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RESUMO

SISMANOGLU, Mariana Ishhanuhi da Silva, M.Sc., Universidade Federal de Vigosa,
setembro de 2024. INTERAGCAO INTERMOLECULAR ENTRE CASEINAS
BOVINAS E LUTEINA. Orientadora: Ana Clarissa Dos Santos Pires.
Coorientadores: Luis Henrique Mendes da Silva e Eliara Acipreste Hudson.

Devido as funcdes biol6gicas das moléculas bioativas, sua ingestdo pode contribuir
com efeitos benéficos a saude. No entanto, muitas apresentam baixa
biodisponibilidade e estabilidade quimica, o que é um fator limitante para a aplicacdo
destas moléculas. Uma solugdo para aumentar a estabilidade consiste na formagéo
de complexos entre proteinas e moléculas bioativas, como as caseinas bovinas (a,-
CNs, B-CN, e k-CN) e luteina (LUT). Assim, este trabalho determinou os parametros
termodinamicos da interacao intermolecular entre caseinas bovinas e LUT através
da espectroscopia de fluorescéncia; avaliou o efeito desta interacdo sobre a
atividade antioxidante da LUT utilizando o método DPPH (2,2-difenil-1-picrilhidrazila);
e analisou o impacto da formacdo dos complexos entre caseinas bovinas e LUT
sobre a fotodegradacdo da LUT. Verificou-se que os complexos LUT-caseinas
bovinas apresentaram estequiometria 1:1 e a constante de ligacéo (Kb) foi da ordem
de 10* mol. L'. Baseando-se na variagdo da entalpia padrdo de formagdo do
complexo (?H°), a formagao dos complexos foi entalpicamente conduzida, no qual os
complexos a,-CNs-LUT e k-CN-LUT inicialmente tinham uma ligagdo endotérmica, e
posteriormente passaram para uma ligacao exotérmica (?H° diminuiu de 0.24 kJ.
mol para -6.17 kJ. mol" e de 5.95 kJ. mol"! para -11.20 kJ. mol', respectivamente),
enquanto o complexo B-CN-LUT apresentou uma ligacdo exotérmica (?H° diminuiu
de -6.03 kJ. mol' para -12.87 kJ. mol'). As caseinas bovinas mantiveram ou
aumentaram a atividade antioxidante da LUT (IC,, = 73.65 ug/mL para o complexo
a;-CNs-LUT; IC., = 101.21 ug/mL para o complexo 3-CN-LUT; e IC,, = 88.04 pg/mL
para o complexo k-CN-LUT), e aumentaram sua estabilidade contra a
fotodegradacgao, diminuindo a constante de degradacédo da LUT (Kd) para 0.0091 h™';
0.0083 h''; e 0.0108 h', e aumentando seu tempo de meia-vida (t1/2) para 76.17 h;
83.51 h; e 64.18 h, respectivamente. Estes resultados contribuem para elucidar o
papel das caseinas bovinas na estabilizacdo da LUT em matrizes lacteas e outros
sistemas baseados no



complexo LUT-caseinas bovinas, fornecendo estratégias importantes para melhorar
a aplicagdo e eficacia dos complexos a,-CNs-LUT, B-CN-LUT, e k-CN-LUT em
formulagbes alimenticias e farmacéuticas.

Palavras-chave: proteinas do leite; carotenoides; complexacdo molecular;
espectroscopia de fluorescéncia; atividade antioxidante; fotodegradacao



ABSTRACT

SISMANOGLU, Mariana Ishhanuhi da Silva, M.Sc., Universidade Federal de Vigosa,
September, 2024. INTERMOLECULAR INTERACTION BETWEEN THE PROTEINS
ALPHA-S-CASEIN, BETA-CASEIN, AND KAPPA-CASEIN AND THE
CAROTENOID LUTEIN. Adviser: Ana Clarissa Dos Santos Pires. Co-advisers: Luis
Henrique Mendes da Silva and Eliara Acipreste Hudson.

Due to the biological functions of bioactive molecules, their ingestion can contribute
to beneficial health effects. However, many have low bioavailability and chemical
stability, which is a limiting factor for the application of these molecules. A solution to
increase the stability consists in complexes formation between proteins and bioactive
molecules, such as bovine caseins (a,-CNs, 3-CN, and k-CN) and lutein (LUT). Thus,
this work determined the thermodynamic parameters of the intermolecular interaction
between bovine caseins and LUT using fluorescence spectroscopy; evaluated the
effect of this interaction on the antioxidant activity of LUT using the DPPH (2,2-
diphenyl-1-picrylhydrazyl) method; and analyzed the impact of the complexes
formation between bovine caseins and LUT on the photodegradation of LUT. It was
verified that LUT-bovine caseins complexes showed a 1:1 stoichiometry and the
biding constant (Kb) was of the order of 10* mol. L. Based on the standard enthalpy
change (?H°), the complexes formation was enthalpically driven, where the a_.-CNs-
LUT and k-CN-LUT complexes shifted from an endothermic to an exothermic binding
(?H° decreased from 0.24 kJ. mol' to -6.17 kJ. mol! and from 5.95 kJ. mol to -
11.20 kJ. mol’, respectively), while the B-CN-LUT complex was an exothermic
binding (?H° decreased from -6.03 kJ. mol' to -12.87 kJ. mol"). Bovine caseins
maintained or enhanced the antioxidant activity of LUT (IC,, = 73.65 ug/mL for the a_-
CNs-LUT complex; IC., = 101.21 pg/mL for the B-CN-LUT complex; and IC,, = 88.04
ug/mL  for the k-CN-LUT complex), and increased its stability against
photodegradation, decreasing LUT s degradation constant (Kd) to 0.0091 h-'; 0.0083
h''; and 0.0108 h'', and increasing its half-life time (t1/2) to 76.17 h; 83.51 h; and
64.18 h, respectively. These results contribute to elucidate the role of bovine caseins
in the stabilization of LUT in dairy matrices and other systems based on LUT-bovine
caseins complex, providing important strategies to improve the application and
effectiveness of the a,-CNs-LUT, B-CN-LUT, and k-CN-LUT complexes in



food and pharmaceutical formulations.

Keywords: milk proteins; carotenoids; molecular complexation; fluorescence
spectroscopy; antioxidant activity; photodegradation
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1. INTRODUCAO

As moléculas bioativas compreendem um amplo grupo de moléculas que
causam efeitos benéficos a saude de quem as consome (FEITOSA et al., 2022; RUIZ
RODRIGUEZ et al., 2021). Dentre eles destacam-se atividade antioxidante, anti-
inflamatéria, e antitumoral, além de algumas permitirem a reducao de doencas
cardiacas e do colesterol e a regulacdo da microbiota intestinal (JIMENEZ-MORENO
et al., 2019; MALES et al., 2022; PENG et al., 2020; TODARO et al., 2023). Estéo
abundantemente distribuidas na natureza, sendo encontradas em plantas; sementes e
cascas de frutas, legumes e vegetais; graos integrais e leguminosas; nozes; améndoas;
especiarias e ervas; bem como em bebidas (chas e vinhos, por exemplo), alimentos de
origem animal, como peixes e derivados lacteos fermentados; e também sao
produzidas no organismo humano (horménios, acidos graxos e vitaminas, dentre
outras).

Atualmente, inimeras pesquisas relacionadas as propriedades funcionais e
tecnolégicas das moléculas bioativas sdo encontradas na literatura. Além disso, sdo
aplicadas nas industrias de alimentos como ingredientes funcionais, e nas industrias
farmacéuticas como medicamentos e suplementos alimentares em capsulas.
Entretanto, um grande desafio da aplicacdo das moléculas bioativas, prejudicando
diretamente sua veiculacdo em novos produtos, alimentos, e sistemas, € a baixa
biodisponibilidade, devido a baixa solubilidade em agua e estabilidade quimica.

Neste cenario, uma alternativa para aumentar a estabilidade das moléculas
bioativas e, consequentemente, manter suas propriedades funcionais ao longo da vida
util de alimentos e medicamentos, consiste na formag¢ao de complexos com proteinas,
como as caseinas bovinas alfas-caseinas (as-CNs) (alfasi-caseina, asi-CN, e alfaso-
caseina, as>-CN); beta-caseina (B-CN); e kappa-caseina (k-CN). E conhecido que a
LUT tem a capacidade de formar complexos com diferentes proteinas através de
ligagcbes de hidrogénio e interagbes hidrofdbicas.

As caseinas bovinas sdo proteinas naturalmente presentes no leite,
responsaveis pela formagdo da micela de caseina. Devido a predominancia das
caseinas bovinas no leite em comparagao as demais proteinas, como as proteinas do
soro, e a importancia da micela de caseina na composi¢céao e estabilidade coloidal do
leite; no transporte de nutrientes, como calcio e vitaminas lipossoluveis; e nas

propriedades fisico-quimicas, reoldgicas, tecnologicas, e sensoriais dos produtos
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lacteos, as caseinas bovinas sdo consideradas as principais proteinas do leite (TIDONA
et al., 2014; ZHANG et al., 2024a).

Um exemplo de molécula bioativa que vem sendo estudada com grande
interesse nos ultimos anos, em virtude de suas propriedades funcionais, € a LUT, um
pigmento natural que também € encontrado nos olhos, local em que absorve a luz azul
e previne o aparecimento de algumas doencas relacionadas a visao (KAMOSHITA et
al., 2016; SOBRAL et al., 2016). As industrias de laticinios vém aplicando a LUT na
formulacéo de queijos, como os queijos prato, cheddar, cottage e gouda (DE BARROS
etal., 2020; FUSARO et al., 2019; RENES et al., 2018; SHI et al., 2024), em substituicao
aos corantes artificiais, com a finalidade de nao apenas intensificar a coloracdo, mas
contribuir para o enriquecimento nutricional e funcional destes alimentos, em razdo de
sua alta atividade antioxidante.

Apesar da relevancia biolégica das caseinas bovinas e LUT e da crescente
conscientizacdo do uso de corantes naturais nos alimentos, a LUT € uma molécula
facilmente degradada pela luz, oxigénio, temperatura elevada, e variagao de pH (JV et
al., 2023; KUANG et al., 2015; QV; ZENG; JIANG, 2011; SHU et al., 2023). Como o0s
estudos sobre interacéo intermolecular, atividade antioxidante, e fotodegradacao entre
LUT e caseinas bovinas, proteinas abundantes em queijos, ainda nao estao
estabelecidos, este trabalho permitira o entendimento dos mecanismos envolvidos na
formag&o dos complexos LUT-caseinas bovinas e o efeito que estes podem provocar
nas propriedades funcionais da LUT em queijos. Portanto, informag¢des sobre o
potencial de aplicacdo das caseinas bovinas como carreadores e estabilizadores da
LUT, o que pode contribuir para aumentar a estabilidade quimica da LUT em diferentes

sistemas alimenticios e farmacéuticos, serao fornecidas.
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2. OBJETIVOS

2.1 Objetivo geral

Determinar no espectrofotdbmetro de fluorescéncia os parametros
termodinamicos da formacao dos complexos entre caseinas bovinas (as-CNs, B-CN, e
K-CN) e luteina, aplicando diferentes valores de temperatura; avaliar a atividade
antioxidante da luteina na auséncia e na presenca das caseinas bovinas; e analisar o
efeito protetor das caseinas bovinas contra a fotodegradacdo da luteina, ambos

utilizando espectrofotometro UV-visivel.
2.2 Objetivos especificos

o Determinar a estequiometria (n) e a constante termodinédmica de interacao (Kj)
dos complexos as-CNs-luteina, B-CN-luteina, e k-CN-luteina; e a variacao da
energia livre de Gibbs padrdo (AG’); da entalpia padrao (AH’); da entropia
padrdo (AS°); e da capacidade calorifica padrdo a pressdo constante (ACp)
associadas a formacdo destes complexos, por meio da espectroscopia de
fluorescéncia a 20°C, 25°C, 30°C, 35°C e 40°C;

e Avaliar o efeito das interacdes intermoleculares entre caseinas bovinas e
luteina, apds a formagdo dos complexos, sobre a atividade antioxidante da
luteina utilizando o método DPPH (2,2-difenil-1-picrilhidrazila);

e Analisar a implicagdo da formagdo dos complexos entre caseinas bovinas e

luteina sobre a cinética de fotodegradacao da luteina.
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CAPITULO 1

3. REVISAO DE LITERATURA

3.1 Caseinas bovinas

O leite e os produtos lacteos sao alimentos com elevado teor de nutrientes,
tornando-se importantes para a correta manutencdo da saude e funcionalidade do
organismo. Dentre eles destacam-se proteinas, lipideos, aclucar, e minerais,
especialmente o calcio (BOGAHAWATHTHA et al., 2018; SUN et al., 2024). Ainda que
alguns nutrientes estejam presentes em maiores quantidades do que outros, como
proteinas e lipideos, todos sao responsaveis pela complexa composicao e propriedades
do leite (ANUSHA SIDDIQUI et al., 2024).

