzima. A porcentagem de inibicdo foi calculada conforme
Equacéo 1.

%) — AbScontrole ~AbS(extrato—branco) + 100

Inibigao ( Equacédo 1

AbScontrole

2.4.4. Atividade Antioxidante — Radicais ABTS e DPPH

A atividade antioxidante do radical ABTS foi determinada pelo método descrito por Helal e
Tagliazucchi (2018). Em ambiente escuro foram transferidos 40 uLL de amostra para tubos de ensaio e
adicionado 1960 pL do radical ABTS azul-verde. A mistura incubada a 37 °C (Solidsteel modelo SSBuc
6L) por 10 min, a leitura das absorbancias foi realizada em espectrofotometro Cirrus 80 SA (Femto,
Brasil) a 734 nm e os resultados obtidos através da curva padréo de trolox, expressos em mmol trolox
g solido tmido .

Jé para a atividade antioxidante através da eliminacao do radical DPPH, as amostras de iogurte
foram investigadas de acordo com Ardabilchi et al. (2019). Para isso, extratos de iogurte
homogeneizados (250 uL) foram agitados vigorosamente em agitador de tubos Vortex Mixer K45-2810
(Kasvi, Brasil) com 3 mL de DPPH (60 uM em etanol) e colocados em ambiente escuro em temperatura
ambiente. Uma amostra controle foi preparada da mesma forma, mas usando 250 uL. de 4gua em vez de
extrato de iogurte. A diminuicdo da absorbancia em 515 nm foi monitorada por espectrofotémetro até
que uma leitura constante foi obtida e a porcentagem de inibicdo foi calculada utilizando a curva padréo
de trolox e os resultados expressos em mmol mL .,

2.5. Analise Estatistica

As analises foram realizadas em triplicata. Posteriormente, os resultados foram verificados pela
analise de variancia (ANOVA) e teste de comparacao de média de Tukey com nivel de significancia de
5 %, através Software R. O estudo foi realizado com réplica de coletas de leite e sintese da lactulose,
seguida da producdo do iogurte, buscando verificar a repetibilidade dos resultados analiticos.

3. RESULTADOS E DISCUSSAO
3.1. Concentracgéo de Lactulose Sintetizada

Na Tabela 1 estéo apresentados os valores de lactulose sintetizada no leite bovino integral (LBI)
e leite ovino integral (LOI) ap6s 36 h a8 °C com enzima imobilizada (EI). O teor de lactulose sintetizado
em cada matriz alimenticia apresentou diferenca significativa (p<0,05) quanto a concentracao inicial
presente na amostra.

A fim de obter o teor de lactulose sintetizada de 3 g 100 g* de amostra (Brasil, 2018),
estabelecido como necessario em produto prebidtico, sdo necessarias maiores investigacdes para sintese
enzimatica in loco. Contudo, estudos indicam que a rota biocatalitica para a sintese de lactulose via
transgalactosilagdo de lactose com frutose catalisada por -galactosidase apresenta baixos rendimentos
guando comparados a sintese quimica (Panesar, Kumari, 2011; Guerrero et al., 2017). A sintese
enzimética de lactulose descrita por Vaheri e Kaupinnen (1978) apresentou producdo de 8,6 g L™ de
lactulose utilizando a enzima [-galactosidase na presenca de lactose e frutose (em pH 7,2 e 37 °C).
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Tabela 1 — Valores correspondentes ao teor de lactulose presente no leite no inicio da sintese e apds 36 ha 8 °C com
enzima imobilizada.

LU (gL
Oh 36 h
LBI <0,01+0,00° 0,410,012
LOI <0,01+0,00° 0,38+0,012

Média + desvio padrdo. Médias com letras diferentes nas linhas para o leite de cada espécie diferem significativamente
(p<0,05) entre os tempos de sintese. Lactulose (LU), leite bovino integral (LBI) e leite ovino integral (LOI). Fonte: Elaborado
pela autora, 2020.

A temperatura e matriz lactea utilizada pode ter influenciado na concentracdo de lactulose
obtida. Song et al. (2013) avaliaram a producéo de lactulose e relataram que a temperatura étima para
a enzima [-galactosidade imobilizada é de 40 °C com estabilidade por um periodo de 150 min, na reacdo
de transgalactosilacao, e isomerizacdo com glicose isomerase na temperatura de 60 °C por um periodo
de 180 min, obtendo valores maximos de sintese de lactulose de 4,81 g L™* a 54 °C com tempo de reagio
de 2,5 h utilizando-se de lactose de soro de leite.

A fonte de enzima e as condig¢Oes operacionais da reacdo (concentracgao de lactose, atividade de
agua, temperatura, pH, etc.) influenciam notavelmente o rendimento e a composicdo do produto
sintetizado (galactooligossacarideos- GOS) (Urrutia et al., 2013).

Em geral, o rendimento de GOS aumenta com o aumento da concentracao de lactose (Vera et
al., 2012). Em condicdes ideais, os rendimentos de GOS estéo entre 30 e 40% (Gosling et al., 2010). O
uso de B-galactosidases geralmente reconhecidas como seguras (GRAS) para esgotar a lactose do leite
é extensivo na industria de laticinios como uma resposta a intolerancia a lactose. Ainda, o pH do leite
(~6,7) ¢é apropriado para a atividade de muitas f-galactosidases.

A formagdo de GOS durante o tratamento do leite com B-galactosidases foi raramente relatada
(Ruiz-Matute et al., 2012), provavelmente devido ao fato de que o teor de lactose no leite bovino, em
torno de 5 %, ser significativamente menor em comparagéo a solugdes tamponadas de lactose (15-50
%) empregadas para promover a reacao de transgalactosilacdo (Ganzle; Haase; Jelen, 2008). O uso de
permeado de soro de leite para sintetizar GOS é mais comum (Lorenzen et al., 2013).

3.2. Propriedades bioativas e Compostos Fendlicos do logurte

A capacidade de inibigdo da enzima a-amilase (Figura 1 A) foi superior para os iogurtes de leite
bovino integral e com lactulose (IB e IBLU), (p>0,05) no 1° dia, sendo que o armazenamento
refrigerado ndo modificou a capacidade de inibi¢cdo da enzima a-amilase no periodo de 28 dias (p>0,05).
O mesmo comportamento ndo foi observado para os iogurtes de leite ovino integral e com lactulose (10
e IOLU) (p<0,05) no 1° dia de armazenamento, pois 0 IOLU apresentou maior atividade do que o IO.
No entanto, para o periodo de 28 dias de armazenamento ocorreu aumento da inibicdo (p<0,05) para
IOLU e IO, sem diferenca significativa. Apesar de inicialmente os iogurtes apresentarem diferentes
atividades, a origem do leite e o processo de fermentagdo contribuiram para as atividades dos iogurtes
de leite ovino. Cabe ressaltar que em 28 dias a % de inibigdo da enzima a-amilase foi superior a 80 %
para todos os iogurtes.

