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RESUMO

SILVA, Richard Marins, M.Sc., Universidade Federal de Vigosa, julho de 2017.
Caseina micelar como nanocarreador para curcumina. Orientadora: Ana
Clarissa dos Santos Pires. Coorientador: Luis Henrique Mendes da Silva.

A curcumina é um composto fendlico presente no agafrdo, com multiplas
atividades bioldgicas, incluindo anti-cancer, anti-microbiana, anti-inflamatdria e
antioxidante além de ser um corante natural. Neste estudo, a interagao entre a
caseina micelar e a curcumina foi investigada em pH 6,6. Através da analise de
UV-Vis e fluorescéncia, demonstrou-se que a interacao entre a caseina micelar
e curcumina ocorre por um mecanismo predominantemente estatico. A
constante de ligagéo variou de 1.28x10-° L.mol-' a 9.52x10-* L.mol-! para a faixa
de temperatura de 295.15 - 323.15 K. A estequiometria de formagao de complexo
foi aproximadamente unitaria pela analise de fluorescéncia. De acordo com os
resultados obtidos pela analise termodinamica, a interacao entre caseina micelar
e curcumina é entalpicamente e entropicamente dirigida, através de um processo
espontdneo. Ao realizar uma experiéncia de particdo, a presenca de
concentragbes crescentes de caseina micelar na fase aquosa aumentou o
numero de moléculas de curcumina transferidas da fase organica. O didmetro
médio da micela de caseina na presenca de curcumina foi de cerca de 290 nm
e o potencial zeta, ~ -16 mV. A micela de caseina foi capaz de proteger a
curcumina contra a degradagéao térmica. Os resultados deste estudo contribuem
para o conhecimento do processo de interacdo entre a caseina micelar e a

curcumina para futuras aplicagées em diversas areas da industria de alimentos.
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ABSTRACT

SILVA, Richard Marins, M.Sc., Universidade Federal de Vigosa, July, 2017.
Micellar casein as a nanocarrier for curcumin. Adviser: Ana Clarissa dos
Santos Pires. Co-adviser: Luis Henrique Mendes da Silva.

Curcumin is a phenolic compound present in turmeric, with multiple biological
activities, including anti-cancer, anti-microbial, anti-inflammatory and antioxidant
in addition to natural dye. In this study, the interaction between micellar casein
and curcumin was investigated at pH 6.6. Through the analysis of UV-Vis and
fluorescence, it was demonstrated that the interaction between micellar casein
and curcumin occurs by a predominantly static mechanism. The binding constant
ranging from 1.28x10-% L.mol! to 9.52x10-* L.mol-! for the temperature range of
295.15 - 323.15 K. The complex-forming stoichiometry was approximately unit by
fluorescence analysis. According to the results obtained by the thermodynamic
analysis, the interaction between micellar casein and curcumin is enthalphically
and entropically directed, through a spontaneous process. By performing a
partition experiment, the presence of increasing concentrations of micellar casein
in the aqueous phase increased the number of curcumin molecules transferred
from the organic phase. The mean diameter of the casein micelle in the presence
of curcumin was around 290 nm and the zeta potential, ~ -16 mV. The casein
micelle was able to protect curcumin against thermo-degradation. The results of
this study contribute to the knowledge of the interaction process between micellar

casein and curcumin for future applications in various areas of the food industry.
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Capitulo 1
1. Introdugao

Os aditivos alimentares fazem parte da composicao de alimentos
processados, sendo os corantes alimentares um dos principais constituintes das
formulagdes. Os corantes sdo adicionados a fim de tornar o alimento mais
atraente ao consumidor, aprimorar a cor ja existente que pode se degradar
durante o processamento e/ou armazenamento ou até mesmo, atribuir novas
cores ao produto. Esses corantes sao divididos entre naturais e sintéticos, sendo
os sintéticos mais utilizados.

Alguns corantes vém sendo estudados por serem compostos naturais e
por apresentarem efeitos benéficos especialmente relacionados a saude do
consumidor. A curcumina por exemplo, molécula oriunda do acafrdo, € um
corante natural muito utilizado na culinaria, além de apresentar capacidade
antioxidante, antimicrobiana, anti-inflamatéria e anticancer. Entretanto, o
emprego desses compostos naturais ainda é limitado, em razdo da sua
instabilidade a luz, pH alcalino e elevadas temperaturas e, além disso,
apresentam baixa solubilidade em meio aquoso.