As caseinas sao consideradas as principais proteinas do leite (TIDONA et al.,
2014; ZHANG et al., 2024a), representando mais de 80% das proteinas totais. Sao
classificadas em quatro tipos: as1-CN, as2-CN, B-CN, e k-CN, (MORAIS et al., 2023;
SUN et al.,, 2024) cada qual com suas caracteristicas e fungcdes biol6gicas. Esta
classificagcao, também denominada variante genética, se deve a alteracdo em um ou
mais residuos de aminod&cidos na estrutura primaria (FARRELL et al., 2004; HEWA
NADUGALA et al., 2024), variagdo nos graus de fosforilagéo e glicosilacao, formacao
de polimeros, e protedlise (HUPPERTZ; FOX; KELLY, 2017). Sua massa molecular
varia entre 60 kDa e 400 kDa, e seu ponto isoelétrico é aproximadamente 4.8 (CAO et
al., 2024; DALGLEISH; CORREDIG, 2012).

A maior parte das caseinas existe na forma de micela de caseina (Figura 1)
(SILVA et al., 2019), uma estrutura supramolecular com elevado teor de aminoacidos
e minerais (ROY et al., 2022; WANG et al., 2023a). As micelas de caseina sao
formadas na presenca de calcio, no qual os niveis de fosforilagdo em as-CNs e B-CN
as tornam propensas a precipitacéo, ainda que o célcio esteja em baixa concentragéo.
Assim, os grupos fosfatados das as-CNs e 3-CN interagem com os nanoaglomerados
de fosfato de célcio (ou nanoclusters de fosfato de célcio coloidal) e, como estes estdo
em concentragdes acima de sua solubilidade, evita-se a precipitacdo do fosfato de
calcio (WANG et al., 2023a).

Figura 1 — Representagédo esquematica da estrutura de uma micela de caseina.
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A interacao entre os grupos fosfatados das caseinas com os nanoaglomerados
de fosfato de célcio é responsavel pela formacao das micelas de caseina, agregados
amorfos em nanoescala compostos por uma estrutura inorganica de fosfato de calcio
e uma estrutura bioldgica de moléculas de caseinas. A k-CN, por ser menos fosforilada
em relacdo as as-CNs e B-CN, torna-se insensivel ao calcio. Ela esta localizada na
superficie da micela de caseina, proporcionando repulsao estérica e eletrostatica, e,
consequentemente, prevenindo a agregacao (LEI et al., 2024; SATO; NOGUCHI;
NAITO, 1986).

A estabilidade e instabilidade das micelas de caseina sdo importantes para a
producado e padronizagdo de leite pasteurizado e esterilizado (leite UHT), queijo,
creme de leite, doce de leite, leite condensado, leite fermentado, iogurte, e coalhada
(HOLT et al., 2013; SATS; KAART; JOUDU, 2024; SILVA et al., 2019), afetando as
propriedades fisico-quimicas, tecnoldgicas e sensoriais destes alimentos.

Dentre algumas func¢des bioldgicas das micelas de caseina estdo nutricao
neonatal, controle e transporte do fosfato de célcio (SATS; KAART; JOUDU, 2024) e
desenvolvimento infanto-juvenil (devido a presenca de peptideos em sua composi¢ao)
(SILVA; MALCATA, 2005; ZHANG et al., 2024b). Suas propriedades tecnoldgicas,
como estabilidade térmica e formagédo de géis, emulsdes, e espumas, vém sendo
amplamente estudadas na atualidade (LI et al., 2023; PETIT et al., 2023; QIN et al.,
2023; WANG; JIANG; SHI, 2024; YANG et al., 2024), bem como seu potencial em
transportar moléculas bioativas, a exemplo de curcumina, antocianinas, resveratrol,
naringenina, apigenina, quercetina, vitaminas, fibras, lipideos, proteinas (lisozima e
lactoferrina, por exemplo), minerais, e farmacos (CASANOVA et al., 2021; FAN et al.,
2023; SILVA et al., 2019; WANG et al., 2024a; XU et al., 2023).
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No estudo conduzido por WANG et al. (2024a), os autores fabricaram
nanoparticulas de apigenina-caseina (AP-Cas-NPs) para melhorar a solubilidade em
agua e a biodisponibilidade da apigenina. Os resultados obtidos por meio de
espectroscopia infravermelha com transformada de fourier (FTIR), difracdo de raios X
(XRD), calorimetria diferencial de varredura (DSC), e ressonancia magnética nuclear
de protons (HNMR) revelaram que a apigenina foi encapsulada na caseina através de
ligagdo de hidrogénio. O estudo de dissolugéo in vitro confirmou que as AP-Cas-NPs
aumentaram a solubilidade e a dissolu¢ao da apigenina, e que a biodisponibilidade oral
de AP-Cas-NPs também aumentou. Observou-se ainda que as AP-Cas-NPs
melhoraram a estabilidade gastrointestinal e a atividade hipoglicémica da apigenina.
Estas descobertas sugerem que as AP-Cas-NPs sdo uma estratégia promissora para
melhorar a biodisponibilidade da apigenina.

CUI et al. (2024) desenvolveram um estudo no qual complexos binarios e
complexos ternarios de caseina glicada e carboximetilcelulose (CMC) melhoraram a
estabilidade de antocianinas e controlaram sua liberagdo. Ambos os complexos,
antocianinas binarios carregados (ACNs-UGCA) e antocianinas ternarios carregados
(ACNs-UGCA-CMC), exibiram uma estrutura mantida por interagdes hidrofobicas e
ligagbes de hidrogénio, demonstrando um aumento na estabilidade das antocianinas
quando expostos a diferentes estresses ambientais. Observou-se que a inclusao de
CMC aos complexos ternarios melhorou a eficiéncia da encapsulagédo dos conjugados
glicados (UGCA) e as estabilidades coloidais, além de reduzir a perda de antocianinas.
Os complexos ternarios demonstraram capacidades superiores no controle da
liberagédo de antocianinas em comparagao aos complexos binarios, exibindo um tempo
de retengao prolongado no trato gastrointestinal de camundongos. Com este estudo,
conclui-se que o complexo formado por caseina glicada e CMC apresenta potencial
promissor como carreador para antocianinas.

GHAYOUR et al. (2019) desenvolveram dois sistemas de carreamento baseados
em caseina, sendo estes micela de caseina remontada (r-CM) e nanoparticula de
caseina (CNP), para o encapsulamento de quercetina e curcumina. As caracteristicas
de ligacdo da quercetina e curcumina ao caseinato de sodio foram determinadas
utilizando-se espectroscopia de fluorescéncia, no qual as estequiometrias de ligacdo
obtidas para a quercetina e para a curcumina foram, respectivamente, 0.96 e 0.78.

Neste mesmo estudo, os autores verificaram que tanto a CNP quanto a r-CM
melhoraram a estabilidade quimica dos compostos fendlicos, onde a solubilidade da
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curcumina e da quercetina apds carregamento em r-CM foi maior do que a solubilidade
das moléculas de curcumina e de quercetina livres. Mudangas na viscosidade relativa
durante o processo de remontagem confirmaram a formacéo de estruturas micelares,
e ambos os sistemas de encapsulamento revelaram alta eficiéncia de aprisionamento
e bioprotecéo. Estes resultados podem contribuir para o desenvolvimento de sistemas
de carreamento baseados em proteinas para serem utilizados na incorporacédo de
nutracéuticos hidrofébicos em bebidas funcionais (GHAYOUR et al., 2019).

3.2 Moléculas de caseinas — produtos génicos

3.2.1 Alfas-caseinas

As as-CNs correspondem a aproximadamente 40% do conteldo proteico de uma
micela de caseina (DARWISH et al.,, 2023; REHAN; AHEMAD; GUPTA, 2019).
Possuem duas variantes genéticas, asi-CN e as2-CN, sendo que a variante as1-CN é a
que esta presente em maior quantidade no leite (representando cerca de 44% do total
de caseinas) (SUN; GERRARD; ANEMA, 2024; SWAISGOOD, 2003), enquanto a asz-
CN corresponde a 10% do total de caseinas (SILVA et al., 2019). As cadeias
polipeptidicas das as-CNs sdo caracterizadas por regides hidrofbicas carregadas
negativamente e possuem poucas estruturas a-helicoidais e estruturas f (KALYANKAR
et al., 2015).

As as-CNs possuem epitopos alergénicos, responsaveis por produzir respostas
imunes para o organismo (ZHANG et al., 2024c), e suas propriedades conformacionais
permitem efeitos funcionais para células e moléculas, como o transporte de nutrientes
(ANSELMO et al., 2022). Apresentam solubilidade em solug¢des acidas, precipitando
em pH neutro e pH alcalino (SILVA et al., 2019).

A as1-CN é composta por oito residuos fosfosseril (FARRELL et al., 2004; SUN;
GERRARD; ANEMA, 2024) e para a as>-CN este numero varia entre dez a treze
residuos, caracterizando-a como a fragdo mais hidrofilica das micelas de caseina e a
de maior sensibilidade ao calcio (HUPPERTZ; FOX; KELLY, 2017; KALYANKAR et al.,
2015; SILVA et al., 2019). A as1-CN é representada pela variante genética asi-CN B-
8P, cuja estrutura apresenta massa molecular igual a 23.615 Da, 199 residuos de
aminoacidos, e 2 residuos do aminoacido triptofano, enquanto a as>-CN é representada
pela variante genética as2-CN A-11P, que apresenta massa molecular igual a 25.226
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Da, 207 residuos de aminoacidos, e, assim como a asi-CN, também possui 2 residuos
do aminoécido triptofano (FARRELL et al., 2004; HUPPERTZ; FOX; KELLY, 2017;
SILVA et al., 2019).

3.2.2 Beta-caseina

A B-CN corresponde a mais de 35% do conteudo proteico de uma micela de
caseina, sendo representada pela variante genética B-CN A2-5P, cuja estrutura
apresenta massa molecular igual a 23.983 Da, 209 residuos de aminoacidos, e 1
residuo do aminoacido triptofano (DANILOSKI et al., 2023; HUPPERTZ; FOX; KELLY,
2017; PACHECO et al., 2020; SILVA et al., 2019). Como a B-CN esta presente em uma
quantidade superior ao contelido de as2-CN e de k-CN, é considerada a segunda fragao
mais abundante das micelas de caseina (SUN; GERRARD; ANEMA, 2024).

Treze variantes genéticas da B-CN sao identificadas atualmente. Este nimero
pode variar de acordo com diferentes estudos, no entanto, ha um consenso de que as
variantes A1, A2, e B sdo as principais (DANILOSKI et al., 2023; HEWA NADUGALA et
al., 2022). A variante A1 originou-se de uma mutag¢do genética no aminoacido 67 da
cadeia polipeptidica da A2 B-CN, que inicialmente era o aminoéacido prolina e que se
tornou 0 aminoacido histidina, caracterizando assim a variante como sendo A1 B-CN.
Esta mutacéo afeta algumas propriedades do leite, como gelificagéo e solidificagao,
hidrélise das enzimas digestivas, ponto isoelétrico, carga proteica, e condi¢des
gastrointestinais do organismo humano (LUCEY; HORNE, 2018; OSMAN et al., 2021;
SUN et al., 2024).

A B-CN forma agregados com lipideos e fosfato de célcio, sendo intrinsecamente
desordenada e de natureza anfifilica, apresentando diversos residuos dos aminoacidos
prolina e serina fosforilada em sua estrutura (DANILOSKI et al., 2024; PACHECO et al.,
2020). A presencga dos residuos de prolina e a auséncia de ligagdes dissulfeto permitem
que a B-CN seja a principal fonte de peptideos bioativos das micelas de caseina (SUN
et al., 2024), que desempenham propriedades anti-inflamatérias e imunomoduladoras
(LIU et al., 2023). Como a B-CN é a fracdo mais hidrofébica das micelas de caseina
(SILVA et al., 2019), é, portanto, capaz de quelar o calcio e permitir a formagéo de
agregados micelares de B-CN em solucao (LI et al., 2022; MARKOSKA et al., 2021;
SUN et al., 2024).
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3.2.3 Kappa-caseina

A k-CN corresponde a 15% do conteudo proteico de uma micela de caseina
(SILVA et al., 2019) e, diferentemente das as-CNs e da B-CN, que estéo localizadas no
interior da micela, a k-CN localiza-se em sua superficie (YUN et al., 2023). A presenca
de um peptideo C-terminal hidrofilico carregado negativamente na estrutura da k-CN
(KAYIHURA, 2023) a torna responsavel pelo impedimento estérico e repulsdo
eletrostatica entre as micelas de caseina, mantendo a estabilidade coloidal e evitando
a agregacao (LUO et al., 2023; M@LLER; NIELSEN; CORREDIG, 2023; WANG et al.,
2024b).