Ayyash et al. (2018) obtiveram inibi¢des da a-amilase maior que 34% para o leite fermentado
bovino. A inibigao da atividade de a-amilase pode ser considerada como uma abordagem eficaz para
controlar o diabetes por meio da diminui¢do da hidrdlise de carboidratos (Donkor et al., 2012). A
inibi¢ao geral de a-amilase pode ser atribuida a peptideos bioativos, principalmente os menores (Gomes
da Cruz, et al., 2009).
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Figura 1 — Propriedades bioativas dos iogurtes A) capacidade de inibi¢do da enzima a-amilase, B) atividade anti-
inflamatdria, C) atividade antioxidante por ABTS, D) atividade antioxidante por DPPH) e E) compostos fendlicos totais
para iogurte de leite bovino integral com lactulose (IBLU), iogurte de leite bovino integral (IB), iogurte de leite ovino
integral com lactulose (IOLU) e iogurte de leite ovino integral (10), no 1° e 28° dia de armazenamento a 4 °C.

Média * desvio padrdo. Valores seguidos por mesma letra minidscula em cada dia de armazenamento ndo apresentam
diferencas significativas no nivel de confianga de 95 % (p<0,05). Valores seguidos por mesma letra mailscula em cada
amostra nos diferentes dias de armazenamento ndo apresentam diferengas significativas no nivel de confianca de 95 %
(p<0,05). logurte de leite bovino com lactulose (IBLU), iogurte de leite bovino (IB), iogurte de leite ovino com lactulose
(IOLU) e iogurte de leite ovino (10). Fonte: Elaborado pela autora, 2020.

A atividade anti-inflamatoria (Figura 1 B) obteve diferenca significativa (p<0,05) entre as
amostras dos iogurtes produzidos com distintos leites, sendo que o IBLU e IB obtiveram valores maiores
e ndo foi possivel observar diferenca significativa (p>0,05) entre os tempos de armazenamento (1° e
28° dia). Para o IOLU ndo teve diferenca significativa (p>0,05) até o 28° dia de armazenamento, ja o
IO teve aumento (p<0,05) entre 0 1° e 28° dia de armazenamento. A atividade anti-inflamatdria tem
acdo no organismo devido a sua composicao terpénica, os terpenos sao conhecidos como inibidores do
complexo proteico - NF-kB que esta envolvido na resposta celular a estimulos como o estresse,
citocinas, radicais livres, que sdo um importante fator de transcricdo de citocinas pré-inflamatorias
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(Borges et al., 2019). Ou seja, a acao anti-inflamatoria s6 acontece quando possui terpenos que inibem
0 complexo NF-«B, que ¢ o responsavel por pequenas inflamagdes.

A atividade antioxidante pelo radical ABTS teve comportamento diferente de acordo com a
matriz lactea (Figura 1 C). O IBLU e IB se mantiveram em maior concentracdo ao longo dos 28 dias de
armazenamento. Diferente do comportamento observado para o IOLU e 1O, pode-se perceber uma
tendéncia quando se compara a matriz lactea utilizada na elaboragéo dos iogurtes, ou seja, o leite bovino
possui maior atividade antioxidante ABTS se comparado ao leite ovino. Ja a diminuicdo de atividade
ao longo do armazenamento pode estar relacionada com a captura de um elétron da molécula a fim de
formar um par e aumentar o potencial para atividade antioxidante, gerando instabilidade, ndo sendo
possivel a formacdo do radical livre, ou seja, atividade antioxidante reduzida ao longo do
armazenamento.

J& a atividade antioxidante pelo radical DPPH néo apresentou diferenca significativa (p>0,05)
entre todas as amostras (Figura 1 D). Apenas o IOLU apresentou diferenca significativa (p<0,05) quanto
ao armazenamento, um pequeno aumento no 28° dia.

Os compostos fenolicos totais apresentaram valores superiores no IOLU e 10 no 1° dia de
armazenamento (Figura 1 E). O IB e IBLU né&o apresentaram diferenca significativa (p>0,05) no 1° dia
de armazenamento, mas com diferenca (p<0,05) em relacdo ao 10O e IOLU. Ja no 28° dia de
armazenamento as amostras ndo diferiram estatisticamente entre si (p>0,05). Para o IBLU e IB tiveram
aumento e diferenca significativa (p<0,05) do 1° ao 28° dia de armazenamento, 0 mesmo ndo ocorreu
ao IOLU e 10. Ou seja, 0 processo fermentativo possivelmente auxiliou na hidrdlise de proteinas que
formam os peptideos bioativos, aumentando assim o teor de compostos fendlicos totais do IBLU e IB.
No geral, o processo de sintese de lactulose ndo contribuiu para 0 aumento da bioatividade dos iogurtes.

O baixo pH aumenta a estabilidade de compostos fendlicos durante o armazenamento
(Chouchouli et al., 2013), enquanto a presenca de proteinas ou grandes peptideos e gordura deve manter
a integridade dos compostos fendlicos durante a digestdo aumentando sua bioacessibilidade (Lamothe
et al., 2014), comportamento inverso ocorreu durante o armazenamento.

4. CONCLUSAO

A busca por inovagao nos processos industriais € uma realidade vivenciada constantemente, com
iSSO novos processos sdo pesquisados a fim de melhorar a qualidade dos produtos, agregar valor
comercial e diminuir custos industriais, como meios de realizar sintese de prebi6ticos in loco. A
composicdo do leite ovino em relacdo ao leite bovino resultou na obtencdo de atividades bioativas
diferenciadas nos iogurtes. Em virtude dos niveis de lactulose terem sido inferiores a 0,5 g L™, seus
teores ndo influenciaram nas caracteristicas dos iogurtes produzidos. Estudos de suplementacdo do meio
e das variaveis de processo a fim de aumentar a concentracdo de lactulose sintetizada por via enzimatica
ainda séo necessarios.
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Abstract

This study aimed to perform lactose hydrolysis using free and immobilised B-galactosidase in cow and sheep milk with different fat levels, followed by lactulose synthesis through the isomerisation of glucose to
fructose using immobilised glucose isomerase. There was no significant difference (P> 0.05) in lactose hydrolysis (>95%) using the free enzyme in the different types of milk. In contrast, significant differences were
observed for the hydrolysis of whole cow milk (WCM) and skimmed cow milk (SCM) with the immobilised enzyme (IE). WCM required a longer hydrolysis time (43 h). Thus, the fat content may have affected the
lactose hydrolysis of bovine milk with immobilised B-galactosidase. No difference was observed for whole sheep milk and skimmed sheep milk hydrolysed by IE, possibly due to the presence of smaller fat globules,
which did not affect the lactose hydrolysis. No significant differences were observed for lactulose synthesis in whole milk from the different species evaluated. The lactulose synthesis in cow and sheep milk by the
enzymatic route may be a promising alternative, though further studies are required to optimise the production of this prebiotic in situ.
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Abstract

This study aimed to perform lactose hydrolysis using free and immobilised [3-galactosidase in
cow and sheep milk with different fat levels, followed by lactulose synthesis through the
isomerisation of glucose to fructose using immobilised glucose isomerase. There was no
significant difference (p<0.05) in lactose hydrolysis (>95%) using the free enzyme in the
different types of milk. In contrast, significant differences were observed for the hydrolysis of
whole cow milk (WCM) and skimmed cow milk (SCM) with the immobilised enzyme (IE).
WCM required a longer hydrolysis time (43 hours). Thus, the fat content may have affected the
lactose hydrolysis of bovine milk with immobilised B-galactosidase. No difference was
observed for whole sheep milk and skimmed sheep milk hydrolysed by IE, possibly due to the
presence of smaller fat globules, which did not affect the lactose hydrolysis. No significant
differences were observed for lactulose synthesis in whole milk from the different species
evaluated. The lactulose synthesis in cow and sheep milk by the enzymatic route may be a
promising alternative, though further studies are required to optimise the production of this

prebiotic in situ.
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1. INTRODUCTION

The immobilisation of B-galactosidase using chitosan as a support and genipin as a
crosslinking and natural activation agent has proven to be a promising alternative for lactose
hydrolysis and the synthesis of prebiotics (Bellé et al., 2018; Neto et al., 2021). Under high
lactose concentrations, B-galactosidase can catalyse transgalactosylation for the synthesis of
galactooligosaccharides (GOS) (de Albuquerque et al., 2018), such as lactulose. The enzymatic
pathway includes hydrolysis of lactose into galactose and glucose by -galactosidase, followed
by isomerisation of glucose to fructose by glucose isomerase, enabling the conversion of D-
glucose to D-fructose in vitro (Shakoor et al., 2018).