O estudo de métodos para incorporar essas moléculas em formulagdes
alimenticias, protegendo-as de fatores adversos que poderiam degrada-las bem
como o aumento da sua solubilidade, séo de extrema importancia e necessarios.
As proteinas do leite, sdo consideradas excelentes carreadores naturais de
componentes. Essas proteinas possuem alto valor nutricional, boas
propriedades sensoriais e tecnoldgicas como estabilizante, emulsificante e na
formacdo de espumas. O balanco de interagdes hidrofilicas/hidrofébicas que
essas proteinas fazem, podem torna-las um veiculo capaz de interagir com
diversas moléculas com diferentes graus de intensidade e especificidade,
podendo entado transportar essas moléculas em diferentes matrizes alimenticias.

Muitos trabalhos tém sido realizados na area de carreamento de
compostos, mas sdo poucos os que utilizam a caseina micelar como veiculo de
compostos de interesse em alimentos, bem como os que tratam da
termodinamica de interacdo entre caseina micelar e curcumina. O estudo da
interagdo entre caseina micelar e a curcumina por meio da analise

termodinamica sera uma grande fonte de informagado a respeito da formacgao



deste complexo, além do conhecimento sobre a estequiometria de carreamento,
tamanho, potencial zeta da caseina micelar na presenca de curcumina e

estabilidade térmica da curcumina.



2. Objetivos
2.1Geral

Estudar a termodinamica de interagao entre caseina micelar e o corante

curcumina em diferentes temperaturas e pH 6.6.

2.2 Especificos

Estudar a influéncia temperatura nas interagdes entre caseina micelar e
curcumina, determinando a constante de interagcéo (Ka), estequiometria
de formagédo de complexo (n) e os parametros termodinamicos de
formagdo de complexo (AG°, AH® e AS® (variagdo da energia livre de
Gibbs, entalpia e entropia padrao de formacdo do complexo,
respectivamente));

Determinar a influéncia da concentracdo de curcumina no tamanho e no
potencial zeta dos complexos caseina micelar-curcumina formados;
Avaliar a estabilidade a temperatura da curcumina livre e complexada com
a caseina micellar;

Determinar a estequiometria de formagéo de complexo (n) através da

transferéncia de moléculas entre duas fases.



3. Revisao da Literatura
3.1Micelas de Caseinas: Estrutura e Fungao

O leite bovino contém em torno de 3,3 m/v de proteinas totais e as
caseinas, representam aproximadamente 80% desse total (Farrell et al., 2004).
Elas sao proteinas que precipitam em pH 4,6 e sdo consideradas intrinsicamente
desordenadas. No leite, as caseinas formam particulas coloidais altamente
hidratadas conhecidas como micela. A micela de caseina € uma associagao de
fragbes formada dentro das células secretoras das glandulas mamarias das
quatro parcelas de proteinas anfifilicas, k-, as1-, as2, e B-caseina. A fosforilagao
das caseinas é essencial para ligagdo de Ca?* e associagdo das fragbes
(Kjeldsen, Savitski, Nielsen, Shi, & Zubarev, 2007), que ocorre nos residuos de
serina das fragdes sensiveis ao calcio, as1-as2- e B-caseina, proporcionando um
local para a ligagdo de calcio e a subsequente formagéao de nanoparticulas de
fosfato de calcio que servem para ligar as regides hidrofilicas das fragbes e
ajudar na estabilidade global da micela de caseina (Farrell, Malin, Brown, & Qi,
2006).

Muitos modelos para a estrutura das micelas de caseina tém sido
propostos e ainda, no que diz respeito as interagdes envolvidas na sua
montagem e manutengao da integridade destas particulas, controvérsia entre os
pesquisadores permanece. No entanto, ha um consenso geral de que as
caseinas sao mantidas por um equilibrio entre interacbes eletrostaticas e
hidrofébicas (Horne & Horne, 2006).