A k-CN é representada pela variante genética k-CN A-1P, cuja estrutura
apresenta massa molecular igual a 19.052 Da, 169 residuos de aminoécidos, e 1
residuo do aminoacido triptofano. Esta presente no leite sob a forma de polimeros que
variam de dimeros a octameros, de natureza anfifilica (FARRELL et al., 2004; HEWA
NADUGALA et al.,, 2023; SILVA et al.,, 2019). E uma proteina intrinsecamente
desordenada e € a Unica fragéo das micelas de caseina glicosilada. Dentre algumas de
suas fungdes biolégicas, desempenha atividades antimicrobiana, anti-inflamatéria, e
imunomoduladora (LUO et al., 2023; MALKOSKI et al., 2001). Quatorze variantes
genéticas da k-CN séo identificadas na atualidade, cada uma com diferentes graus de
fosforilagcao e glicosilacao, sendo as variantes k-CN A e k-CN B os principais exemplos
(HEWA NADUGALA et al., 2023).

Nas industrias de laticinios, a k-CN é importante para a producéo de queijos. A
desestabilizacao controlada das micelas de caseina devido a hidrdlise enzimatica da k-
CN por quimosina, ou devido a acidificacao do meio, permite a formagéo de um coagulo
(gel), resultante da agregacao ou coagulacao das micelas de caseina. Este coagulo
definird as propriedades fisico-quimicas e sensoriais dos queijos, como rendimento e
textura (KAYIHURA, 2023; KELLY; HUPPERTZ; SHEEHAN, 2008).

Durante a coagulagédo enzimatica, a quimosina quebra a ligacao peptidica entre
os aminodacidos 105 e 106 da k-CN (fenilalanina e metionina, respectivamente). Apds a
hidrélise da «k-CN, uma parte € carreada pelo soro na forma de CMP
(caseinomacropeptideo) ou GMP (glicomacropeptideo). Estes peptideos mantinham a
estabilidade coloidal das micelas de caseina por meio do impedimento estérico e
repulsao eletrostatica, impedindo que se agregassem. A para-k-caseina, caracterizada
como a regidao N-terminal da k-CN, permanece ligada na micela de caseina. Durante
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esta etapa, a energia livre de Gibbs e o potencial zeta diminuem, pois houve um
aumento da entropia e do grau de liberdade do sistema, dado que ndo ha mais
impedimento estérico e repulsdo eletrostatica da k-CN advindos do CMP ou GMP,
resultando assim na agregacao da para-k-caseina. Em decorréncia da reducédo da
estabilidade das micelas de caseina, estas passam a ser denominadas paracaseinas
que, ao colidirem umas com as outras, formam uma rede tridimensional denominada
paracaseinato de calcio ou coagulo, que contém glébulos de gordura e soro (ainda que
em pouca quantidade), sendo resultante da interacao entre o calcio ibnico presente na
matriz lactea com os grupamentos fosfosserilicos das caseinas (LUCEY, 2002; ZHANG
et al., 2023).

3.3 Luteina

A LUT, representada na Figura 2, € um pigmento natural pertencente ao grupo
dos carotenoides, um dos pigmentos mais encontrados em folhas, sementes, flores, e
frutas em decorréncia de sua ampla faixa de coloracao que varia entre amarelo, laranja,
vermelho, e roxo (BHATT; PATEL, 2020). Dado que a estrutura quimica basica dos
carotenoides é composta por 40 atomos de carbono e 8 unidades de isopreno,
pertecem a familia dos tetraterpenos, mas alguns podem apresentar variacdes que
resultam em diferentes propriedades biolégicas (MALES et al., 2022).

Figura 2 — Estrutura quimica da luteina.
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Fonte: Adaptado de MAOKA, 2020.

Quando a estrutura dos carotenoides possui apenas uma cadeia longa de
carbono, como B-caroteno e licopeno, séo classificados como carotenos, e quando
possui um atomo de oxigénio, como a LUT, sdo classificados como xantofilas (BHATT;
PATEL, 2020). Segundo MAOKA (2020), dentre algumas fun¢des dos carotenoides
destacam-se: atividade fotoprotetora contra danos oxidativos causados pela luz solar,

atividade antioxidante, e precursores de hormdnios vegetais em 06rgdaos néao
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fotossintéticos de plantas. Como os animais ndo sdo capazes de sintetiza-los, estes
sao provenientes da alimentacao ou de modificacées por meio de reacoes metabdlicas.

A LUT, de coloragéo amarelo-alaranjado, coexiste com a zeaxantina (KIJLSTRA
et al., 2012; PAIVA et al., 2020). Esta presente em vegetais folhosos verde escuros,
como espinafre, brdcolis e couve; cenoura; abdbora; pimentao; manga; melancia; gema
de ovos (TAN et al., 2016); milho; e azeite de oliva (ABDEL-AAL et al., 2013;
GIUFFRIDA et al., 2011); enquanto a LUT comercial €, geralmente, extraida das flores
de caléndula (Calendula officinalis) (Figura 3). Nos seres humanos, a LUT é
transportada pelo plasma sanguineo através de proteinas transportadoras, como
lipoproteinas de baixa e de alta densidade, e albumina sérica humana (REZENDE et
al., 2020). Recomenda-se uma ingestao diaria entre 6 mg e 20 mg de LUT (DE PAULA
et al., 2022).

Figura 3 - Flores de caléndula utilizadas para a extragéo da luteina.
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A LUT é uma molécula bioativa muito estudada nas pesquisas académicas,
principalmente devido as suas propriedades antioxidantes e anti-inflamatérias (OH et
al., 2013), além de auxiliar na prevengdo de doencas que afetam a retina, como
degeneracdo macular e catarata, pois € um componente da macula dos olhos,
absorvendo a luz azul emitida por aparelhos eletronicos (KAMOSHITA et al., 2016;
SOBRAL et al., 2016). Alguns estudos indicam que a LUT também auxilia na prevencgéao
de doencgas cardiovasculares (HOZAWA et al., 2009) e aterosclerose (CHUNG et al.,
2017).
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Nas industrias de laticinios, a LUT é utilizada como corante na formulagéao de
queijos, manteigas, requeijoes, e bebidas lacteas (DE PAULA et al., 2022). No entanto,
alguns fatores dificultam sua aplicacdo, nao apenas nas industrias de alimentos, como
também nas industrias farmacéuticas, pois a LUT é uma molécula com baixa
solubilidade em agua e biodisponibilidade e degrada quando exposta a temperatura
acima de 40°C, ao oxigénio e a luz (DEY et al., 2019; TAN et al., 2023; Yl et al., 2016).
Em virtude destas caracteristicas, uma alternativa que pode permitir o carreamento da
LUT em formulagdes de alimentos e medicamentos consiste na formacao de complexos
(em condicoes especificas de pH e temperatura) entre LUT e carreadores solUveis em
agua, como as caseinas bovinas as-CNs, B-CN, e k-CN. Desta forma, estes complexos
podem manter as propriedades funcionais e a estabilidade quimica da LUT ao longo do
tempo.

SOBRAL et al. (2016) trouxeram importantes contribuicdes do uso da LUT
como forma de substituir corantes em queijos. Neste estudo, os autores avaliaram a
atividade antioxidante de duas concentragdes de LUT (16 e 32 mg L™') em queijo prato
ao longo de 60 dias de maturacdo, bem como alteracbes de cor, pH, textura,
maturacéao, e aceitacao sensorial. Observou-se que a atividade antioxidante de ambas
as concentracoes de LUT se manteve durante toda a maturacédo dos queijos, € que o
queijo prato contendo a maior concentragdo apresentou cor ligeiramente mais
vermelha do que os demais, o que era esperado. Os queijos pratos contendo LUT
obtiveram aceitacdo sensorial semelhante ao queijo prato contendo urucum, e os
parametros relacionados a maturacao, pH, e textura ndo foram afetados pela adigcao
de LUT. Portanto, o queijo prato mostrou-se um excelente carreador para a LUT,
mantendo sua atividade antioxidante, ao passo que a LUT pode substituir o urucum
na formulagédo do queijo prato sem afetar suas propriedades e aceitacao sensorial.

Muitas pesquisas evidenciam a elevada atividade antioxidante da LUT. Um
destes estudos foi realizado por CAMPOS et al. (2024), que analisaram os efeitos da
atividade antioxidante da LUT e do acido ascorbico (AA) contra o radical DPPH (2,2-
difenil-1-picrilhidrazila). Observou-se que a capacidade antioxidante da LUT é tao
elevada quanto a do AA, que é considerado o principal precursor da vitamina C, uma
molécula bioativa amplamente conhecida por sua alta capacidade antioxidante.
Entretanto, as razdes pelas quais a atividade antioxidante da LUT se mantém ao longo
do tempo de maturagéo do queijo prato, como evidenciado por SOBRAL et al. (2016),
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apesar de suas instabilidades fisico-quimicas citadas anteriormente, ainda nao foram
completamente esclarecidas.

Neste sentido, como as caseinas bovinas (as-CNs, B-CN, e k-CN) sédo as
proteinas mais predominantes dos queijos, investigar os efeitos dos complexos
formados entre LUT e caseinas bovinas sobre a atividade antioxidante da LUT e a
capacidade de protecado das caseinas bovinas contra sua fotodegradacéao é de grande
importancia, pois pode contribuir para a compreensao da estabilidade quimica da LUT
em queijos. Desta forma, apés a formacdo dos complexos, é esperado que a
estabilidade da LUT aumente ou se mantenha ao longo da vida Gtil de queijos, o que
pode solidificar este alimento como um potencial carreador seguro e eficaz de LUT para
0 consumo.

CHEN et al. (2024) trouxeram interessantes contribuicdes acerca de como
proteger o éster de LUT contra a fotodegradacao causada por irradiacao ultravioleta
(UV). Neste estudo, os autores determinaram o contetdido do éster de LUT em emulsdes
contendo 6leos corporais de farelo de arroz (RBOBs) e 6leos corporais de farelo de
arroz carregados com éster de LUT (LRBOB) durante a fotodegradacéao, e concluiram
que o encapsulamento mais forte do éster de LUT pelos RBOBs apresentou um efeito
protetor maior contra a fotodegradacao. Observou-se que a medida que a concentracao
de RBOBs aumentou, os valores da constante de degradacao (k) das emulsées LRBOB
diminuiram significativamente de 0.0170 para 0.0118 h™', sugerindo que os RBOBs
contribuiram para o atraso da fotodegradagao do éster de LUT, e o tempo de meia-vida
(t1/,) do éster de LUT carregado na emulsdo LRBOB contendo 50% de RBOBs
aumentou mais de quatro vezes (t;,, = 58.89 h) em comparagéo ao t;,, do éster de
LUT livre (t;/, = 13.81 h).

Os resultados positivos obtidos neste estudo podem servir para auxiliar na
melhor compreensdo do possivel efeito protetor que pode ser causado pelos
complexos LUT-casefnas bovinas contra a fotodegradagéo da LUT. E esperado que
as proteinas as-CNs, B-CN, e k-CN protejam a molécula de LUT contra a
fotodegradacédo e, consequentemente, aumentem ou mantenham sua estabilidade
quimica, assim como as emulsées RBOBs e LRBOB protegeram o éster de LUT
contra a fotodegradacédo (CHEN et al., 2024).

A interacdo intermolecular entre LUT e demais proteinas do leite (MORA-
GUTIERREZ et al., 2018; RODRIGUEZ et al., 2023; VIDOTTO; TAVARES, 2022); a
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aplicacao da técnica de encapsulacao (AHMADZADEH; UBEYITOGULLARI, 2024;
WANG et al., 2023b; WU et al.,, 2024) e microencapsulacao por spray-drying
(ALVAREZ-HENAO et al., 2018); e a formacdo de emulsdes (NUNES et al., 2023;
WANG et al., 2023c; ZHANG et al., 2024c) sao outras alternativas que também podem
contribuir para o0 aumento da biodisponibilidade e estabilidade quimica da LUT em

diferentes sistemas.
3.4 Técnica experimental para o estudo de interacoes intermoleculares
3.4.1 Espectroscopia de fluorescéncia

A espectroscopia de fluorescéncia (FS) é uma técnica analitica que estuda a
formacao de complexos entre pequenas moléculas e proteinas no estado fundamental,
caracterizando o0 mecanismo, os parametros termodinamicos das interacoes
intermoleculares, e as alteragcdes conformacionais das moléculas e proteinas
decorrentes da formacao de complexos (ABDELHAMEED et al., 2017; LELIS et al.,
2017).

Por meio dos espectros de emissao de fluorescéncia de uma espécie quimica,
representados na Figura 4, muitas informacdes importantes sobre a formacédo de
complexos entre fluordforo e ligante sao obtidas (HE et al., 2016). Assim, esta técnica
torna-se Util para estudar a formagcdo de complexos entre ligante e proteinas que
contenham fluoréforos. Os espectros de emissdo de fluorescéncia sao obtidos no
espectrofluorimetro, equipamento onde sdo definidos o comprimento de onda de
excitagcao, a faixa de comprimento de onda de emisséo, e as larguras das fendas de

excitacao e emissao.