To achieve optimal results in lactose synthesis, several factors must be considered,
including the raw material and its lactose content, the origin of the enzyme, and the initial
enzyme concentration. These factors predominantly influence the synthesis of
galactooligosaccharides, resulting in structural differences, such as various types of glycosidic
bonds, and varying GOS yields (Veraet al., 2016). Additionally, certain parameters used during
synthesis, such as pH and temperature, play a crucial role in enzyme activity (de Albuguerque
et al., 2018; Wang et al., 2020).

Several authors have investigated lactulose synthesis through transgalactosylation,
focusing on the use of galactose and fructose combined with techniques for producing
prebiotics in low-lactose milk. However, those studies primarily evaluated the immobilisation
and use of enzymes in milk from different species with varying fat and lactose levels (Bellé et
al., 2018). In this context, the present study examined lactulose synthesis in sheep and cow milk

with different fat levels using immobilised B-galactosidase and glucose isomerase enzymes.
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2. MATERIALS AND METHODS

2.1 Characterisation and processing of milk

Milk was characterised for fat content, ash, total solids, and solids-not-fat according to
the methodologies of AOAC (2016), and the lactose content was determined by the
concentration of reducing sugars according to the Lane and Eynon method (1923).

Lacaune sheep milk (5.71 = 0.09% fat, 0.83 £ 0.11% ash, 4.73 £ 0.06% lactose, 15.72
+ 0.33% total solids, 10.03 £ 0.33% solids-not-fat) and Jersey cow milk (4.42 + 0.24% fat, 0.65
+ 0.05% ash, 4.23 £ 0.15% lactose, 12.82 + 0.26% total solids, 8.53 + 0.08% solids-not-fat)
was collected in Lajeado Grande, Santa Catarina, BRA. Both milk samples were subjected to
creaming in a centrifuge (Canapatop), obtaining 3 L of skimmed cow milk (SCM) and 3 L of
skimmed sheep milk (SSM) both with approximately 0.5 £ 0.02% of fat. Whole cow milk
(WCM) and whole sheep milk (WSM) with >3.5 + 0.5% of fat were also studied. All samples
were subjected to slow pasteurisation at 65 °C for 30 minutes under agitation (300 rpm) in a

TMS5 Thermomix™ (Thermom®, Vorwerk).

2.2 Preparation of support, crosslinking and activation, and immobilisation of -
galactosidase

B-galactosidase from Kluyveromyces lactis (Prozyn Company) with an enzymatic
activity of 1121 U.mL? in O-nitrophenyl B-D-galactopyranoside substrate (Sigma-Aldrich),
and Standard chitosan (Polymar) were used in the study. The preparation of the support,
crosslinking and activation, as well as the immobilisation of B-galactosidase was performed as

reported by Lima et al. (2021).
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2.3 Lactose hydrolysis in different media using free and immobilised g-galactosidase and
determination of the kinetic parameters

Lactose hydrolysis was performed in cow milk (skimmed and whole), sheep milk
(skimmed and whole), and diluted UHT milk. Diluted whole UHT milk (DLUHT) was prepared
by mixing 1 mL of UHT milk (3.85% lactose) with 9 mL of phosphate buffer (0.1 M, pH 6.8)
at 10£1 °C. All tests were conducted in two batches on different days to ensure consistency of
results.

For the experiment, 1 mL of -galactosidase (diluted in 0.2 M phosphate buffer, pH 7.0,
56 U) was added to the milk for the study with the free enzyme, while 0.0914 g of immobilised
B-galactosidase (56 U) was used for the study with the immobilised enzyme.

The degree of hydrolysis was determined based on the glucose concentration measured
using the Glucose PP Kit (Analisa®) with absorbance readings at 505 nm. Samples containing
the free enzyme (FE) were heated to 90 °C for 1 minute for enzyme inactivation, and the glucose
concentration was measured at 505 nm using a spectrophotometer (FEMTO - Cirrus 80SA).
The kinetic parameters Km and Vmax for both free and immobilised enzymes were determined,

and the results were expressed as the mean of two replicate trials.

2.4 Lactulose synthesis

The synthesis of lactulose in milk (whole cow milk with lactulose - WCMLU, whole
cow milk - WCM, whole sheep milk with lactulose - WSMLU, and whole sheep milk - WSM)
was carried out as follows:

(a) Immobilised B-galactosidase was used for lactose hydrolysis, as reported by Lima et
al. (2021), at 10 °C (Singh et al., 2022) and 250 rpm for 34 hours until reaching 60% hydrolysis
(Song et al., 2013), which was assessed by determining the glucose concentration using the PP

Glucose Kit (Analisa®); (b) Commercially immobilised glucose isomerase from Streptomyces
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murinus (EC 5.3.1.5) (G4166-50 G - Sigma-Aldrich, Germany) was added at different
concentrations (0.5 and 1.7 g enzyme per 100 mL of milk) for glucose isomerisation at 8 °C
and 200 rpm for 36 hours (Song et al., 2013; Rentschler et al., 2015); (c) Galactose and fructose
transgalactosylation for lactulose synthesis was performed using immobilised f-galactosidase,
concurrently and under the same experimental conditions as in (b); (d) The immobilised
enzymes were removed from the medium after lactulose synthesis.

Lactulose was quantified using the commercial kit (K-Lactul; Megazyme, Bray, Co.

Wicklow, Ireland), with absorbance readings at 340 nm (Boitz and Mayer, 2016).

2.5 Statistical analysis
All reactions were performed in duplicate and the analytical determinations were
performed in triplicate. The results were analysed by univariate analysis of variance (ANOVA)

and Tukey's mean comparison test with a significance level of 5%, using Software R.

3. RESULTS AND DISCUSSION
3.1 Lactose hydrolysis in different media using free and immobilised p-galactosidase and
determination of the kinetic parameters

A shorter lactose hydrolysis time (21 hours) was observed for the free B-galactosidase,
while WCM required twice as long to achieve 97.77% hydrolysis (Figure 1). The different
hydrolysis times may be due to the diffusional limitation of the substrate and the enzyme
mobility in the reaction medium. The free enzyme (FE) was dispersed throughout the medium,
whereas the immobilised enzyme (IE) relied on the movement of the agglomerate for substrate
binding. Additionally, other factors can affect the process, such as immobilisation efficiency,
maintenance of the active catalytic site, conformational changes after immobilisation, or steric

hindrances (Lima et al., 2021).
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Figure 1

Klein et al. (2013) reported that immobilised enzymes can experience random
attachment of proteins on their surface, leading to changes in enzyme conformation, which
decreases lactose hydrolysis and requires a longer reaction time. Additionally, during the
immobilisation process, [-galactosidase can form multiple covalent bonds with the
immobilisation support through reactions with crosslinked chitosan molecules (Rodrigues et
al., 2013). This reduces the enzyme's ability to form an enzyme-substrate complex, thus
diminishing its hydrolysis capacity.