O tamanho da micela de caseina encontrado na literatura é variado, isto
€, elas sao altamente poli-dispersas. A distribuicdo de tamanhos varia de 80 —
800 nm, com um diametro médio de 200 nm (Dalgleish, 2011). Contudo, o
tamanho das micelas de caseina ainda € muito discutido, alguns autores
relataram populagdes de mini-micelas, com diametro entre 20 e 60 nm, enquanto
outros consideram seu tamanho entre 20 e 40 nm (Muller-Buschbaum, Gebhardt,
Roth, Metwalli, & Doster, 2007). O tamanho da micela ainda é contestado,
variando de acordo com a técnica analitica utilizada.

A micela de caseina é constituida por quatro fragdes principais de
proteina: as1-, as2-, B- e k-caseina, representando cerca de 38%, 10%, 35% e
15%, respectivamente, as quais sao constituidas por 199, 207, 209 e 169

residuos de aminoacidos, com massas moleculares de 23, 25, 24 e 19 kDa,
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respectivamente (VEGA, 2009). Além disso, cerca de 6% da massa, em base
seca, da micela de caseina & composta por fosfato de calcio coloidal (Dalgleish,
2011).

De um ponto de vista industrial, tecnologico e de produtos lacteos, as
caseinas sao, de longe, o componente mais importante e valioso do leite. Os
principais produtos lacteos como leite liquido, queijo e iogurte derivam suas
propriedades texturais, sensoriais e nutricionais das caseinas (De Kruif,
Huppertz, Urban, & Petukhov, 2012). Para o recém-nascido, elas sao facilmente
metabolizadas e carregam substanciais quantidades dos elementos importantes
de nutricdo calcio, magnésio e fésforo (como fosfato). A sua hidratagéo e fortes
interacdes entre elas e com varios outros componentes, tornaram-nas

valorizados ingredientes em alimentos (Farrell, 2011).

3.2Corantes

A cor é um carater sensorial muitas vezes esquecido, que certamente
influencia a percepgao de sabor. Para manter ou restabelecer a uniformidade da
cor do produto, agentes, considerado mundialmente como aditivos alimentares
de coloracdo, sao intencionalmente adicionados aos produtos alimentares
(Solymosi, Latruffe, Morant-Manceau, & Schoefs, 2015).

Os consumidores exigem alimentos que s&o atraentes e apetitosos. Tal
fatores estimulam o apetite e sistema digestivo e contribuem para o prazer de
comer € beber. A cor é frequentemente associada com qualidade. Por exemplo,
tomates verdes e bananas seriam rejeitados pelos consumidores como sendo
imaturos pelo fato de serem de cor verde. Muitos alimentos sdo produtos
sazonais e, como tal, estdo sujeitos a variagdo em cor (por exemplo, produtos
lacteos). Tal variagdo da cor pode ser minimizada pela adigdo de corantes
alimentares para o produto para produzir um material uniforme, durante todo o
tempo de prateleira (Damant, 2011).

Segundo a FDA, um corante alimentar é: “qualquer corante, pigmento ou
substancia que, quando adicionado ou aplicado a um alimento, medicamento ou
cosmético, ou para o corpo humano, é capaz (isoladamente ou através de
reaccbes com outras substancias) de transmitir cor” (‘Food and Drug
Administration,” 2010).



Nao é de hoje que varias condigdes externas, tais como condi¢des de
luz, ar, temperatura, umidade e armazenamento desempenham um papel crucial
na perda de cor dos alimentos (Cejudo-Bastante, Hurtado, Mosquera, & Heredia,
2014). Assim, corantes alimentares sado aplicados principalmente para
compensar e superar essas caracteristicas desagradaveis, como também para
homogeneizar a cor dos alimentos, através da corregéo de variagdes de cor e/ou
melhoria dos que ocorrem naturalmente cor dos alimentos.

Corantes alimentares podem ser classificados de acordo com varios
critérios: origem (natural, idéntico ao natural ou sintético; orgénico e inorganico),
solubilidade (soluveis e insoluveis) e de cobertura (transparente e opaco). No
entanto, essas categorias muitas vezes se sobrepdem. A classificagcdo mais
utilizada é a distingdo entre substancias soluveis e insoluveis (Amchova,
Kotolova, & Ruda-Kucerova, 2015):