Figura 4 - Espectros de emisséo de fluorescéncia da proteina albumina sérica
bovina em concentragdes crescentes de LUT em pH 7.4 (25 °C).
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Fonte: Adaptado de PAIVA et al., 2020.

Devido a presenca de residuos dos aminoacidos fluoréforos fenilalanina (Phe),
tirosina (Tyr), e triptofano (Trp), proteinas possuem fluorescéncia intrinseca. Phe e Tyr
sao capazes de transferir, em uma mesma proteina, a energia absorvida no processo
de excitacao para o residuo do Trp. No entanto, a emissao de fluorescéncia acontece
predominantemente pelo Trp, uma vez que ele absorve energia eletromagnética com
os comprimentos de onda mais longos, emitindo fluorescéncia entre 300 e 500 nm,
quando excitado a 295 nm (LI et al., 2021).

Como a fluorescéncia do Trp é sensivel, seu espectro de emissao pode ser
facilmente alterado quando ocorrem mudancas conformacionais, associacbes de
subunidades, desnaturacdo, e interacdo intermolecular com outras moléculas nas
estruturas de proteinas (LAKOWICZ, 2006). A interagdo entre diferentes moléculas
diretamente com o Trp ou em regides préximas aos seus residuos alteram, portanto, o
espectro de fluorescéncia das proteinas que contenham este fluoréforo. Dado que as
caseinas bovinas as-CNs, B-CN, e k-CN possuem Trp em suas estruturas primarias, a
FS pode ser utilizada para caracterizar a interagdo intermolecular entre caseinas
bovinas e moléculas bioativas, como a LUT (XIAO et al., 2020), visto que a FS € muito
sensivel a variagdes que ocorrem no microambiente do Trp e na estrutura proteica.

O fundamento em estudar a formacdo de complexos entre LUT e caseinas
bovinas baseia-se no fato de que, quando os fluor6foros das caseinas bovinas se
complexam com a molécula de LUT, n&o v&o mais para o estado excitado, se mantendo
no estado fundamental. Isto reduz a quantidade de fétons que é emitida no retorno dos
elétrons do estado excitado para o estado fundamental. Consequentemente, menor
sera a intensidade da fluorescéncia captada pelo espectrofluorimetro (YUE et al., 2022).
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A extincdo ou supressao da fluorescéncia intrinseca de uma proteina € um
mecanismo de reducdo da intensidade (ou rendimento quéntico) da fluorescéncia
causado pela interagdo intermolecular entre o fluoréforo e o ligante. Em condic¢des fixas
de pH, forca ibnica, e temperatura, a extincdo da fluorescéncia pode ser classificada
como dinamica (colisional) ou estatica (LAKOWICZ, 2006).

Na extincdo dinamica, o fluoréforo, no estado excitado, colide com outras
moléculas, transferindo a energia absorvida durante a excitacao e retornando ao estado
fundamental sem emitir fluorescéncia. Na extingcao estatica, o fluoréforo interage com a
molécula supressora da fluorescéncia no estado fundamental, formando um complexo
nao fluorescente (PAIVA et al., 2020).

O mecanismo de extingdo da fluorescéncia pode ser determinado a partir da
equacao de Stern-Volmer, representada pela Equagao 1 (YU et al., 2021).

e Equacéo 1:

2 =1+ KylQl = 1+ K,7o[0Q] (1)

Nesta equacao, F, é a intensidade da fluorescéncia da proteina na auséncia do
ligante; F é a intensidade da fluorescéncia da proteina na presenca do ligante; K, € a
constante de extincido dinamica de Stern-Volmer (mol. L'); [Q] é a concentracdo do
ligante (mol. L'"); K, é a constante biomolecular de extingao da fluorescéncia (mol. L.
s'); e 7, € 0 tempo de meia vida da proteina na auséncia do ligante (aproximadamente
108 s) (YU et al., 2021).

A temperatura influencia os valores da constante de extin¢cao dinamica de Stern-
Volmer (Ksy) e da constante biomolecular de extingdo da fluorescéncia (K,) de formas
diferentes. Enquanto, normalmente, na extingao dinamica, K, aumenta com o aumento
da temperatura, na extingédo estatica, Kg, diminui com o aumento da temperatura. Para
diferenciagcdo do mecanismo através de K, o valor maximo da constante biomolecular
de extingdo da fluorescéncia é igual a 2.0 x 10" mol. L." s para o mecanismo
dindmico, e valores superiores caracterizam o mecanismo como estético, indicando,
portanto, a formacao de complexos (LI et al., 2020).

Quando se tem a confirmacao de que o mecanismo de extingdo da fluorescéncia

€ estatico, isto € um indicio de que a formacao de complexo entre fluoréforo (por
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exemplo, os residuos dos aminoacidos das proteinas as-CNs, B-CN, e k-CN) e ligante
(por exemplo, a molécula de LUT) esteja acontecendo. Neste caso, para 0 mecanismo
de extincao estatico, a constante de interacédo (K,) e a estequiometria do complexo
formado (n) sédo obtidas por meio de modelos matematicos, como o modelo de
regressao logaritmica dupla modificada, representado pela Equacao 2 (PAIVA et al.,
2020).

e Equacéo 2:

log

Fy—F
F

= n IOgKb - TLIOg m (2)

0

~ P . . ~ Fo—F
Nesta equacdo, n é o valor da inclinacdo da curva log=— versus

logm ; K, é a constante de interacao obtida a partir do intercepto da mesma
t=\"F

curva (mol. L'"); [Q,] é a concentragao total do ligante (mol. L™); e [P] é a concentragéo
total da proteina (mol. L") (HUDSON et al., 2018).

A partir da determinacéo de K,,, a variagdo da energia livre de Gibbs padréo (AG")
associada a formacao do complexo é obtida pela Equacao 3. Valores negativos para
AG’ indicam que a formagdo do complexo esta favorecida em relagcdo aos reagentes
livres (LAKOWICZ, 2006).

e FEquacéo 3:

o

AG’ = —RT InK, 3)

A obtencédo de K, em diferentes temperaturas permite o calculo dos demais
parametros termodinamicos de formag¢do do complexo, como a variacdo da entalpia
padrdo (AH") de formagdo do complexo, que € obtida pela aproximagéo de van’t Hoff,
representada pela Equacao 4 (SANTA ROSA et al., 2021).

e Equacéo 4:

dlnk
AR = —p I (4)

0 1/T
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Nesta equacéao, R é a constante universal dos gases (8.3145 J/mol. K) e T é a

temperatura, dada em Kelvin (K). E possivel obter AH’ a partir do grafico de In K, versus
1/T, no qual a inclinacao da curva sera dada por — AHO/R para ajustes lineares.

Os dados experimentais de In K, versus 1/T podem ser ajustados na Equacéao 5
para obtencdo dos parametros a, b, ¢, e d, que serao utilizados para determinar os
valores de AH’ na Equagéo 6 (SANTA ROSA et al., 2021). As Equacgdes 5 e 6 também

podem ser utilizadas para ajustes nao lineares.

e Equacéo 5:
2 1 3

InkK, = a+b<%)+c(%) +d(?) +-In® (5)

Nesta equacgéo, a, b, c, d, e In ® sdo constantes determinadas graficamente para
ajustes polinomiais.

e Equacéo 6:

AH® = —-R [b+2c (%>+3d (%):l (6)

A contribuicdo entalpica e a contribuicdo entropica da variacao da energia livre
de Gibbs padrao (AG’) fornecem informagdes acerca das forgas motrizes de formagéo
do complexo e sao obtidas por meio da equacgao fundamental de Gibbs (Equagéo 7). A
obtengdo do termo entrépico (TAS®) é feita pela substituicdo dos valores da variagio da
energia livre de Gibbs padrdo (AG") e da variagao da entalpia padrdo (AH") de formacéo

de complexo obtidos nas equacgdes anteriores.

e Equacgéo 7:
AG° = AH® —TAS® (7)

Valores negativos para AH® indicam que a formagdo do complexo ¢é
entalpicamente dirigida, e valores positivos de TAS® indicam que a formagdo do
complexo é entropicamente dirigida. Ambos, AH® e TAS®, podem ser descritos como o

resultado de trés processos moleculares distintos: dessolvatacdo dos ligantes,
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mudanca conformacional da proteina, e interacdo intermolecular entre proteina e
ligante (LELIS et al., 2020; SANTA ROSA et al., 2021).

Se as caseinas bovinas as-CNs, B-CN, e k-CN interagirem com uma molécula
bioativa que extingue a fluorescéncia intrinseca destas proteinas, como a LUT, por
exemplo, um deslocamento no pico do espectro de emissdo maxima da fluorescéncia
sera observado, e, se a extincdo da fluorescéncia ocorre sem afetar o maximo
espectral, a hidrofobicidade e a polaridade da regiao no qual situa-se o fluoréforo nao
sao alteradas. Se houver um deslocamento no maximo espectral, € um indicativo de
que a hidrofobicidade e a polaridade da regidao no qual situa-se o fluoréforo foram
alteradas (LAKOWICZ, 2006).

No estudo conduzido por VIDOTTO; TAVARES (2022), os autores avaliaram a
capacidade das proteinas do soro, B-lactoglobulina e a-lactalbumina, de se ligarem
simultaneamente ao acido félico (FA) e a LUT utilizando FS. B-lactoglobulina e a-
lactalbumina apresentaram comportamento semelhante, observando-se a capacidade
de ligagdo multipla de ambas ao FA e a LUT. A presenga do FA diminuiu a constante
de extincdo dinamica de Stern-Volmer (K, ) do complexo LUT-B-lactoglobulina e LUT-
a-lactalbumina, em particular para a ligacdo da LUT na presenca de FA. Estes
resultados podem contribuir para o desenvolvimento de alimentos funcionais ricos em
proteinas.

Yl et al. (2016) investigaram a interagédo do isolado de proteina de soro de leite
(WPI) e caseinato de sédio (SC) com LUT utilizando FS para determinar os efeitos do
WPI e SC na estabilidade quimica da LUT. De acordo com os resultados obtidos na FS,
WPI e SC interagiram com a molécula de LUT através de intera¢des hidrofobicas. Com
este estudo, os autores concluiram que as proteinas do soro de leite podem atuar como
transportadores eficazes para nutracéuticos lipofilicos.

As interagbes entre caseina bovina e alfas-caseinas caprinas com LUT foram
estudadas por MORA-GUTIERREZ et al. (2018) utilizando medidas de turbidez e FS.
Os resultados obtidos por FS confirmaram a formagdo dos complexos caseina alfasi-I
caprina-LUT, caseina alfasi-Il caprina-LUT, e caseina bovina-LUT, com altas
constantes de ligagdo (107 mol. L'). As caseinas isoladas do leite de cabra, em
comparagao com a caseina bovina, melhoraram a estabilidade quimica da LUT em
emulsdes enriquecidas com LUT em armazenamento sob condi¢gbes aceleradas de
foto-oxidacdo a 25°C de 48 horas a 96 horas, no qual os autores atribuiram este

resultado a maior afinidade de ligagédo entre LUT e caseinas caprinas (alfass-I caprina
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=5.7 x 107 mol. L"; alfass-1l caprina = 5.0 x 107 mol. L''; caseina bovina = 1.4 x 107 mol.
L"), em particular a alfasi-1 caprina.

Infelizmente, este estudo nao determinou os parametros energéticos envolvidos
na formagao do complexo caseina bovina-LUT, o que poderia ser util para explicar as
diferencas encontradas no efeito de estabilizagdo. No entanto, uma comparacéo direta
seria desafiadora, uma vez que os autores conduziram os experimentos com estruturas
moleculares diferentes (alfas-caseinas caprinas isoladas e caseina bovina nao
fracionada) das estruturas moleculares das caseinas bovinas (as-CNs, B-CN, e k-CN
individuais) que sao objeto de estudo deste trabalho.

No estudo conduzido por PAIVA et al. (2020), os autores estudaram a influéncia
do desdobramento da albumina sérica bovina (BSA) e de dois sais de Hofmeister,
cloreto de sédio (NaCl), como cosmotropo, e tiocianato de sédio (NaSCN), como
caotropico, no complexo BSA-LUT utilizando FS. Observou-se que a formagéao do
complexo foi conduzida entropicamente, e a molécula de LUT estava preferencialmente
ligada ao sitio Il da BSA. A constante de interacéo (K;,) (10* mol. L"), a estequiometria
do complexo formado (n) (1:1), e o potencial termodinamico para ligacao BSA-LUT
foram independentes da conformacgao da BSA e dos sais de Hofmeister. Todavia, o
componente entalpico e o componente entrépico do complexo na presenca de NaSCN
diminuiram a medida que a temperatura aumentou, enquanto aumentaram a medida
que a temperatura aumentou na presenca de NaCl e para o complexo BSA
desnaturada-LUT. Como conclusao, tem-se que a conformacao da BSA e a estrutura
tridimensional da 4gua afetaram a termodinamica de formagao do complexo formado
entre BSA e LUT.
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CAPITULO 2

ARTICLE
Exploring Lutein and Casein Interactions: Molecular Basis for Stability and

Functionality in Complex Systems

This article was submitted to the journal Food Bioscience.