No significant difference (p<0.05) was observed in lactose hydrolysis using the free
enzyme (FE) across different types of milk. In contrast, significant differences were observed
for the hydrolysis of whole cow milk (WCM) and skimmed cow milk (SCM) with the
immobilised enzyme (IE), with WCM requiring a longer hydrolysis time (43 hours), possibly
due to its higher fat content compared to SCM. No difference was observed for whole sheep
milk (WSM) and skimmed sheep milk (SSM) hydrolysed by IE, possibly due to smaller fat
globules dispersed in the medium (Balthazar et al., 2017), which did not affect lactose
hydrolysis.

Although no significant difference was observed in the lactose hydrolysis of SSM and
WCM compared to sheep milk (SM), they required different hydrolysis times, with WCM
taking longer. The fat content may have affected the hydrolysis time since diluted UHT milk
(DLUHT) consists of a buffered lactose solution and B-galactosidase, thus requiring a shorter
hydrolysis time when using the immobilised enzyme. The synthetic medium was used to predict
ideal behaviour with minimal interference from the medium. In general, milk components,
including fat, minerals, protein, and other compounds, can limit lactose hydrolysis.

A similar hydrolysis time of 42 hours was observed for both skimmed cow milk (SCM)

and skimmed sheep milk (SSM) using the immobilised enzyme, with hydrolysis percentages of
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95.03+0.07% and 98.37+1.23%, respectively. The higher hydrolysis percentage in SSM may
be due to its higher lactose content, as observed in whole sheep milk (WSM) compared to whole
cow milk (WCM) (Figures 1C and 1D).

The kinetic constants of lactose hydrolysis in WCM, SCM, WSM, SSM, and sheep milk
(SM) using both free and immobilised p-galactosidase (Table 1) indicated low Km values for
all reactions, showing a strong affinity of the enzyme for the substrate. The affinity order was
SCM <WCM <WSM < SSM < SM for the free enzyme, and DLUHT < WCM < SCM < WSM
< SSM for the immobilised enzyme. The differences in affinity and the ability to form the
enzyme-substrate complex may be due to several factors, including the immobilization
technique used, conformational changes, and/or substrate diffusion limitations. The
immobilization process improves the properties of the enzyme, such as activity, stability,
selectivity, specificity, inhibition, chemical resistance, and reduces the interference from the
medium (pH, protein, fat, and other components) (Barbosa et al., 2015).

Table 1

The free enzyme exhibited a greater affinity for lactose in diluted UHT milk (DLUHT),
while the immobilised enzyme showed a greater affinity for skimmed sheep milk (SSM).
Higher reaction rates were observed for sheep milk using the immobilised enzyme (IE) and for
cow milk using the free enzyme (FE), indicating that immobilisation may have affected the
enzyme's ability to hydrolyse lactose due to substrate restrictions or diffusion limitations of the
products away from the enzyme's active site. It is worth mentioning that immobilisation can
alter the enzyme's properties, including stability, activity, or selectivity (Rodrigues et al., 2013).

The immobilised enzyme (IE) required a longer lactose hydrolysis time compared to the
free enzyme (FE) (Figure 1 A, B, C, and D). However, hydrolysis rates greater than 95% were

observed, corroborating the reaction rate results (Table 1).
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3.2 Lactulose synthesis

No significant differences (p>0.05) were observed for lactose hydrolysis up to 60+5%
for the various types of milk with different fat contents (Table 2).

Table 2

No significant effect (p>0.05) of the glucose isomerase concentration was observed on
lactulose synthesis in whole and skimmed sheep milk (WSM and SSM). However, a difference
was noted in cow milk (WCM and SCM) at the enzyme concentration of 0.5 g per 100 mL,
likely due to the differences in lactose concentration and similar hydrolysis rates (p>0.05).
Some studies have reported the influence of the lactose/fructose ratio on the synthesis of
lactulose by B-galactosidase from different sources, indicating that higher lactose rather than
fructose content favours lactulose production (de Albuquerque et al., 2018).

The fat content may have positively affected lactulose synthesis, contrary to its
interference during hydrolysis, where fat interfered with enzyme activity. This behaviour was
not observed in sheep milk, with no significant difference (p>0.05) between WSM and SSM
for both glucose isomerase (GI) concentrations used.

The fat content and GI concentration did not significantly affect lactulose synthesis in
sheep milk. Increasing the GI concentration to 1.7 g per 100 mL did not improve lactulose
synthesis, probably due to factors such as substrate concentration (Rentschler et al., 2015),
formation of intermediate compounds (not quantified), and low reaction temperatures (Singh et
al., 2022).

Rentschler et al. (2015) reported that temperatures higher than those used in this study
can improve lactulose content. However, using milk for in situ synthesis, alongside lactose
reduction, can hinder the use of higher temperatures, although lactulose can be produced in
milk via the enzymatic route at industrially relevant temperatures. Additionally, some authors

reported that B-galactosidase does not affect other physicochemical attributes such as fat,
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protein, pH, and acidity in prebiotic-enriched milk (Raza et al., 2021), and B-galactosidases are

very non-specific enzymes compared to other carbohydrates. (Song et al., 2013).

4. CONCLUSION

No significant difference was observed in the ability of B-galactosidase to hydrolyse
lactose across different types of milk. However, significant differences were noted in the
hydrolysis of both whole and skimmed cow milk, as a higher lactulose concentration was
observed with the same glucose isomerase concentration (0.5 g GI per 100 mL) in whole milk.
These results suggest that it is possible to synthesise this compound in situ, provided that
conditions are well established to increase the concentration of lactulose. This approach may
enable the production of prebiotic dairy products with reduced lactose, which has shown

efficacy in improving gut microbiota health.
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Table 1. Kinetic parameters (Vmax and Km) for the different types of milk and the respective

free and immobilised B-galactosidase enzymes.

FE IE
Vmax Km Vmax Km
(dL mg h'h) (mgdL™?) (dL mg h'h) (mg dLY)

WCM 113.77+3.88° 0.51+0.01¢® 94.41+2.67° 0.75+0.01°
SCM 119.8045.26° 0.55+0.03 88.93 + 1.98° 0.71+0.05°
WSM 66.01+0.65° 0.460.01% 132.58+3.05° 0.57+0.01°
SSM 58.37+1.87f 0.42+0.00° 114.32+1.96° 0.51+0.00%
DLUHT 74.73+2.27¢ 0.49+0.01°% 95.04+1.11° 0.91+0.08?

Values followed by the same lowercase letter in each column do not show significant
differences (p<0.05). Free enzyme (FE), immobilised enzyme (IE), whole cow milk (WCM),
skimmed cow milk (SCM), whole sheep milk (WSM), skimmed sheep milk (SSM), diluted

whole UHT milk (DLUHT).
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Table 2. Hydrolysis of lactose by immobilised -galactosidase, isomerisation of glucose to
fructose by glucose isomerase (Gl), and transgalactolysation for the synthesis of lactulose (LU)

in the different types of milk.