3.2.1 Curcumina

A curcumina (Figura 1), uma das cores amarela naturais mais comuns,
€ derivada a partir da raiz da Curcuma longa L. com o constituinte principal
coletivamente conhecido como curcumina, juntamente com pequenas
quantidades de desmetoxicurcumina e bisdemetoxicurcumina (Mirjalili & Karimi,
2013) geralmente utilizado como especiaria e corante alimentar. Quimicamente,
tem massa molar de em pH <1, as solu¢des aquosas de curcumina tém uma cor
vermelha que indica a forma protonada. Na faixa de pH 1-7, a maioria das
espécies esta na forma neutra. A solubilidade em agua € muito baixa nesta gama
de pH e as solugdes sdao amarelas. A pH> 7.5, a cor muda para vermelho. Os
valores de pKa para a dissociagao foram determinados como sendo de 7,8, 8,5
e 9,0, respectivamente (Stankovic, 2004). Apresenta baixa solubilidade em agua,
em pH acido e neutro, mas é soluvel em solu¢gdes aquosas basicas e em dleo
(SUETH-SANTIAGO et al., 2015; STANKOVIC, 2004).



Figura 1: Estrutura quimica da curcumina

Corantes derivados de alimentos naturais, incluindo especiarias, frutas e
legumes tém atraido recentemente grande interesse devido as suas atividades
de promogao da saude (Moussa, Hmadeh, Abiad, Dib, & Patra, 2016). Um
aspecto importante sobre estudos com curcumina é sua utilizagdo como
substituto de corantes artificiais, tais como o amarelo #5 e amarelo #6, os quais
ja sao conhecidos como um potencial alergénico, particularmente em criangas
(Borrin, Georges, Moraes, & Pinho, 2016). Estudos recentes tém demonstrado
que a curcumina tem um amplo espectro de atividades terapéuticas, incluindo
antioxidantes, anti-inflamatoéria, anticancer, antimicrobiano, cicatrizacdao de
feridas e a capacidade potencial de prevengéo de doengas neuro-degenerativas
(LIet al., 2016; LIU et al., 2016; LIU et al., 2015).

A curcumina é listada para uso em produtos lacteos, 6leos e gorduras,
emulsdes, gelados comestiveis, frutas e produtos horticolas, produtos de
confeitaria, derivados de cereais, produtos de panificagdo, carne e produtos
carneos, peixe e seus derivados, ovos e seus derivados, temperos, sopas,
molhos e produtos de proteina, géneros alimenticios destinados a uma
alimentagdo especial, bebidas e salgados. Niveis de utilizagdo de curcumina
esta entre de 5 a 500 mg/kg (Stankovic, 2004), dependendo da categoria de
alimentos. Apesar dos varios beneficios que esse corante natural apresenta, ele
apresenta uma baixa biodisponibilidade, tendo uma fraca solubilidade em meio
aquoso, hidrélise rapida seguida por fragmentagcdo molecular em pH fisioldgico

(Lin, Pan, & Lin-Shiau, 2000), alcalino e na presenga de luz (Stankovic, 2004).

3.3 Interagéo Proteinas e Corantes

O uso de proteinas como veiculos naturais para compostos hidrofébicos

apresenta-se com grande potencial de aplicagdo na industria de alimentos

(Sekhon & Singh Sekhon, 2010). Ha& muitos aspectos sobre as proteinas que



estao diretamente relacionados com as suas interagdes com outras moléculas.
As micelas de caseina por exemplo, sdo aglomerados proteicos de estrutura
aberta e de natureza anfifilica, que contém numerosos residuos de prolina
distribuidos uniformemente ao longo da sua estrutura, proporcionando maior
interagcdo com compostos fendlicos (Faridi Esfanjani & Jafari, 2016). Estas
interagbes conferem a capacidade de atuar como carreadores de compostos
fendlicos e de outros diferentes compostos de natureza hidrofébica, por exemplo.

As proteinas do leite sdo veiculos naturais, que evoluiram para entregar
micronutrientes essenciais (por exemplo, de calcio e fosfato) e blocos de
construgdo (por exemplo, aminoacidos), bem como os componentes do sistema
imune (por exemplo, imunoglobulinas e lactoferrina), da mae para o recém-
nascido. Algumas delas (por exemplo, B-lactoglobulina e albumina do soro de
bovino) podem interagir com uma variedade de pequenas moléculas (LIVNEY,
2010; LELIS et al., 2017;ZHANG; ZHONG, 2012).