ABSTRACT

The interactions between bovine caseins (as-CNs, B-CN, and k-CN) and lutein (LUT),
along with the antioxidant activity of LUT with and without caseins, and the impact of
caseins on LUT's photodegradation were investigated. Fluorescence spectroscopy
revealed that LUT-bovine caseins complexes exhibited a 1:1 stoichiometry, with biding
constants (K,) on the order of 10* mol. L™. When the temperature varied from 293.15
to 313.15 K, the binding of as-CNs-LUT and k-CN-LUT transitioned from endothermic
to exothermic (AH" changed from 0.24 kJ. mol™! to -6.17 kJ. mol™" and from 5.95 kJ.
mol™" to -11.20 kJ. mol™', respectively), while the B-CN-LUT complex consistently
exhibited exothermic binding (AH" decreased from -6.03 kJ. mol~'to -12.87 kJ. mol™).
The presence of bovine caseins either maintained or enhanced the antioxidant activity
of LUT (ICso values: 73.65 ug/mL for as-CNs-LUT; 101.21 pg/mL for B-CN-LUT; and
88.04 pg/mL for k-CN-LUT). Moreover, bovine caseins increased LUT's photostability,
reducing LUT's degradation constant (K,;) from 0.0106 h™" to 0.0091 h™' for as-CNs-
LUT; from 0.0094 h~" to 0.0083 h~' for B-CN-LUT; and from 0.0119 h~" to 0.0108 h™"

for k-CN-LUT. Correspondingly, LUT's half-life time (t,,,) extended from 65 h to 76 h
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for as-CNs-LUT; from 73 h to 83 h for f-CN-LUT; and from 58 h to 64 h for k-CN-LUT.
This study provides valuable insights into the stabilizing effects of bovine caseins on
LUT’s antioxidant activity and photodegradation, offering critical information for
developing strategies to enhance the application and efficacy of the LUT-bovine
caseins complexes in food products and other complex systems.

Keywords: Milk Proteins; Carotenoids; Molecular complexation; Fluorescence

spectroscopy; Antioxidant activity; Photodegradation.

1. INTRODUCTION

In food production, colorants play an important role in influencing consumer
preferences and ensuring product success. Stability and shelf-life studies are
fundamental for helping developers select colorants that maintain vibrancy throughout
the product's lifecycle, evaluating their performance under varied conditions to ensure
consistent coloration and mitigate production risks (Salazar-Gonzalez et al., 2023). As
the industry increasingly embraces natural and sustainable practices, there is a
significant shift toward natural colorants and bioactive compounds. Consumers are
favoring products free from artificial ingredients due to their perceived safety and health
benefits. These natural additives not only enhance product appearance, but also
contribute nutritional benefits, such as antioxidants, that support overall health (Nabi
et al., 2023). The growing demand for natural products is driving research into
innovative additives, expanding options and meeting evolving consumer expectations.

The term “bioactive” refers to compounds in foods or supplements that exert
specific physiological effects beyond basic nutrition, potentially promoting health or
reducing disease risk (Culas et al., 2024). One example is lutein (LUT), a xanthophyll

carotenoid widely found in fruits, vegetables and flowers (Cui et al., 2023). LUT acts
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as a shield against blue light for the eyes, reducing oxidative stress and potentially
preventing eye diseases (Manupa et al., 2023). Beyond its ocular benefits, LUT is a
potent antioxidant that neutralizes harmful molecules throughout the body (Shu et al.,
2023). In addition to these health benefits, the use of this bioactive molecule as a food
colorant has been increasing, particularly in dairy products (Shi et al., 2024).

Despite its significant functional potential, LUT's efficacy is challenged by its
instability, as it is highly susceptible to environmental factors, such as light, oxygen,
heat, and pH variations (Jv et al., 2023). This degradation can compromise food
quality, color, and flavor, limiting its broader application in food processing.
Considering the impact of interactions with other compounds, solvents, and
environmental conditions on the shelf life of natural colorants, protein-LUT
complexation has emerged as a promising strategy to enhance the stability of LUT
molecule and extend its use in food products.

Sobral et al. (2016) observed that LUT added to milk during prato cheese
production maintained its antioxidant activity over a 60-day ripening period. The
authors concluded that the cheese matrix, composed of proteins and lipids, effectively
protected LUT molecule during ripening, as no loss of LUT or its antioxidant capacity
was detected. Given that the protein fraction in cheese is predominantly composed of
caseins, it is inferred that this class of milk proteins played a key role in preserving
LUT's stability in prato cheese.

Mora-Gutierrez et al. (2018) investigated the interactions between whole bovine
casein, alphas-caseins (0s-CNs) from goat milk, and LUT using turbidity and
fluorescence spectroscopy (FS). The study confirmed the formation of complexes

between the caseins and LUT with high binding constants (107 mol. L™), indicating a

strong interaction. In a low-fat dairy-like beverage produced by the authors, as1-CNs
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derived from goat milk, particularly as1.;, demonstrated a higher potential to enhance
LUT's chemical stability in enriched emulsions under accelerated photo-oxidation at 25
°C for 48 to 96 hours, compared to bovine casein. However, the study did not delve
into the molecular basis for these complex formations, which could have provided
insights into the stabilization mechanisms. Moreover, the comparison between isolated
as1-CNs from goats and whole bovine casein may have introduced variability in the
results, due to the different molecular structures studied.

Mantovani et al. (2020) explored LUT binding to sodium caseinate and native
casein micelles to assess the influence of casein supramolecular structures on the
interaction. FS identified a predominantly static mechanism of fluorescence quenching,

with binding constants of 10° mol. L™, regardless of the casein supramolecular

structure. However, the study did not advance to understand the thermodynamics and
energetics of the interactions between casein structures and LUT. Additionally, since
both molecular structures studied consist of aggregates of caseins, minerals, and
water, the determined parameters should be considered as averages of the
interactions between LUT and each individual casein protein. This limitation hampers
a detailed understanding of the mechanisms involved in complexation and the resulting
stability of LUT.

Given these findings, it is evident that significant gaps still remain in our
understanding of how caseins, particularly bovine caseins, which are widely used
globally, influence the antioxidant activity and chemical stability of LUT. Key questions
that need to be addressed include: Does LUT bind to all major bovine caseins (as1-,
Os2-, B-, and k-caseins)? What molecular forces are involved in the formation of LUT-
bovine caseins complexes? How does each individual casein affect the antioxidant

activity of LUT? Can each of these complexes stabilize LUT against photooxidation?
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Answering these questions is essential to advance the understanding of the
stabilization mechanisms of LUT in food products, and to develop strategies to
enhance the application and efficacy of LUT in dairy products and other LUT-bovine
caseins complex-based systems. Therefore, this research aims to elucidate the
thermodynamics of LUT-bovine caseins intermolecular interactions at pH 6.0, and

assess how bovine caseins impact LUT’s antioxidant activity and photostability.

2. MATERIAL AND METHODS

2.1 Materials

The proteins alphas-caseins (as-CNs; 270 wt.%), beta-casein (B-CN; 298 wt.%)
and kappa-casein (k-CN; 270 wt.%) were purchased from Sigma-Aldrich (St. Louis,
MO, United States). Sodium citrate (CeHsNasz07.2H20) (99 wt.%), citric acid
(CeHgO7.H20) (>99.8 wt.%), and dimethyl sulfoxide (DMSQO) were purchased from
Exodo Cientifica (Sumaré, SP, Brazil) and Alphatec (Brazil). Polyethylene Oxide (PEQ)
(1500 g. mol™"), methanol (CH3zOH) (299.8 wt.%), and lithium sulfate monohydrate
(Li2S04.H20) (>99 wt.%) were purchased from Synth (Diadema, SP, Brazil). Lutein (5
wt.%) was kindly provided by DSM Nutritional Products Brazil (Sao Paulo, SP, Brazil).
DPPH (2,2-diphenyl-1-picrylhydrazyl) (>97 wt.%) was purchased from Tokyo Chemical

Industry (Portland, OR, United States).

2.2 Extraction of LUT using an Aqueous Biphasic System

LUT (5 wt.%) underwent purification through an Aqueous Two-Phase System
(ATPS) consisting of PEO and Li2S04.H20, based on the method outlined by Paiva et

al. (2020) with a few adjustments. PEO solution (60 wt.%, superior phase) and
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LioSO4.H20 solution (24 wt.%, inferior phase) with deionized water as solvent were
used to prepare the ATPS. The ATPS was kept at 298.15 K for 24 hours to reach
equilibrium, and the phases were separated. In the absence of light, LUT (100 mg)
was added to a PEO solution and transferred to an ultrasonic bath (Branson,
Connecticut, USA) for 40 minutes to achieve a uniform dispersion of LUT in the ATPS.
Once the LUT solid particles were dispersed in the PEO solution, 40 g of ATPS
(comprising 20 g of the upper phase and 20 g of the lower phase) were added to falcon
tubes. The falcon tubes were then placed in an MA-184 ultra-thermostatic bath
(Marconi) at 298.15 K for 24 hours. After the ATPS reached thermodynamic
equilibrium, the upper and lower phases were separated in the dark, and the LUT-
concentrated orange interfaces were collected and transferred to eppendorf tubes. To
ensure complete phase separation and removal, the eppendorf tubes containing LUT
interfaces were centrifuged (Heraeus Fresco 21 Microcentrifuge, Thermo Fisher
Scientific) at 2400 x g for 10 minutes. In the absence of light, the remaining upper and
lower phases were separated. The LUT-concentrated orange interfaces were then
washed with deionized water and filtered using JP40 cellulose quantitative filters
(Quanty, PR, Brazil), which retained particles from 1 to 2 ym in size. This procedure
was repeated at least 10 times for each filter to remove all PEO and Li>SO4 residues.
The filters containing the solid LUT were collected and stored at freezing temperature
in the dark, and the samples were lyophilized using an SL-404 lyophilizer (SOLAB
Laboratory Equipment, Brazil). Finally, in the absence of light, the lyophilized LUT was
scraped from the filters using a spatula and stored at freezing temperature for further
use.

The UV-vis and infrared spectra of the extracted LUT were recorded and

subsequently compared with those of pure LUT, previously obtained and defined in the
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study conducted by Silva et al. (2017) (Figure S1, Supplementary Data). The extracted

LUT presented 96% (w/w) of purity.

2.3 Fluorescence spectroscopy experiments

The fluorescence measurements were carried out on an LS55 fluorescence
spectrophotometer (PerkinElmer, Waltham, MA, United States) equipped with a
thermostatic compartment and a quartz spectroscopy cell (PerkinElmer Instruments)
with a path length of 10 mm. To prepare the stock solutions of protein (as-CNs, B-CN,

or k-CN; 1.0 x 10°® mol. L™") and LUT (5.0 x 10 mol. L"), the reagents were solubilized

in a mixture of sodium citrate and citric acid buffer (pH 6.0) and dimethyl sulfoxide
(DMSO) at a ratio of 25:1. The interaction between bovine casein and LUT was probed
via fluorescence quenching titration, where 2.0 mL of the casein solution (in the
cuvette) were titrated with 30 pL aliquots of LUT solution, achieving LUT

concentrations between 0 and 7.08 x 10> mol. L™'. Previously, the absorption spectra

of both the caseins and LUT were analyzed (data not shown), and it was observed that
LUT does not significantly absorb at the wavelengths corresponding to the casein's
emission spectrum. Additionally, there is no overlap between the absorption
wavelengths of the caseins and the emission wavelengths of LUT (which are notably
low). Consequently, energy transfer between these molecules is unlikely.

The excitation wavelength was set to 295 nm, with both the excitation and
emission slit widths adjusted to 3.5 nm for as-CNs and 4.5 nm for 3-CN or k-CN.
Emission spectra were recorded over the wavelength range of 296 to 550 nm, at a
speed of 700 nm/min, and a gain of 750 V. Fluorescence spectra were obtained at five

temperatures: 293.15 K, 298.15 K, 303.15 K, 308.15 K, and 313.15 K (Santa Rosa et
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al.,, 2021). All experimental runs were performed in duplicate, and the results are

reported as the mean + standard deviation.