Gl Concentration
Milk Hydrolysis (%) LU (g.L™")
(g G1.100 mL™?)

67.30+2.3% 0.5 0.31+0.03%
WCM

62.09+1.0% 1.7 0.23+0.08%

66.68+1.5% 0.5 0.16+0.04°
SCM

63.10+1.4% 1.7 0.29+0.05%

61.22+1.5% 0.5 0.16+0.05%
WSM

62.81+1.1% 1.7 0.25+0.05%

64.00£0.8% 0.5 0.15+0.04%
SSM

64.20+1.4% 1.7 0.24+0.01°

Values expressed as mean + standard deviation. Values followed by the same lowercase letter
in each column do not show significant differences (p<0.05) for the percentage of hydrolysis
and lactulose in milk from the same species. Whole cow milk (WCM), skimmed cow milk

(SCM), whole sheep milk (WSM), skimmed sheep milk (SSM).
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Figure 1. Kinetic behavior of lactose hydrolysis with free (FE) and immobilised (IE) enzymes.

(A) diluted whole UHT milk (DLUHT) and skimmed cow milk (SCM); (B) diluted whole UHT

milk (DLUHT), whole cow milk (WCM); (C) diluted whole UHT milk (DLUHT) and skimmed

sheep milk (SSM); and (D) diluted whole UHT milk (DLUHT) and whole sheep milk (WSM).
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ORIGINAL ARTICLE

Encapsulation of Japanese grape
(Hovenia dulcis) pseudofruits by
freeze-drying: characterization
and antioxidant potential

ABSTRACT: The pseudofruit of Hovenia dulcis is recognized as a source of
bioactive compounds; however, like most fruits, it is highly susceptible to
deterioration. Encapsulation techniques are used to protect and stabilize
compounds while also minimizing changes in the properties of the
supplemented product. This study analyzed freeze-dried pulp of H. dulcis
pseudofruit (HD) and pseudofruit pulp microencapsulated by freeze-drying
using whey protein concentrate and gum arabic as coating materials (En-HD).
The samples (HD and En-HD) were characterized for their physicochemical
properties, total phenolic compounds (TPC), antioxidant activity (ABTS and
DPPH), a-amylase inhibition, particle size distribution, and scanning electron
microscopy. Microencapsulation retained 95.8% of TPC after 75 days of storage
at -80 °C. En-HD showed higher antioxidant activity by the ABTS assay and
greater inhibition of the a-amylase enzyme, demonstrating the protective
effect of microencapsulation. This technique, with further testing, particularly
in vivo, could be promising for managing blood sugar levels. En-HD exhibited
a smaller particle size and 76% greater solubility than HD, likely due to the
coating materials used in the microencapsulation process and the freeze-drying
of the encapsulated sample made with previously freeze-dried HD.
En-HD shows potential as a functional additive for use in food industry.

Keywords: ABTS; DPPH; encapsulation techniques; particle size; phenolic
compounds; a-amylase inhibition.

Encapsulamento de pseudofrutos de uva
japonesa (Hovenia dulcis) por liofilizacdo:
caracterizacao e potencial antioxidante

RESUMO: O pseudofruto de Hovenia dulcis é reconhecido como uma fonte
de compostos bioativos; entretanto, como a maioria das frutas, é altamente
susceptivel a deterioragdo. Técnicas de encapsulamento sdo utilizadas para
proteger e estabilizar esses compostos, ao mesmo tempo que minimizam as
alteracdes nas propriedades do produto suplementado. Este estudo analisou
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a polpa liofilizada do pseudofruto de H. dulcis (HD) e a polpa de pseudofrutos
microencapsulados por liofilizagcdo usando concentrado de proteina de soro de leite e
goma ardbica como materiais de revestimento (En-HD). As amostras (HD e En-HD)
foram caracterizadas por suas propriedades fisico-quimicas, compostos fendlicos
totais (TPC), atividade antioxidante (ensaios ABTS e DPPH), inibicdo da a-amilase,
distribuicdo do tamanho das particulas e microscopia eletrénica de varredura.
A microencapsulacgdo reteve 95,8% do TPC apds 75 dias de armazenamento a -80 °C.
O En-HD apresentou maior atividade antioxidante pelo ensaio ABTS e maior inibicdo da
enzima a-amilase, demonstrando o efeito protetor da microencapsulagdo. Essa técnica,
com mais testes - particularmente in vivo -, pode ser promissora para o gerenciamento
dos niveis de acticar no sangue. O En-HD exibiu um tamanho de particula menor e 76 %
maior solubilidade do que o HD, provavelmente devido aos materiais de revestimento
utilizados no processo de microencapsulacdo e a liofilizacdo da amostra encapsulada
feita com HD previamente liofilizado. O En-HD mostra potencial como um aditivo
funcional para uso na industria de alimentos.

Palavras-chave: compostos fendlicos; ensaio ABTS; ensaio DPPH; inibicéo da a-amilase;
tamanho de particula; técnicas de encapsulamento.

1Introduction

Hovenia dulcis, commonly known as the Japanese grape, belongs to the Rhamnaceae
family and is an edible fruit with medicinal properties, notably in managing alcoholism
and liver diseases (Cai ef al., 2021). It contains bioactive compounds with antioxidant,
antimicrobial, and antidiabetic effects, making in an potential additive for the food
industry (Cavalheiro et al., 2025; Schaefer et al., 2022).

Incorporating bioactive compounds into food products poses challenges, as
these substances are often unstable or poorly soluble under processing and storage
conditions, such as heat, oxidation, pH, and water activity. These factors can lead to
degradation, reduced absorption, and diminished bioavailability in the gastrointestinal
tract (Grgi¢ et al., 2020).

Encapsulation has emerged as a promising technique for incorporating
bioactive compounds into foods by enclosing them in tiny capsules or particles
(El-Messery et al., 2019). Various materials, including proteins, lipids, and
polysaccharides, are used for microencapsulation (Simdes et al., 2017). Proteins are
widely applied for their advantages, including biodegradability, biocompatibility, and
water solubility (Grgi¢ et al., 2020). Polysaccharides, conversely, can interact with
bioactive compounds, serving as versatile carriers to binding and trapping compounds
with hydrophilic and hydrophobic properties (Simdes et al., 2017; Santos et al., 2020).

Gum Arabic, a complex heteropolysaccharide with a highly branched structure,
has proven to be an excellent film-forming agent, providing enhanced protection
for encapsulated particle. Whey protein concentrate is recommended as a coating
material due to its emulsifying capacity and its role in stabilizing microparticles
(El-Messery et al., 2019; Lourengo; Moldao-Martins; Alves, 2020).

Utilizing H. dulcis pseudofruit as a food ingredient offers a potential method to
increase its commercial value and add functional properties to final products through
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Figure 1

Japanese grape at
ripening stage.

Source: authors’ archive
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encapsulated supplementation. This study, therefore, evaluated the feasibility of
microencapsulating H. dulcis pseudofruit in whey protein concentrate and gum Arabic
using freeze-drying focusing on the resultingphysicochemical and bioactive characteristics.

The remainder of this article is organized as follows.. Section 2 describes the
experimental procedures used in this study, while Section 3 discusses the results obtained
and compares them with findings from the existing literature. Finally, Section 4 presents
the conclusion of this study.