As nanoestruturas de proteina tém a capacidade de interagir com uma
grande variedade de produtos, em resposta a alteragbes de condi¢des
ambientais, além de proteger os compostos sensiveis da degradagéao e controlar
a sua biodisponibilidade (Ramos et al., 2015). As interagbes entre proteinas e
outros compostos sdo dirigidas e estabilizadas de forma reversivel por
interacdes eletrostaticas, hidrofobicas, pontes de hidrogénio e forcas de van der
Walls, e muitas vezes ocorrem de forma espontanea. Os parametros de ligagao
vao depender da natureza quimica do ligante, condigdes do meio e a
conformacao da proteina (Tavares, Croguennec, Carvalho, & Bouhallab, 2014).

A complexacgao entre proteinas e compostos fendlicos (especialmente
polifendis) tem atraido o interesse da industria de alimentos, uma vez que pode
fornecer uma estratégia eficaz para melhorar a prestagao e biodisponibilidade de
muitos compostos ativos insoluveis em agua, como a curcumina (Livney, 2010).

Muitos trabalhos tém sido realizados a respeito do uso de proteinas
como veiculos de compostos em alimentos afim de determinar os parametros de
interagdo com ligantes. Ying et al. (2015) realizaram estudo de interagao entre
curcumina e pepsina através de técnicas espectrofotométricas, obtendo
resultados relacionados ao tipo de mecanismo de interacao (predominantemente
dindmico), constante de associagdo (10%-107 L.mol' com o aumento da
temperatura), numero de sitios de interacdo (~1) e elucidando o local de

interagéo e as energias de interagédo; Penalva et al. (2015) utilizaram caseinas
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como carreador de acido félico, encapsulando 25 pg de acido folico por mg de
caseina, com uma eficiéncia de 40%, e prevenindo a degradagdo do mesmo em
meio acido e aumentando sua biodisponibilidade oral em 50% em relacédo a
solugédo aquosa ; Nadi et al. (2014) estudaram a interac&o entre curcumina com
BSA e caseinas, concluindo que a interagao foi capaz de estabilizar a curcumina

mediante fatores externos de degradacéo.

3.4 Métodos Instrumentais de Analise

Diversas técnicas sao capazes de avaliar a interagao intermolecular
entre proteinas e corantes. Técnicas espectroscopicas sado ferramentas uteis
para obter informacdes importantes sobre as interagdes intermoleculares.
Associacao do ligante com as proteinas normalmente envolve mudangas nas
interacdes intramoleculares e intermoleculares. As mudancas nas interagoes sao
refletidas na variagdo da absor¢cdo de energia, emissdo de fluorescéncia,
variacido de entalpia e entropia de interagdo, que por sua vez determinam a

variagédo da energia livre de interacéo.

3.4.1 Espectroscopia do UV-Vis

Os espectros de absorcao de UV préximos aos residuos de aminoacidos
aromaticos em proteinas contém informacdes abundantes relacionadas as
conformacdes protéicas. A espectroscopia UV usa algoritmos para topografia de
superficie molecular e para a acessibilidade de certos grupos de atomos ao
solvente. Os algoritmos também permitem a analise da disposi¢ao tridimensional
de atomos e grupos dentro do ambiente de grupos croméforos. Os picos
espectrais na faixa de 250-265 nm correspondem aos residuos de fenilalanina e
aqueles no atributo da regido 265-280 nm as interag¢des eletrénicas de tirosina-
triptofano, enquanto que os picos acima de 285 nm sao identificados
exclusivamente como contribui¢des de triptofano (Wang, Sun, Pu, & Wei, 2017)

Medidas de absorgao realizados em UV-VIS é um método simples para
analisar mudancas estruturais complexos no estado fundamental (Xu et al.,
2009). Alteracdes conformacionais da proteina irdo conduzir as mudancgas no
microambiente e nos espectros de absor¢cdo de UV-Vis dos cromoforos. Se

existir alguma diferenga nos espectros de absorgdo de macromoléculas antes e
9



depois da adi¢ao de algum ligante, € considerado que a conformagé&o da proteina
foi alterada (H. Bi, Tang, Gao, Jia, & Lv, 2016). O sentido e a magnitude do
deslocamento do espectro de absor¢cdo de um cromaoforo indicara que este pode
ter sido transferido para um ambiente mais hidrofilico ou hidrofébico (Wen et al.,
2009).