2.4 Assessment of LUT's antioxidant activity with and without caseins

The antioxidant capacity of LUT, both in the absence and presence of bovine
caseins (as-CNs, B-CN, or k-CN), was evaluated using the DPPH assay, as described
by Azahar et al. (2023). Initially, reaction mixtures were prepared in 5 mL brown glass
tubes containing varying volumes of a methanolic LUT solution (20, 40, 60, 80, and

100 pL), 1.8 mL of DPPH solution (0.1192 mmol. L™'in methanol), and methanol, to

reach a total volume of 2 mL per tube. The tubes were kept in darkness for 30 minutes
to allow the reaction to occur, after which absorbance readings were taken at 517 nm
(Boroski et al., 2015).

In the second part of the experiment, the same procedure was followed but in
the presence of bovine caseins. Stock solutions of as-CNs, B-CN, and k-CN (1.0 x 10

Smol. L™") were prepared, and 0.2 mL of these solutions was added to tubes containing

LUT and DPPH solutions, as previously described. After 30 minutes of incubation in
darkness, absorbance was measured at 517 nm.

The half-maximal inhibitory concentration (ICso) of LUT, in the absence or
presence of bovine caseins, was determined by calculating the inhibition of DPPH
(Equation 1). ICso was obtained through linear regression of DPPH inhibition (%)
versus extract concentration (pug/mL), and Y was set to 50 in the line equation to find
the 1Csp value, which represents the concentration of the extract that inhibits 50% of
the DPPH radical. All experiments were carried out in duplicate, and the results are

presented as the mean + standard deviation.
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DPPH Inhibition (%) = Abspren=AbSsampte) o 409 (1)

AbspppH

Here, Abspppy is the absorbance of DPPH solution in methanol, and Abssqmpe is the

absorbance of the sample after 30 minutes of reaction with DPPH solution, both

obtained at 517 nm (de Menezes et al., 2021; Ihsanpuro et al., 2022; Liu et al., 2020).

2.5 Photodegradation of LUT in the absence and presence of the caseins

In the absence of light, a LUT stock solution (4.80 x 10-* mol. L™") was prepared
in a sodium citrate and citric acid buffer (pH 6.0). Aliquots of 0.5 mL of this solution
were added to test tubes, resulting in a LUT concentration of 4.80 x 10° mol. L™"in
each tube. Subsequently, 0, 2, 3, and 4 mL of as-CNs, B-CN, or k-CN stock solutions
(6.0 x 10° mol. L") in the same buffer were added to the test tubes containing LUT,

achieving final protein concentrations of 0, 2.40 x 10> mol. L™", 3.60 x 10°® mol. L',

and 4.80 x 10° mol. L™, respectively. The volume in each test tube was then adjusted
to 5 mL with the buffer (pH 6.0). The test tubes were placed inside a light chamber,
with two fluorescent lamps simulating daylight, at 298.15 K. Absorbance
measurements at 445 nm were taken every 30 minutes for 5 hours (Hudson et al.,
2018). Each test was conducted twice, and the results are presented as the mean *

standard deviation.

3. RESULTS AND DISCUSSION

3.1 Steady-state fluorescence analysis
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3.1.1 Fluorescence spectra of the caseins in the absence and presence of LUT

Fluorescence quenching is a powerful method for probing protein structures and
their interactions with other molecules, particularly phenolics. This method leverages
the inherent fluorescence of tryptophan (Trp) residues in proteins, allowing for detailed
monitoring of changes in fluorescence, which can provide valuable insights into the
thermodynamics of complex formation (Lakowicz, 2006). In this study, we applied
fluorescence quenching to examine the interactions between as-CNs, B-CN, or k-CN,
and LUT. The primary structures of as1-CN and as>-CN contain two Trp residues
(Huppertz et al., 2018), while B-CN and k-CN each contain one Trp residue (Hewa
Nadugala et al., 2023; Pacheco et al., 2020). Specifically, the Trp residue of B-CN is
located in the position 143 of the polypeptide chain (Pacheco et al., 2020), found in the
main hydrophobic domain (C-terminal end) of B-CN (Divsalar et al., 2015; Zare Karizak
et al.,, 2022), contributing to hydrophobic interactions of this protein in aqueous
environments and during micelle formation. The interaction of LUT with these Trp
residues, or in regions close to them, can alter the fluorescence spectrum of the bovine
caseins, thus allowing the determination of the thermodynamic parameters of the
complex formation between LUT and caseins. Since the critical micellar concentration

of B-CN is approximately 2.0 x 10°mol. L™'at pH 6.0 and a moderated ionic strength,

(Zhang et al., 2024), in this experiment, the 3-CN molecules were not in their micellar
form.

Figure 1 presents the fluorescence emission spectra of (a) as-CNs, (b) B-CN,
and (c) k-CN, all at pH 6.0 (298.15 K), in the presence of increasing concentrations of

LUT.
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Figure 1. Fluorescence emission spectra of (a) as-CNs, (b) B-CN, and (c) k-CN (all at
1.0 x 10° mol. L™"), quenched by increasing concentrations of LUT at pH 6.0 and
298.15 K. The arrow indicates the increase in LUT concentration from 0 to 7.08 x 10-°

mol. L.

It is evident that the intrinsic fluorescence intensities of the bovine caseins differ,
with as-CNs showing the highest intensity, followed by k-CN and 3-CN (as-CNs > k-CN
> B-CN). The higher fluorescence intensity of as-CNs can be attributed to the presence
of two Trp residues in their primary structure. In contrast, although both k-CN and f3-
CN contain one Trp residue each, the variation in their fluorescence intensities can be

explained by differences in the Trp microenvironment or distinct Trp quantum yields.

Chakraborty & Basak (2007) determined the mean fluorescence lifetime (T) of the Trp
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in the as1-CN, k-CN, and B-CN at pH 6.2, obtaining values of 4.45, 3.63, and 3.18

nanoseconds, respectively. Since the quantum yield (®) is directly proportional to T

(Equation 2) (Lakowicz, 2006), the lower @ of B-CN contributes to its reduced

fluorescence emission.

Here, ky is the emissive rate of the fluorophore, and k., is the rate of nonradiative

decay of the fluorophore to the ground state.

As shown in Figure 1, the increase in LUT concentration induced gradual
decreases in the intrinsic fluorescence intensities emitted by the bovine caseins. The
relative quenching efficiency (RQE) of the maximal LUT concentration was calculated
using Equation 3.

Fo—Fi1

ROE (%) = =1 x 100 (3)

Fo
Here, F, is the fluorescence intensity emitted by bovine caseins in the minimal
concentration of LUT (0 mol. L™"), and F,; is the fluorescence intensity of bovine

caseins at the maximal concentration of LUT (7.08 x 10 mol. L™).

It is important to note that the absolute value of F, for individual molecules does
not impact the RQE; what matters is the ratio between the initial intensity (F,) and the
final intensity (F;,) for each molecular species within the same sample. The RQE of

LUT was similar across the caseins, reducing fluorescence by 44% (+ 2.2) for as-CNG;
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48% (+ 2.4) for B-CN; and 45% (+ 2.2) for k-CN. However, the impact of LUT on the
microenvironment of the Trp residues varied among the caseins: when excited at 295
nm, shifts in the maximum fluorescence emission wavelength of Trp (Adem-max) were
observed. For as-CNs in the absence of LUT, the Aem-max Was at 337.5 nm, which
increased to 341.5 nm with the highest concentration of LUT, indicating a redshift of 4
nm and suggesting that the Trp residues in as-CNs moved to a slightly more hydrophilic
microenvironment. Conversely, a blueshift was observed for f-CN and k-CN, with the
Aem-max shifting from 343.5 to 338 nm for B-CN, and from 341 to 338.5 nm for k-CN,
indicating that the fluorophores in these caseins moved to a more hydrophobic
microenvironment.

The observed decrease in fluorescence intensity, along with the blueshift and
redshift, suggests the complexation between LUT and bovine caseins. To confirm this,

further investigation into the quenching mechanism was conducted.

3.1.2 Predominant fluorescence quenching mechanism of the caseins induced

by LUT

Under fixed conditions of pH, ionic strength, and temperature, fluorescence
quenching can be classified as either dynamic (collisional) or static. In dynamic
quenching, the fluorophore interacts with the quencher (ligand) through collisions,
returning to the ground state without emitting fluorescence, and no protein-quencher
complex is formed. In contrast, the static quenching mechanism involves the formation
of non-fluorescent complex between the fluorophore and the quencher in the ground

state (Glunal-Koroglu et al., 2022). To elucidate the quenching mechanisms of as-CNs-
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LUT, B-CN-LUT, and k-CN-LUT complexes formation, the fluorescence data were

analyzed using the Stern-Volmer equation (Equation 4).

2 =1+ Ke[Q] = 1+ K,7,[Q] (4)

Here, F,is the fluorescence intensity of the protein (as-CNs, B-CN, or k-CN) in the
absence of quencher (LUT); F is the fluorescence intensity of the protein (as-CNs, -
CN, or k-CN) in the presence of quencher (LUT); K, is the Stern-Volmer quenching

constant (mol. L™"); [Q] is the quencher (LUT) concentration (mol. L™); K, is the

bimolecular quenching constant (mol. L.”' s7"); and 1, is the fluorescence average

lifetime of the protein (as-CNs, B-CN, or k-CN) without quencher (LUT) (~108 s)
(Lakowicz, 2006).

The K5, and K, values were determined from linear regression of the
fluorescence intensities and quencher concentrations (F,/F versus [Q]) (Figure S2,
Supplementary Data). In dynamic quenching, K, typically increases with rising
temperature, whereas in static quenching, this constant tends to decrease as
temperature increases (Lelis et al., 2017; Santa Rosa et al., 2021). The fluorescence
quenching mechanism can be also inferred from the K, value: if the bimolecular
guenching constant exceeds 2.0 x 10" mol. L.”"s™, which is considered the maximum
K, value of dynamic quenchers, the quenching mechanism is static, thus indicating the
formation of a protein-quencher complex (Li et al., 2020). The K, and K, values are

shown in Table 1.
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Table 1 - Fluorescence quenching constant (Ks,,) and bimolecular quenching constant

(Kg4) for the as-CNs-LUT, B-CN-LUT, and k-CN-LUT bindings, measured at five different

temperatures and a pH of 6.0.

Temperature Ksy K,
System (K) (x10*mol. L") (x 10 mol. L."'s™") R?

293.15 1.10 £0.03 1.10 £0.03 0.99

298.15 1.08 £ 0.04 1.08 £0.04 0.99

as-CNs-LUT 303.15 1.15+£0.05 1.15+£0.05 0.99
308.15 1.07 £0.03 1.07 £0.03 0.99

313.15 1.05 £0.04 1.05 +£0.04 0.99

293.15 1.46 £0.07 1.46 £0.07 0.99

298.15 1.40 £0.04 1.40 £0.04 0.99

B-CN-LUT 303.15 1.38 £ 0.05 1.38 £0.05 0.99
308.15 1.27 £0.06 1.27 £0.06 0.99

313.15 1.16 £0.03 1.16 £0.03 0.99

293.15 1.22 £0.04 1.22 £0.04 0.99

298.15 1.18 £0.05 1.18 £0.05 0.99

K-CN-LUT 303.15 1.17 £0.03 1.17 £0.03 0.99
308.15 1.15£0.04 1.15+£0.04 0.99

313.15 1.12 £0.05 1.12 £0.05 0.99

R? is the determination coefficient. All Ky, and K, values are means * standard

deviation for two sets of measurements.

As shown in Table 1, all K, values decreased when the temperature increased

from 293.15 to 313.15 K. Given that the fluorescence average lifetime of biopolymers,
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including proteins, is approximately 108 s (Paiva et al., 2020), the K, values obtained
for the as-CNs-LUT, B-CN-LUT, and k-CN-LUT complexes (102 mol. L.7"s™") confirm

that the fluorescence quenching of the bovine caseins occurred predominantly due

complex formation with LUT molecule.

3.1.3 LUT-bovine caseins binding and energetic analyses

Considering that complexes were formed, the equilibrium binding constant (K;,)
and stoichiometry (n) for the as-CNs-LUT, B-CN-LUT, and k-CN-LUT complexes were
determined using the modified Stern-Volmer model (Equation 5) (Ksenofontov et al.,

2019) (Figure S3, Supplementary Data).

FooF _ - S S
log = n logK, — nlog (CXEE=AT) (5)

Fo

Here, [Q,] is the total LUT concentration (mol. L") and [P] is the as-CNs, B-CN, or k-

CN concentration (mol. L™"). The n value corresponds to the slope of the curve

Fo—F

log -

1 -1\ : .
versus log —([Qt]—(F‘},‘OF)[P])’ and the K, value (mol. L") is the intercept of the

same curve (Hudson et al., 2018).

Using the determined K, values, the standard Gibbs free energy change (AG")
for the formation processes of the as-CNs-LUT, B-CN-LUT, and k-CN-LUT complexes
was calculated using Equation 6.

[

AG" = —RT InK, (6)
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Here, R is the universal constant of ideal gases (8.3145 J mol.”" K™); T is the
temperature (K); and the measurement unit for AG” is kJ. mol™".
The K,, nand AG’ values associated to the as-CNs-LUT, B-CN-LUT, and k-CN-

LUT complexes are listed in Table 2.