2 Materials and methods

This section outlines the primary materials and methods used to prepare and assess
microencapsulation.

2.1 Reagents and chemical standards

Analytical-grade reagents, including sodium nitroprusside, sulfonamide,
N-(1-naphthyl) ethylenediamine (NED), Trolox, alpha-amylase, acarbose,
Folin-Ciocalteu, ABTS (2,2-azinobis-3-ethyl-benzothiazoline-6 sulfonic acid), and DPPH
(2,2-diphenyl-1-picryl-hydrazil), were obtained from Sigma Aldrich (San Luis, EUA).
Whey protein concentrate (WPC) and gum Arabic (GA) were sourced from Exodo
Cientifica (Sao Paulo, Brazil). All other reagents were of analytical grade.

2.2 Preparation of Hovenia dulcis pseudofruit powder (HD)

The H. dulcis pseudofruits were collected in April 2022 in Faxinal dos Guedes,
Santa Catarina, Brazil (latitude: 26° 51' 21" S, longitude: 52° 15' 23" W), at the mature
stage, with a soluble solid-to-titratable acidity ratio of 16.2. The pseudofruit were
separated from seeds and stems, washed in running water (Figure 1), and excess water was
removed. The sample was ground using a domestic processor (Clinck, Brazil) to particle
sizes of approximately of 2-5 mm (measured with a caliper), then packaged in 1 cm layer
in 250 mL high-density polyethylene plastic bags and frozen at —80 °C in a ultra-freezer
(IULT 335D, Indrel, Brazil). Freeze-drying was conducted in a tray dryer at —50 °C and
0.05 mTorr for 24 hours (TDF 5503, IIShin, Korea).
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The freeze-dried sample was ground in a blender (Diamante 800, Britania, Brazil),
and particle size was standardized using a 32 Tyler mesh size (< 500 mm). The resulting
H. dulcis powder (HD) was stored in metallized pouch bag at —80 °C in an ultra-freezer
(IULT 335D, Indrel, Brazil) until use.

2.3 Preparation of microencapsulated Hovenia dulcis

The microencapsulated H. dulcis (En-HD) was produced following the methodology
of Yadav et al. (2020), with modifications. WPC and GA were used as coating
materials in a 3:2 (w:w) ratio. HD and the coating materials in a 1:5 (w:w) ratio were
dissolved in water (0.6 g.mL™') and stirred on a magnetic stirrer (CE-1540, Cienlab,
Brazil) at 1800 rpm for 2 hours. The mixture was then subjected to an ultrasound bath
(SSBuc, Solid Steel, Brazil) at 160 W and 40 kHz for 30 minutes at 25 °C, then arranged
in 2- and 3-mm layers in Zip Lock bags, frozen at —80 °C in an ultra-freezer (IULT 335D,
Indrel, Brazil), and subsequently freeze-dried at —50 °C and 0.05 mTorr for 24 hours
(TDF 5503, IIShin, Korea).

The resulting H. dulcis microparticles, with particle sizes smaller than 500 mm,
were stored in an ultra-freezer at —80 °C (IULT 335D, Indrel, Brazil) in a light-protected
environment until use.

2.4 Microencapsulation efficiency of the encapsulated Hovenia
dulcis powder

The microencapsulation efficiency of En-HD was evaluated by estimating the total
phenolic compounds (TPC) on the particle surface and within the microencapsulated
particles, following the methodology of Robert ef a/. (2010), with modifications.

To determine the TPC, 1 g of En-HD was vortexed (Vortex Mixer K45-2820,
Kasvi, Brazil) with 10 mL of methanol:acetic acid:distilled water (50:8:42 v/v/v)
for 1 minute. The solution was placed in an ultrasound bath (SSBuc, SolidSteel, Brazil)
at 160 W and 40 kHz for 20 minutes, then centrifuged at 4856 g (SL-700, Solab, Brazil)
for 5 minutes at 25 °C. For the TPC content on the particle surface, 1 g of En-HD
was vortexed (Vortex Mixer K45-2820, Kasvi, Brazil) with 10 mL of ethanol:methanol
(1:1 v/v) for 1 minute, and subsequently centrifuged at 4856 g (SL-700, Solab, Brazil)
for 5 minutes at 25 °C.

The extracts were used to determine the TPC, and the microencapsulation efficiency
was calculated using Equation 1.

TPC -
% Efficiency = ( to;llgacmcle

TPCSurface )
x100 (1)

total particle

2.5 Determination of total phenolic compounds (TPC) and
antioxidant activity

To assess TPC and antioxidant activity, HD and En-HD extracts were prepared
according to the method of Larrauri, Rupérez and Saura-Calixto (1997), with
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Figure 2 »

Standard curve of total
phenolic compounds.
Source: research data
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modifications. Specifically, 4 grams of sample were mixed with 40 mL of 50%
methanol and held at 25 °C for 60 minutes. The mixture was then centrifuged at 4856 g
(SL-700, Solab, Brazil) for 15 minutes at 25 °C, and the supernatant was transferred
to a 100 mL volumetric flask. Subsequently, 40 mL of 70% acetone was added to the
residue, homogenized, and left at 25 °C for 60 minutes, followed by centrifugation at
4856 g (SL-700, Solab, Brazil) for 15 minutes at 25 °C. The supernatant was added to
the methanolic solution in the volumetric flask, and the volume was completed with
distilled water.

TPC determination followed the method described by Roesler ef al. (2007),
with adaptations. For this, 0.5 mL of the extract was mixed with 2.5 mL of
0.1 N Folin-Ciocalteu reagent and left to react for 5 minutes. Then, 2 mL of 7.5% sodium
carbonate was added, and the mixture was incubated at 25 °C for 2 hours, protected
from light. Absorbance was measured at 760 nm (80 AS, Cirrus, Brazil), with ultrapure
water used as a blank. TPC was calculated using a standard curve of gallic acid (GAE)
with concentrations ranging from 10 to 80 mg GAE.L! (R? = 0.9755) (Figure 2).
Results were expressed as mg GAE per 100 g.sample!.

1.0
0.8
0.6
S
=
£
S 04
it
<
0.2 y = 0.0093x + 0.2206
R2=0.9755
0.0
0 20 40 60 80 100
Concentration (mg GAE.100 g sample!)

Antioxidant activity was determined by the DPPH assay according to
Rufino et al. (2007a). The extract was diluted to 4 concentrations (0.5:100;
1:100; 1.5:100; 2:100, extract:water), and 0.1 mL of each dilution was combined
with 3.9 mL of 0.06 mM DPPH solution in a light-protected environment. A control
solution containing 50% methyl alcohol, 70% acetone, and distilled water (40:40:20, v:v:v)
was used. Absorbance was measured at 515 nm (80 AS, Cirrus, Brazil). The DPPH
concentration in pmol.L! was derived from a DPPH standard curve (R? = 0.9962)
(Figure 3), with results expressed in EC50 mg.mL"".
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Figure 3 »
Standard curve for
DPPH analysis.
Source: research data

Figure 4 »
Standard curve for
ABTS analysis.
Source: research data
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The ABTS assay for antioxidant was conducted as described by Rufino et al. (2007b),
using the same dilutions prepared for the DPPH assay. A 30 pL aliquot of each dilution
was mixed with 3 mL of ABTS solution, and after a 6-minute reaction, absorbance was
measured at 734 nm (80 AS, Cirrus, Brazil). A standard Trolox curve (R? = 0.9995)
(Figure 4) was used to determine concentrations equivalent to 1000 pmol.L"! of Trolox,
with results expressed as umol Trolox.g of sample™.