3.4.2 Espectroscopia de Fluorescencia

A fluorescéncia € a emissao de fétons devido a absorcao de luz UV ou
visivel de cromoforos que podem emitir fétons. Os principios da geragao de
fluorescéncia podem ser elucidados por um diagrama de Jablonski. Em geral,
um espectrofluorimetro compreende seis componentes: uma fonte de luz, que
normalmente € uma lampada de mercurio ou xendnio para a emissao de luz UV
ou visivel, um suporte de amostra, dois monocromadores e/ou filtro (s), com um
para selecionar os comprimentos de onda de excitagdo e o outro para selecionar
os comprimentos de onda de emissao, um detector para converter a luz emitida
para o sinal eletrénico e uma unidade de aquisi¢gao de dados (Wang et al., 2017).

As proteinas contem trés residuos de aminoacidos que contribuem com
sua fluorescéncia intrinseca: triptofano, tirosina e fenilalanina (Lakowicz, 2006).
A micela de caseina possui varios desses residuos de aminoacidos (30000 —
225000 residuos de triptofano) que vao permitir o estudo de interagdes entre
ligantes e a micela por meio da técnica de espectroscopia de fluorescéncia. A
extincao de fluorescéncia é qualquer processo que resulta numa diminuicao da
intensidade de fluorescéncia de um fluoréforo. Uma variedade de interagdes
moleculares pode resultar em extingdo, incluindo reag¢des no estado excitado,
rearranjos moleculares, transferéncia de energia, a formagcdo do complexo
estado fundamental e extingéo colisional (Lakowicz, 2006).

A reducdo da intensidade de fluorescéncia pode ser descrita pela

Equacéo 1, conhecida como equacao de Stern-Volmer (Lakowicz, 2006):

Fo
= =1+ Kep[Q] = 1+ Kqo[Q] (D)

Em que Fo e F sao as intensidades de fluorescéncia na auséncia e na presenga
de diferentes concentragdes de ligantes, respectivamente. Ksv € a constante de
supressdo de Stern-Volmer (L.mol"), [Q] € a concentragdo (mol.L-') do agente

de supressao (ligante) da fluorescéncia, kq € a constante de taxa de supressao
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(L.mol'.s") e To é o tempo de meia-vida da proteina na auséncia do supressor
(cerca de 10 s para proteinas).

O estudo de extincdo de fluorescéncia fornece informagdes sobre as
interagdes do ligante, como corantes naturais, e a proteina e seus sitios de
ligacdo. Se ligantes interagem com uma proteina préximo a regido de um
fluordforo, isso induzira ha uma mudanga no microambiente destes fluoréforos,
entdo o comportamento da emiss&o de fluorescéncia da proteina sera afetado.

Se 0 mecanismo de supressao é estatico, isto €, devido a formacao de
um complexo entre a proteina e o ligante no estado fundamental, a constante de
ligagdo (Ka) e o numero de sitios de ligagdo fluoréforo (a estequiometria de

formagao do complexo (n)) poderao ser obtidos por meio da Equacgao 2.

F
—) =nlLogK, —nLog (2)

[Qt] _ (FO _Ff)[Pt]

em que Ka é a constante aparente de interagdo (L.mol") ; n é a estequiometria
média de formacdo de complexo; [Qi] e [Pi sdo as concentragbes totais de
ligante e proteina, respectivamente em mol.L".

Através da analise termodinamica, € possivel obter informacgdes
importantes a respeito da estabilidade do complexo, bem como as energias que
regem a formacao deste complexo. Diretamente a partir do Ka, consegue-se
obter a variagdo da energia livre de Gibbs padrdao de formagdao do complexo
(AG®) através da Equacao 3. Os valores de AH° (variagdo da entalpia padrado de
formagao de complexo) serdo obtidos a partir da aproximacéao de van’t Hoff, por
meio do ajuste linear entre os valores de In Ka versus o inverso da temperatura
(Equacdo 4), R é a constante universal dos gases (8,314 Jmol".K") e T é a
temperatura em Kelvin. Com os valores de AG®° e AH® foi possivel obter os
valores de AS° (variagdo da entropia padrao de formacgéo de complexo) através

da equacao fundamental de Gibbs (Equacgéao 5).