Table 2 — Binding constant (K;) and stoichiometry (n) values for the as-CNs-LUT, -
CN-LUT, and k-CN-LUT complexes, along with the standard Gibbs free energy change

(AG") for their formation processes, measured at five different temperatures and a pH

of 6.0.
Temperature Ky AG’
System
(K) (x 10 mol. L) n RZ  (kJ.mol")  R?
293.15 1.19+£0.03 1.08+0.03 099 -22.86+0.6
298.15 1.18 £0.04 1.00+£0.04 0.99 -23.23x0.9
0as-CNs-LUT 303.15 1.17 £0.05 098+0.04 099 -2359+11 0.99
308.15 1.14 £ 0.03 1.06 £0.03 0.99 -23.93+0.7
313.15 1.10 £0.04 1.01 £0.04 0.99 -2421x+09
293.15 1.58 £0.07 1.11£0.05 0.99 -2355%1.1
298.15 1.47 £0.04 1.10+£0.03 0.99 -23.77+0.7
B-CN-LUT 303.15 1.43 £0.05 1.07+£0.04 099 -2410+x09 0.98
308.15 1.32 £ 0.06 1.06 £0.05 0.99 -2429+1.2
313.15 1.22 £0.03 0.99+0.02 099 -24.48=x0.7
293.15 1.26 £ 0.05 1.04£0.04 099 -2299+09
298.15 1.27 £ 0.06 1.09+£0.05 099 -2340zx1A1
K-CN-LUT 303.15 1.29 £ 0.03 1.16 £0.03 0.99 -23.83+0.7 0.95
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308.15 1.24 £ 0.04 1.06 £0.04 099 -24.14+0.9

313.15 1.16 +£0.05 098+0.04 099 -2436=*1.2

R? is the determination coefficient. All K,, n and AG’values are means * standard

deviation for two sets of measurements.

The K,, values for all complexes were in the order of 10*mol. L™, indicating that

the formation of complexes between LUT and bovine caseins was highly favorable.
The relatively high K, values suggest strong binding affinity. The decrease in K, values
with increasing temperature indicates that the formation process of the complexes was
exothermic, except for the complex k-CN-LUT between 293 K and approximately 299
K. The complexes exhibited a 1:1 stoichiometry across all temperatures studied,
indicating that one LUT molecule bound to each as-CNs, B-CN, and k-CN molecules.
The negative AG’ values for all complexes indicated that the thermodynamic
equilibrium favored the formation of the complexes over free LUT, as-CNs, B-CN, and
K-CN molecules. Additionally, the stability of the complexes increased with higher
temperatures.

Although the AG” values for LUT interacting with all bovine caseins were nearly
the same, analyzing the AG" components (standard enthalpy change (AH’) and
standard entropy change (AS°) of complex formation) allows to stablish the underlying
interaction mechanisms. The stability of protein-ligand complexes is governed by
various intermolecular forces, including hydrophobic and electrostatic interactions, van
der Waals forces, hydrogen bonds, covalent and ionic bonds (Cao et al., 2023; Kabir
et al.,, 2024; Tongkanarak et al., 2024; Wang et al.,, 2020). Understanding these

intermolecular forces in the binding of LUT to bovine caseins could optimize the
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thermodynamic conditions for transporting and stabilizing LUT by as-CNs, B-CN, or k-
CN in food or other complex systems.
The AH’values for as-CNs-LUT, B-CN-LUT, and k-CN-LUT complex formation

were determined from the nonlinear van’t Hoff equation (Equation 7).

o dlnK
A" = —R% (7)

Here, R is the universal gas constant (8.3145 J mol.”' K™); K,, is the equilibrium binding
constant (mol. L™"); T is the temperature (K); and the measurement unit for AH" is kJ.
mol™".

The experimental data of In K}, versus 1/T were fitted to a polynomial model
(Equation 8), yielding the parameters a, b, c, and d. These parameters were then

utilized in Equation 9 to determine the AH" values for the formation of as-CNs-LUT, B-

CN-LUT, and k-CN-LUT complexes.

InK, = a+b (1)+c (%)2+d (%)3+---1n<b (8)

T
2
AH® = —R [b +2c (3)+3d (3) + ] 9)
In these equations, K,, is the equilibrium binding constant (mol. L™"); a, b, ¢, d, and In ®

are constants graphically determined using the polynomial adjust; R is the universal

constant of ideal gases (8.3145 J mol.”' K™); and T is the temperature (K).
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Figure 2 presents the nonlinear van't Hoff plots used to determine the standard
enthalpy change (AH") for the formation of the as-CNs-LUT, B-CN-LUT, and k-CN-LUT

complexes.
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Figure 2. Nonlinear van't Hoff plot for determination of AH" of the as-CNs-LUT (m), B-

CN-LUT (e), and k-CN-LUT ( A) complexes formation at pH 6.0.

Using the fundamental Gibbs equation (Equation 10), the TAS® values for the
formation of the as-CNs-LUT, B-CN-LUT, and k-CN-LUT complexes were determined.
Figure 3 illustrates the behavior of (a) the AH" and (b) the TAS" values, as a function of

temperature.

AG" = AH® —TAS (10)
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Figure 3. Values of (a) the standard enthalpy (AH") and (b) the entropy (TAS’) changes,
in relation to temperature, for as-CNs-LUT (m), B-CN-LUT (e), and k-CN-LUT (A)

complexes.

Negative values for AH’ indicate that the formation of as-CNs-LUT, B-CN-LUT,
and k-CN-LUT complexes was enthalpically driven. Specifically, as the temperature
increased from 293.15 to 313.15 K, the AH’ values for the as-CNs-LUT binding

decreased from 0.24 to -6.17 kJ. mol™"; for B-CN-LUT binding, from -6.03 to -12.87 kJ.
mol~'; and for k-CN-LUT binding, from 5.95 to -11.20 kJ. mol™".

For the as-CNs-LUT and k-CN-LUT complexes, the AH" values shift from positive
to negative as the temperature increases, indicating a transition from endothermic to
exothermic binding. Initially, the formation of these complexes absorbs more energy
than it releases, but as the temperature rises, the binding interactions between as-CNs
and LUT, and between k-CN and LUT, begin to release more energy than is absorbed.
This suggests that, at higher temperatures, the energy released during binding is

sufficient to overcome the energy required to disrupt water-protein, water-LUT, and
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water-water interactions, as well as to promote the necessary conformational changes
in as-CNs and k-CN molecules.

In contrast, the formation of B-CN-LUT complex consistently exhibits negative
AH’ values across the studied temperature range, indicating an exothermic process.
Notably, B-CN has the highest proline (Pro) content among the bovine caseins, with
35 Pro residues, compared to 17 in as1-CN, 10 in as2-CN, and 20 in k-CN. Pro residues
have a high affinity for binding with hydroxyl groups, and LUT contains two hydroxyl
groups, one at each end of its molecule. Therefore, the more negative enthalpy
observed for B-CN could be attributed to a greater number of hydrogen bonds between
Pro residues and the hydroxyl groups of LUT. The increasingly negative AH" values,
observed with rising temperatures for all complexes, suggest that the binding becomes
even more enthalpically favorable, releasing more energy as temperature increases.

The relation between AH® and temperature (Figure 3a) reveal the standard heat
capacity change (AC,") associated with the formation of the complexes (AC, =
d(AH")/dT). This relationship offers valuable insights into the nature and strength of
the forces involved in the binding process between bovine caseins and LUT (lvanov &
Kolker, 2023; Pushp et al., 2023; Yagofarov & Solomonov, 2023).

The AC,” values for the formation of the as-CNs-LUT, B-CN-LUT, and k-CN-LUT
complexes represents the difference between the €, values of these complexes and
the Cp  values of the free molecules (as-CNs, B-CN, k-CN and LUT). This difference
primarily arises from the removal of water molecules (desolvation) from the free as-
CNs, B-CN, k-CN, and LUT, as well as the establishment of new intermolecular
interactions within the as-CNs-LUT, B-CN-LUT, and k-CN-LUT complexes (Hudson et

al., 2022). These relations can be described as shown in Equation 11:
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ACp =Cp (CN-LUT) (Cp Ny T Cp (LUT) ) (11)

The AC,” values obtained for the formation of as-CNs-LUT, B-CN-LUT, and k-

CN-LUT complexes were -0.32; -0.34; and -0.86 kJ. mol.”" K-, respectively. Negative

AC,’ values indicate that the intensity and number of intermolecular interactions within
0s-CNs-LUT, B-CN-LUT, and k-CN-LUT complexes were lower compared to those
when the as-CNs, B-CN, k-CN, and LUT molecules are free.

The more negative AC, value observed for the k-CN-LUT complex can be
attributed to specific structural and interactional characteristics inherent to k-CN when
bound with LUT. Although k-CN is not recognized as the most hydrophobic casein, it
may possess unique amino acid sequences or structural motifs that facilitate strong
and organized binding interactions with LUT molecule. These interactions likely involve
hydrophobic interactions, hydrogen bonding, or other specific intermolecular forces
that effectively reduce the heat capacity during complex formation. Additionally, the
conformational flexibility of both k-CN and LUT may be restricted upon complexation,
further stabilizing the complex and contributing to the observed more negative AC,’
value.

Additional insights into conformational and configurational changes can be
gained through the analysis of the entropic term (Figure 3b). Positive TAS® values
indicate that the formation of the as-CNs-LUT, B-CN-LUT, and k-CN-LUT complexes is
driven by an increase in entropy, primarily due to the release of water molecules from
the hydrophobic regions of bovine caseins and LUT, as well as the associated
conformational changes. This desolvation process increases the degrees of freedom
of water molecules, making the complexation process entropically favorable (Coelho

et al., 2022).
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The TAS® values for the formation of as-CNs-LUT, B-CN-LUT, and k-CN-LUT
complexes became less positive as the temperature increased. Specifically, when the
temperature rose from 293.15 to 313.15 K, the TAS® values for as-CNs-LUT complex

decreased from 23.11 to 18.04 kJ. mol™'; for B-CN-LUT complex, from 17.52 to 11.62
kJ. mol™'; and for k-CN-LUT complex, from 28.95 to 13.16 kJ. mol™'. This reduction in

TAS® with increasing temperature indicates that the entropy gain associated with
complex formation is reduced at higher temperatures. As the temperature increases,
water molecules in the solvation layer of interacting molecules gain kinetic energy and
become less structured compared to lower temperatures. Consequently, the difference
in structuring between water molecules in the solvation layer and those in the bulk
decreases, reducing the entropic gain typically associated with desolvation (Hudson et
al., 2019). Additionally, higher temperatures make the protein’s binding site more
flexible, further reducing the entropy gain from conformational changes.

It is important to note that the greatest reduction in TAS® with increasing
temperature occurred in the k-CN-LUT complex, corroborating the more negative AC,’
value and indicating a reduction in conformational flexibility. This suggests that the
binding of LUT to k-CN results in a more rigid and ordered complex structure, which
limits the entropy gain typically associated with increased temperature. The specific
interactions within the k-CN-LUT complex, such as hydrogen bonds or hydrophobic
interactions, likely contribute to this rigidity. Consequently, the thermodynamic
behavior of the k-CN-LUT complex underscores the significant role of structural

constraints in the binding process.

3.2 Effect of the caseins on the antioxidant activity of LUT
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LUT is a bioactive molecule with notable antioxidant capacity, linked to its
chemical structure, which includes hydroxyl groups, carbonyl groups, and conjugated
double bonds (Jv et al., 2023; Shu et al., 2023; Sindhu et al., 2010). These functional
groups allow LUT to neutralize free radicals and prevent oxidative damage (Boroski et
al., 2015). However, LUT’s antioxidant capacity can be compromised by factors such
as atmospheric oxygen, UV light, and high temperatures.

Proteins can protect LUT molecule from oxidation by creating an environment
that shields it from oxidizing agents (Manupa et al., 2023). Previous studies, such as
the one conducted by Sobral et al. (2016), demonstrated that LUT's antioxidant activity
remained stable when added to milk during prato cheese production, suggesting that
protein binding may enhance LUT stability. Based on this observation, we evaluated
the impact of complexation between LUT and bovine caseins on its antioxidant activity,
by determining the half-maximal inhibitory concentration (ICso) of LUT, both in the
absence and presence of as-CNs, B-CN, and k-CN.

Figure 4 illustrates the percentage values of DPPH inhibition versus LUT

concentration in the absence and presence of as-CNs, 3-CN, and k-CN.
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Figure 4. Values of DPPH inhibition (%) versus LUT concentration (ug/mL), in the

absence (m) and presence of as-CNs (o), B-CN (A), and k-CN (V).