2.6 Determination of a-amylase inhibition

To analyze a-amylase inhibition, an aqueous extract was prepared following
the method of Wang et a/. (2019) with modifications. HD and En-HD samples were
diluted in distilled water at a concentration of 2% (w/w) and stored for 12 hours at
25 °C, protected from light. The solutions were centrifuged at 25 °C for 15 minutes
at 4856 g (SL-700, Solab, Brazil), and the supernatant was collected and stored at —80 °C
(IULT 335D, Indrel, Brazil).

Rev. Principia, Jodo Pessoa, v. 62, e8259, 2025. [ 6 ]
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The a-amylase inhibition assay was conducted following the method of
Gonzalez-Mufioz et al. (2013). A 500 uL aliquot of the extract was homogenized with
500 pL of 0.02 M sodium phosphate buffer (pH = 6.9) containing a-amylase enzyme
(0.5 mg.mL"") and incubated at 25 °C for 10 minutes. Then, 500 pL of a 1% starch
solution in 0.02 M sodium phosphate buffer (pH = 6.9) was added, and the mixture was
incubated at 25 °C for 10 minutes. Following, 1 mL of dinitrosalicylic acid was added,
and the mixture was placed in a boiling water bath for 10 minutes. After cooling to room
temperature, the mixture was diluted with 15 mL of distilled water, and absorbance was
measured at 540 nm (80 AS, Cirrus, Brazil). Sodium phosphate buffer (0.02 M, pH = 6.9)
was used as a control, and each sample’s blank was prepared by omitting the a-amylase
enzyme. The percentage of inhibition was calculated using Equation 2. The experiment
also included acarbose as a positive control.

( Acontrol - ( Aextract - Ablank ) )

x 100 2
" 2

Alpha amylase inhibition (%)=

control

where: Ao 18 the absorbance with sodium phosphate buffer in place of the sample; A
is the absorbance without enzyme addition; and A..... represents the absorbance of the
evaluated sample. TPC, antioxidant activity, and the a-amylase inhibition determinations
of En-HD were conducted on days 1 and 75 of storage at —80 °C to estimate potential
compound degradation.

2.7 Physicochemical characterization of HD and En-HD

Physicochemical and morphological characterization of HD and En-HD samples
were conducted on day 1 post-storage. Moisture content was determined at 105 °C until
a constant weight achieved, according to AOAC method 925.45-b (AOAC, 2016).

Water solubility was measured as described by Sanchez-Madrigal et al. (2019) by
calculating the ratio of the dried supernatant mass (evaporation residue) to the sample’s
initial mass. A 10 mL aliquot of distilled water and 0.2 g of HD or En-HD were vortexed in
15 mL centrifuge tubes and vortexed for 1 minute (Vortex Mixer K45-2820, Kasvi, Brazil).
The mixture was centrifuged at 4856 g (SL-700, Solab, Brazil) for 20 minutes at 25 °C,
and the supernatant was oven-dried at 105 °C to constant weight. Solubility was calculated
from the mass ratio between of the dried supernatant (evaporation residue) to the initial
sample mass.

Particle size distribution was measured using a laser diffraction particle
analyzer (SALD-2201, Shimadzu, Japan) with samples dispersed in a 2% sodium
hexametaphosphate solution to prevent particle agglomeration.

2.8 Scanning Electron Microscopy (SEM) of HD and En-HD

SEM analysis was determined with a field emission scanning electron microscope
(FEG) (JSM6701F, JEOL, Japan) and microanalysis by energy-dispersive X-ray
spectrometry (EDS). Samples were mounted on aluminum supports and sputter-coated
with gold. The analysis was performed at an acceleration voltage of 15 kV and a
magnification of 1000x.
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Table 1 »

Total phenolic
compounds (TPC),
antioxidant activity (ABTS
and DPPH), and a-amylase
inhibition of Hovenia
dulcis powder (HD) and
encapsulated Hovenia dulcis
powder (En-HD) stored

at -80 °Cfor 75 days.
Source: research data

I xl 2447-9187

2.9 Statistical analysis

Results were evaluated using analysis of variance (ANOVA) and Tukey’s test
at a 95% significance level in Statistica 14 — Trial (Staftsoft, Tulsa, USA). All analyses
were performed in triplicate, with results presented as mean + standard deviation
(Montgomery; Runger, 2021).

3 Results and discussion

This section presents, analyzes, discusses, and compares the results obtained
from microencapsulation efficiency, bioactive compounds, a-amylase inhibition,
physicochemical properties, and morphological analyses with findings previously
reported in the literature.

3.1 Microencapsulation efficiency, total phenolic compounds (TPC),
antioxidant activity, and a-amylase inhibition

Encapsulation efficiency is a key parameter influencing the retention of active
compounds in the encapsulate, thereby determining the stability of the encapsulated active
compound (Indrawati et al., 2015). The microencapsulation efficiency, measured in terms
of TPC, was 79.91%, suggesting a high potential for preserving bioactive compounds.
In this study, encapsulation efficiency is likely associated with the compatibility of the
coating materials, which demonstrated good interaction. This result aligns with studies
by Dag, Kilercioglu and Oztop (2017), who achieved efficiency between 77.03% and
84.44% for encapsulated golden berries using maltodextrin, gum arabic, alginate, and
pectin as coating materials.

TPC levels (Table 1) were significantly higher (p < 0.05) for HD compared to En-HD
over various storage periods. This may be due to the coating materials used for encapsulation
and other processing factors, such as double freeze-drying and environmental exposure
during milling of the final product (Hussain et a/., 2018). Therefore, nutrients levels might
have been impacted due to chemical degradation during storage and physical losses during
processing. Dag, Kilercioglu and Oztop (2017) reported similar findings in freeze-dried
golden berry juice (242.02 mg GAE.100 g dry.sample') compared to encapsulated
powder with various coating materials (59.61 to 95.89 mg GAE.100 g dry.sample™).

HD En-HD
Analyses Storage time (days)
1 1 75
TPC (mg GAE.100 g.sample™) 159.65 + 0.88° 134.17 £2.02° 128.56 £2.99°
DPPH (ECso mg.mL™") 308.75+6.64c  7043.24+11.31* 1182.49 +7.05°
ABTS (umol Trolox.g.sample ') 159.87 £ 1.91° 230.48 £0.142 170.65 £0.12°
a-amylase inhibition (%) 54.03 £5.592 96.88 £ 6.82° 92.80 + 3.90°

Mean = standard deviation. Means followed by the same lowercase letters in the same row do not differ significantly by
Tukey’s test (p < 0.05)
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The encapsulated powder retained 95.8% of its initial TPC content after 75 days
of storage, indicating compound preservation under the study conditions, likely due to
the chosen coating materials. The En-HD sample showed higher antioxidant activity
than HD, likely due to encapsulation creating a physical barrier, allowing antioxidants
to maintain their activity longer and preventing chemical degradation from unwanted
chemical reactions.