kaz

AG® = —RTInK, (3)
AH®

o 2 @)

AG® = AH® — TAS® (5)

1
T
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3.4.3 Medidas de Tamanho e Potencial Zeta

Para avaliar os efeitos da formagédo de complexos na estrutura e carga
dos aglomerados proteicos, podemos utilizar de medidas de potencial zeta e
tamanho. E importante investigar estes dois pardmetros durante o
desenvolvimento de complexos, especialmente dado o fato de que matrizes
bioldgicas sdo conhecidas por alterar estas duas caracteristicas quando ocorrer
a formacdo de complexos (por exemplo, a adsor¢gdo de proteinas)
(Bhattacharjee, 2016).

Com a medida do potencial zeta, consegue-se perceber os efeitos da
formagédo do complexo na estrutura e carga da proteina ou se a interagcado pode
mudar a distribuicdo dos aminoacidos e, com isso, alterar o potencial zeta. E
junto com o potencial zeta, a medida de tamanho pode nos dar ideia se a
formagédo do complexo esta causando agregacgao da proteina ou até mesmo a

desestruturacido da mesma.

4. Referéncias

Amchova, P., Kotolova, H., & Ruda-Kucerova, J. (2015). Health safety issues of
synthetic food colorants. Regulatory Toxicology and Pharmacology, 73(3),
914-922. http://doi.org/10.1016/j.yrtph.2015.09.026

Antonov, Y. A., Moldenaers, P., & Cardinaels, R. (2017). Complexation of
lysozyme with sodium caseinate and micellar casein in aqueous buffered
solutions. Food Hydrocolloids, 62, 102—-118.
http://doi.org/10.1016/j.foodhyd.2016.07.012

Arroyo-Maya, I. J., Campos-Teran, J., Hernandez-Arana, A., & McClements, D.
J. (2016). Characterization of flavonoid-protein interactions using
fluorescence spectroscopy: Binding of pelargonidin to dairy proteins. Food
Chemistry, 213, 431-439. http://doi.org/10.1016/j.foodchem.2016.06.105

Benzaria, A., Maresca, M., Taieb, N., & Dumay, E. (2013). Interaction of
curcumin with phosphocasein micelles processed or not by dynamic high-
pressure. Food Chemistry, 138(4), 2327-2337.
http://doi.org/10.1016/j.foodchem.2012.12.017

Bhattacharjee, S. (2016). Review article DLS and zeta potential — What they are
12



and what they are not ? Journal of Controlled Release, 235, 337-351.
http://doi.org/10.1016/j.jconrel.2016.06.017

Bi, H., Tang, L., Gao, X., Jia, J., & Lv, H. (2016). Spectroscopic analysis on the
binding interaction between tetracycline hydrochloride and bovine proteins
B-casein, a-lactalbumin. Journal of Luminescence, 178, 72—-83.
http://doi.org/10.1016/j.jlumin.2016.05.048

Bi, S., Ding, L., Tian, Y., Song, D., Zhou, X., Liu, X., & Zhang, H. (2004).
Investigation of the interaction between flavonoids and human serum
albumin. Journal of Molecular Structure, 703(1-3), 37—-45.
http://doi.org/10.1016/j.molstruc.2004.05.026

Borrin, T. R., Georges, E. L., Moraes, I. C. F., & Pinho, S. C. (2016). Curcumin-
loaded nanoemulsions produced by the emulsion inversion point (EIP)
method: An evaluation of process parameters and physico-chemical
stability. Journal of Food Engineering, 169, 1-9.
http://doi.org/10.1016/j.jfoodeng.2015.08.012

Bourassa, P., Bariyanga, J., & Tajmir-Riahi, H. A. (2013). Binding sites of
resveratrol, genistein, and curcumin with milk a- And B-caseins. Journal of
Physical Chemistry B, 117(5), 1287-1295. http://doi.org/10.1021/jp3114557

Cejudo-Bastante, M. J., Hurtado, N., Mosquera, N., & Heredia, F. J. (2014).
Potential use of new Colombian sources of betalains. Color stability of
ulluco (Ullucus tuberosus) extracts under different pH and thermal
conditions. Food Research International, 64, 465—-471.
http://doi.org/10.1016/j.foodres.2014.07.036