The DPPH inhibition activity increased in a concentration-dependent manner
with rising LUT concentration. In the absence of bovine caseins, DPPH inhibition rose
from 9.48 to 12.80%, as LUT concentration increased from 1.98 to 9.52 ug/mL. The
presence of as-CNs and k-CN led to slightly higher DPPH inhibition values, compared
to the casein-free system, with inhibition increasing from 9.82 to 14.21% for as-CNs;
and from 9.73 to 13.17% for k-CN, as LUT concentration increased. Interestingly, B-
CN exhibited a different effect: while DPPH inhibition still increased with LUT
concentration (from 9.48 to 12.61%), the overall inhibition was slightly lower than in the
casein-free system. This suggests a specific interaction between 3-CN and LUT, that
may influence the antioxidant capacity of LUT molecule. Table S1 (Supplementary
Data) presents the ICso values of LUT in the absence and presence of as-CNs, B-CN,
and k-CN.

The ICsp values of LUT in the presence of as-CNs and k-CN were lower than the
ICs0 of LUT in the absence of proteins, indicating enhanced antioxidant activity under
these conditions. In contrast, the presence of B-CN resulted in a higher 1Cso,
suggesting that a greater concentration of LUT was required to achieve 50% inhibition
of the DPPH radical, indicating reduced antioxidant activity. This difference may be
attributed to the higher Pro residues content in 3-CN. Pro, a unique cyclic amino acid,
can strongly bind to hydroxyl groups (Ansari et al., 2015), such as those present in
LUT, potentially reducing its availability for electron donation and, thereby, diminishing
its antioxidant capacity. The thermodynamic data support this, showing negative AH’

values for the B-CN-LUT complex, indicative of exothermic interactions. These
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interactions likely involve extensive hydrogen bonding between Pro residues and
LUT's hydroxyl groups, which could hinder LUT's ability to scavenge DPPH radicals.
Despite the inhibitory effect of 3-CN, the other bovine caseins (as-CNs and k-CN) were

able to maintain or enhance LUT's antioxidant activity.

3.3 Impact of the caseins on LUT’s photodegradation

Given LUT is a bioactive molecule recognized by its photo instability, we
explored how LUT-bovine caseins complexes influence the stabilization of LUT against
photodegradation. This is essential to understand the role of bovine caseins in
stabilizing LUT within dairy matrices, and for potential applications of these complexes
in other food systems, especially those exposed to light.

The protective effect of as-CNs, B-CN, and k-CN on LUT against
photodegradation was assessed by determining the degradation constant (K;) and the
half-life time (¢, ,,) of LUT over five hours of light exposure, in the absence or presence
of the bovine caseins. This evaluation followed a first-order kinetics (Equation 12), with
K, being obtained from linear regression of —InABS;/ABS, versus time of light
exposure (where K, is the slope in the line equation). The t;,, values were

subsequently calculated using Equation 13 (Hudson et al., 2018; Silva et al., 2018).

ABS
ABS,

—In K, xt (12)
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In these equations, ABS; is the absorbance of the sample in the time ¢, and ABS, is the
absorbance of the sample in the time 0, in the absence or presence of as-CNs, B-CN,
and k-CN, both obtained at 445 nm. K, is LUT degradation constant (hours™); tis the
storage time (hours) under light exposure; and t,,, is LUT half-life time (hours) in the
absence or presence of as-CNs, B-CN, and k-CN.

Figure S4 (Supplementary Data) shows the plots of —In ABS;/ABS, versus time
of light exposure of LUT, both in the absence and presence of bovine caseins. The
behavior of LUT’s K, and t,,, values, at increasing concentrations of bovine caseins,

is shown in Figure 5.
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Figure 5. Values of (a) LUT degradation constant (K;) and (b) LUT half-life time (¢, /,),
previously obtained from linear regression of —InABSf/ABS, versus time of light

exposure of LUT, in relation to protein concentration, in the absence and presence of

0s-CNs (m), B-CN (o), and k-CN (A).

Increasing the concentration of casein reduced the K; of LUT and increased its

t1/, under light exposure. In the absence of bovine caseins, LUT exhibited a higher K,

(K; = 0.0175 h'"). However, in the presence of as-CNs, B-CN, and k-CN, LUT’s K,
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reduced by 48; 53; and 38%, respectively. Correspondingly, LUT’s t;,, was 39.61 h
without bovine caseins, but increased to 76.17 h with as-CNs; 83.51 h with B-CN; and
64.18 h with k-CN, representing a significant enhancement in LUT s photostability.

For molecular sensitization to occur, collisions between LUT and oxygen
molecules are necessary. Since LUT forms complexes with as-CNs, B-CN, and k-CN,
as confirmed by FS, these complexes likely contribute to LUT's protection against
photodegradation. The observed reduction in K, and the increased t,,, values in the
presence of bovine caseins indicates this protective effect. Two main barriers are
suggested: physical and chemical. The physical barrier occurs when LUT is entrapped
within specific regions of the bovine casein molecules, forming a 'protective cover' that
limits direct exposure to oxygen. The chemical barrier arises from the molecular
interactions between LUT and bovine caseins, which stabilize LUT’s conformational
structure, reducing its susceptibility to photodegradation. This stabilization may create
a micro-heterogeneous environment around LUT, potentially inducing electronic
shielding effects. Furthermore, the chemical binding may alter LUT's reactivity,
reducing the formation of reactive excited states, that typically lead to degradation (Jv
et al., 2023; Syamila et al., 2019).

Interestingly, the presence of B-CN resulted in lower K, and higher t,,, values
for LUT compared to as-CNs and k-CN, indicating that B-CN offers superior protection
against LUT photodegradation. As the most hydrophobic bovine casein, 3-CN provides
more hydrophobic regions for LUT binding, which helps entrap LUT molecule in a
shielded environment, thereby reducing its exposure to oxygen (Khatun et al., 2022).
Additionally, B-CN has a unique ability to form micelles in aqueous solution. At pH 6.0

and a moderated ionic strength, the critical micellar concentration of B-CN is

approximately 2.0 x 10°mol. L' (Zhang et al., 2024). Thus, in this experiment, the B-
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CN molecules were likely in their micellar form, which may have created a
microenvironment around LUT, isolating it from adverse external conditions.
Furthermore, hydrogen bonding between Pro in 3-CN and the hydroxyls of LUT, may
dissipate absorbed energy non-reactively, thus minimizing oxidative damage to LUT.
Silva et al. (2018) assessed the photostability of B-carotene (B-CAR), a bioactive
molecule that shows similar structure of LUT, in the absence and presence of B-CN
and bovine serum albumin (BSA). Both proteins enhanced p-CAR’s photostability, with
B-CN micelles proving more effective than BSA. Specifically, B-CN monomers (at 4.0
x 108 mol. L™") and BSA (at 1.0 x 10® mol. L™*, 3.0 x 10 mol. L™!, and 5.0 x 10 mol.
L™") reduced the K, and increased the t,,, values of B-CAR approximately threefold.
Notably, when B-CN self-assembled into micelles, at or above its critical micellar

concentration (2.0 x 10°° mol. L™'and 4.0 x 10 mol. L™, respectively), the B-CAR-B-

CN complex exhibited K, values four times smaller (K; =5.44 x 102 h™"and 5.31 x 10
2 h™, respectively) and t,,, values four times higher (t,,, = 12.74 h and 13.06 h,
respectively) compared to B-CAR alone (K; =2.23 x 107" h™" and ¢, ,= 3.09 h). These
results were attributed to the hydrophobic interactions between B-CAR and (3-CN,
particularly within the highly hydrophobic core of 3-CN micelles, which stabilize multiple

B-CAR molecules through these interactions.

4. CONCLUSION

This study provides a comprehensive analysis of the thermodynamic
parameters governing the intermolecular interaction between lutein (LUT) and bovine
caseins (0s-CNs, B-CN, and k-CN) using fluorescence spectroscopy (FS). The FS

results revealed that LUT-bovine caseins complexes exhibited a stoichiometry 1:1, and
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were generally driven by both enthalpy and entropy. Notably, the high proline content
of B-CN promoted more negative AH" values, due to its binding with the hydroxyl
groups of LUT. The formation of LUT-bovine caseins complexes was also favored at
higher temperatures, leading to an increased number of complexes formed.
Furthermore, the interaction of LUT and as-CNs, and LUT and k-CN, enhanced
the antioxidant activity of LUT, while B-CN exhibited a slight inhibitory effect on this
property; and all bovine caseins contributed to improved photochemical stability of
LUT. These findings provide important insights into the stabilization mechanisms of
LUT molecule, suggesting potential strategies for enhancing its application and

efficacy in dairy matrices and other LUT-bovine caseins complex-based systems.
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Figure S1. UV-vis spectra for pure LUT, obtained by Silva et al. (2017). It was used in
this article to compare to the one we obtained for the extracted LUT (data not shown)

using an Aqueous Two-Phase System.
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Figure S2. Stern—Volmer plot (F,/F versus LUT concentration) for fluorescence
quenching of as-CNs (m), B-CN (e), and k-CN (A ), induced by increased concentrations

of LUT (298.15 K). F, and F correspond to the intrinsic fluorescence intensities of the
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bovine caseins (as-CNs, B-CN, or k-CN) in the absence and presence of the quencher

(LUT), respectively.
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Figure S3. Modified Stern—Volmer plot (F,/(F, — F) versus 1/Q) for fluorescence

quenching of as-CNs (m), B-CN (e), and k-CN (A) (298.15 K). F, and F correspond to

the intrinsic fluorescence intensities of the bovine caseins (as-CNs, 3-CN, or k-CN) in

the absence and presence of the quencher (LUT), respectively, and Q is LUT

concentration (mol. L™7).

Table S1 — Half-maximal inhibitory concentration (ICso) values of LUT in the absence

and presence of the proteins as-CNs, B-CN, and k-CN.

ICso in the absence

ICs in the presence

System of protein (pug/mL) R? of protein (ug/mL) R?
as-CNs-LUT 73.65 2.2 0.99
B-CN-LUT 93.20 £ 2.7 0.99 101.21 £4.0 0.99
K-CN-LUT 88.04 +4.4 0.98

R? is the determination coefficient.
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Figure S4. Plots of —In ABS;/ABS, versus time of light exposure of LUT in the absence
and presence of bovine caseins for determination of LUT K; and t,,,: (a) in the
absence and presence of as-CNs; (b) in the absence and presence of B-CN; and (c) in
the absence and presence of k-CN. The absence of bovine caseins is indicated by (m),
while the increase of caseins concentration is indicated by (e) (2.40 x 10° mol. L),

(A) (3.60x10°mol. L"), and (V) (4.80 x 10> mol. L").
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6. CONCLUSOES GERAIS

Este trabalho trouxe contribuicdes acerca da interagao intermolecular entre o
carotenoide luteina (LUT) e caseinas bovinas (as-CNs, B-CN, e k-CN). Os parametros
termodinamicos da interagdo LUT-caseinas bovinas foram determinados por meio da
espectroscopia de fluorescéncia (FS), buscando-se elucidar os mecanismos de
formacao destes complexos. Baseando-se nestes parametros, como forma de analisar
0s possiveis efeitos dos complexos LUT-caseinas bovinas sobre a estabilidade quimica
da LUT ao longo do tempo de vida util de queijos, prosseguiu-se um estudo relacionado
a capacidade antioxidante da LUT na auséncia e presenca das caseinas bovinas, e ao
efeito protetor das caseinas bovinas contra a fotodegradacéo da LUT.

De acordo com a FS, verificou-se que o mecanismo de extingao da fluorescéncia
€ estatico, e o processo de formagdo dos complexos é exotérmico, exceto para o
complexo k-CN-LUT em 293 até aproximadamente 299 K. A formagédo dos complexos
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LUT-caseinas bovinas é entalpicamente conduzida, e os complexos apresentam
estequiometria 1:1. As analises relacionadas a atividade antioxidante e fotodegradacao
obtiveram resultados positivos, no qual a interacdo da LUT com as-CNs € k-CN manteve
ou aumentou a atividade antioxidante da LUT contra o radical DPPH (2,2-difenil-1-
picrilnidrazila), enquanto a interacdo da LUT com B-CN exibiu um leve efeito inibitorio
nesta propriedade; e todas as caseinas bovinas protegeram a LUT contra a
fotodegradacao, melhorando sua estabilidade fotoquimica.

Portanto, conclui-se que os complexos formados por LUT e caseinas bovinas
podem aumentar a estabilidade quimica da molécula de LUT. as-CNs, B-CN, e k-CN
demonstraram ser potenciais carreadores e estabilizadores da LUT, o que pode
contribuir para manter as propriedades funcionais da LUT ao longo da vida util de
queijos, e melhorar a aplicacéao e eficacia da LUT em outros sistemas alimenticios ou
farmacéuticos. Mais pesquisas poderiam investigar as aplicacdes praticas dessas
descobertas e, assim, avaliar o desempenho destes complexos sob as condi¢des
termodinamicas ideais identificadas neste trabalho.