Antioxidant activity measured by the DPPH assay was higher than that by the
ABTS assay. The coating material, composed of proteins and polysaccharides with
opposite electrical charges, likely contributed to interactions between two biopolymers,
influenced by environmental conditions (Simdes et al., 2017). Thus, electrical charges
may affect oxidation rates between the core material and the external environment,
explaining the differing results from ABTS and DPPH assays based on oxidation reactions
with free radicals.

Gum Arabic may interact with bioactive compounds through functional groups,
making it a versatile carriers for binding and trapping both hydrophilic and hydrophobic
compounds (Simdes et al., 2017), possibly enhancing the antioxidant activity of
En-HD relative to HD as measured by the ABTS assay. These interactions may also
have influenced the results for En-HD during the storage, showing reduced antioxidant
activity in both ABTS and DPPH assays.

It is suggested that some Hovenia dulcis was not fully encapsulated, as observed in
the particle size analysis, resulting in greater exposure of the bioactive compound and
less stability over 75 days, possibly contributing to the decrease in DPPH values. Various
factors can impact antioxidant compound degradation, including chemical structure, water
availability, and the presence of other food components (Ramirez; Giraldo; Orrego, 2015).

En-HD demonstrated greater a-amylase inhibition than acarbose (100% inhibition)
on day 1 post-encapsulation (Table 1). This result suggests that microencapsulation
successfully protected the active-inhibitory compound from environmental exposure.

Regulating blood sugar level is an effective approach to managing Diabetes mellitus
and associated complications. Although synthetic a-amylase inhibitors like acarbose and
miglitol are widely used, they come with high costs and side effects (Hussain et al., 2018).
Consequently, there is growing interest in natural inhibitors, with En-HD emerging as
promising alternative, though further research is needed to validate in vivo effectiveness.
Hussain et al. (2018) reported similar results, with 93.33% a-amylase inhibition in
encapsulated freeze-dried powder composed of various roots and seeds using gum Arabic
as a coating material.

To date, no studies have examined the microencapsulation of HD via freeze-drying.
The findings of this study suggest that En-HD has the potential to provide bioactive
compounds, as it exhibits higher TPC, antioxidant activity, and a-amylase inhibition.
The results were satisfactory under the methods employed, suggesting HD is a promising
candidate for food industry applications. However, further studies are needed to assess
food supplementation potential and gastrointestinal behavior.

3.2 Physicochemical and morphological properties of HD and En-HD

Moisture content is a critical factor in the food industry, as it is directly
reflects the efficiency of the drying process (Dag; Kilercioglu; Oztop, 2017). HD
and En-HD samples displayed low moisture contents (0.95 = <0.01% and 4.91 + 0.07%,
respectively), indicating microbiological stability under the study conditions.
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Figure5V

Particle size distribution of
Hovenia dulcis powder (HD).
Source: research data

I Nl 2447-9187

The En-HD sample exhibited significantly higher (p < 0.05) water solubility
(76.42 £ 2.58%) compared to HD (17.85 + 0.79%), likely due to the high
solubility of the gum Arabic and whey proteins (Rezende; Nogueira; Narain, 2018;
Lourengo; Moldao-Martins; Alves, 2020; Simdes ef al., 2017). The solubility
of food powders influences their behavior upon contact with aqueous solutions
(Hinestroza-Cordoba et al., 2020), which is affected by factors such as composition
and particle size (Hussain et al., 2018).

Increased solubility may also result from reduced porosity due to freeze-drying
(Hinestroza-Coérdoba et al., 2020) and the use of WPC and gum Arabic.
Hussain et al. (2018) reported water solubility ranging from 84.06% and 92.31%
for encapsulated powder composed of various roots and seeds with different
concentrations of coating materials, corroborating the values observed in this study
for En-HD.

The coating materials possess important properties for bioaccessibility, and
parameters such as flexibility, resistance, stability, and impermeability are crucial
for delivering and releasing bioactive compounds (Grgi¢ et al., 2020). Therefore, a
suitable combination of coating and core materials can yield encapsulated material
with favorable physicochemical properties and stability.

Figures 5 and 6 display the particle size distribution differences between HD and
En-HD samples. Both samples exhibited bimodal curves, indicating the presence of
particles of varying sizes, likely due to the freeze-drying process, which generates
a wide range of particle sizes (Hinestroza-Cordoba et al., 2020).
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Figure 6 »

Particle size distribution of
encapsulated Hovenia dulcis
powder (En-HD).

Source: research data

Figure7 V¥
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Microscopy images
at a magnification of
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dulcis powder (HD),
and (b) encapsulated
Hovenia dulcis
powder (En-HD).
Source: research data
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The HD sample exhibited a higher average particle size diameter (50% of the sample)
at 30.74 um compared to En-HD at 19.99 um. Overall, particle sizes up to 207.71 pm and
167.26 pm were observed for 90% of the particles in HD and En-HD, respectively.

The smaller particle sizes observed in En-HD may be attributed to the coating materials
utilized in the microencapsulation process. Ultrasound baths are less efficient in reducing
particle size compared to ultrasonic probes (Jambrak et al., 2014). Thus, the percentage of
small particles found in En-HD may also be attributed to the wall material (whey protein
and gum Arabic), as some of these materials may have remained dispersed, without forming
a complete capsule.

The presence of smaller particles also explains the increased water solubility, as
smaller particles possess enhanced properties and greater interactions with water molecules
(Hinestroza-Cordoba ef al., 2020). The smaller the particle size, the greater the surface area
available for hydration (Kuck; Norefia, 2016).

Figures 7a and 7b display the SEM images of HD and En-HD, respectively. Undefined
shapes of varying sizes were observed, with a greater number of smaller particles
found in the En-HD sample, which aligns with the particle size distribution results. The
freeze-drying process significantly affects the structure of the product. According to Fang and
Bhandari (2010), encapsulation by freeze-drying occurs as the core materials are homogenized
within matrix solutions and subsequently co-lyophilize, resulting in irregular shapes.

OPEN aACCESS

[ 1]

Rev. Principia, Jodo Pessoa, v. 62, e8259, 2025.


https://creativecommons.org/licenses/by/4.0/deed.en
https://openaccessbutton.org/
https://periodicos.ifpb.edu.br/index.php/principia/index
https://portal.issn.org/resource/ISSN/2447-9187

revistom

I xl 2447-9187

As reported by Ramirez, Giraldo and Orrego (2015), the freezing step preceding
freeze-drying plays a crucial in shaping the final structure, as rapid freezing generates
small ice crystals that directly impact pore size. This, following the sublimation process,
enhances the quality of freeze-dried products (Kuck; Norefia, 2016).

Similar results were obtained by Dag, Kilercioglu and Oztop (2017), as well
as Hussain et al. (2018), who studied various coating materials for the freeze-dried
encapsulation of golden berries and polyherbal formulations, respectively, reporting
irregular shapes resembling fractured glass flakes.

4 Conclusion

The microencapsulated Hovenia dulcis powder (En-HD) showed a 95.8% retention of
TPC after 75 days of storage at —80 °C, high antioxidant activity by the ABTS assay, and
substantial a-amylase inhibition compared to the pseudofruit powder (HD), suggesting
potential as a promising candidate for further testing, particularly in vivo, to control blood
sugar levels. Freeze-drying encapsulation increased sample solubility by 76%, likely due
to whey protein, gum Arabic, and the smaller particle size of the En-HD sample. The
freeze-drying microencapsulation of H. dulcis effectively preserved bioactive compounds,
indicating as an additive for the food industry.
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