Chen, Z., Xia, Y., Liao, S., Huang, Y., Li, Y., He, Y., ... Li, B. (2014). Thermal
degradation kinetics study of curcumin with nonlinear methods. Food
Chemistry, 155, 81-86. http://doi.org/10.1016/j.foodchem.2014.01.034

Chung, C., Rojanasasithara, T., Mutilangi, W., & McClements, D. J. (2016).
Stabilization of natural colors and nutraceuticals: Inhibition of anthocyanin
degradation in model beverages using polyphenols. Food Chemistry, 212,
596—-603. http://doi.org/10.1016/j.foodchem.2016.06.025

Dalgleish, D. G. (2011). On the structural models of bovine casein micelles—
review and possible improvements. Soft Matter, 7(6), 2265.
http://doi.org/10.1039/c0sm00806k

Damant, A. P. (2011). Food colourants. Handbook of Textile and Industrial

Dyeing. Woodhead Publishing Limited.
13



http://doi.org/10.1533/9780857094919.2.252

De Kruif, C. G., Huppertz, T., Urban, V. S., & Petukhov, A. V. (2012). Casein
micelles and their internal structure. Advances in Colloid and Interface
Science, 171-172, 36-52. http://doi.org/10.1016/j.cis.2012.01.002

Du, X,, Li, Y., Xia, Y., Ai, S., Liang, J., Sang, P., & Ji, X. (2016). Insights into
Protein — Ligand Interactions : Mechanisms , Models , and Methods.
International Journal of Molecular Sciences, 17(i), 1-34.
http://doi.org/10.3390/ijms17020144

Fang, X. Bin, Zhang, J. M., Xie, X,, Liu, D., He, C. W., Wan, J. B., & Chen, M.
W. (2016). PH-sensitive micelles based on acid-labile pluronic F68-
curcumin conjugates for improved tumor intracellular drug delivery.
International Journal of Pharmaceutics, 502(1-2), 28-37.
http://doi.org/10.1016/j.ijpharm.2016.01.029

Faridi Esfanjani, A., & Jafari, S. M. (2016). Biopolymer nano-particles and
natural nano-carriers for nano-encapsulation of phenolic compounds.
Colloids and Surfaces B: Biointerfaces, 146, 532—-543.
http://doi.org/10.1016/j.colsurfb.2016.06.053

Farrell, H. M. (2011). Milk Proteins | Casein Nomenclature, Structure, and
Association. Encyclopedia of Dairy Sciences (Second Edition), 3, 765-771.
http://doi.org/http://dx.doi.org/10.1016/B978-0-12-374407-4.00430-1

Farrell, H. M., Jimenez-Flores, R., Bleck, G. T., Brown, E. M., Butler, J. E.,
Creamer, L. K., ... Swaisgood, H. E. (2004). Nomenclature of the Proteins
of Cows’ Milk—Sixth Revision. Journal of Dairy Science, 87(6), 1641-1674.
http://doi.org/10.3168/jds.S0022-0302(04)73319-6

Farrell, H. M., Malin, E. L., Brown, E. M., & Qi, P. X. (2006). Casein micelle
structure: What can be learned from milk synthesis and structural biology?
Current Opinion in Colloid and Interface Science, 11(2-3), 135-147.
http://doi.org/10.1016/j.cocis.2005.11.005

Food and Drug Administration. (2010). Retrieved May 7, 2016, from
http://www.fda.gov/Food/IngredientsPackagingLabeling/FoodAdditivesingre
dients/ucm094211.htm

He, Z., Xu, M., Zeng, M., Qin, F., & Chen, J. (2016). Interactions of milk a- And
B-casein with malvidin-3-O-glucoside and their effects on the stability of
grape skin anthocyanin extracts. Food Chemistry, 199, 314-322.

http://doi.org/10.1016/j.foodchem.2015.12.035
14



Horne, D. S., & Horne, D. S. (2006). Casein micelle structure: Models and
muddles. Current Opinion in Colloid & Interface Science, 11(2-3), 148—
153. http://doi.org/10.1016/j.cocis.2005.11.004

Khaniji, A. N., Michaux, F., Jasniewski, J., Petit, J., Lahimer, E., Cherif, M., ...
Banon, S. (2015). Structure and gelation properties of casein micelles
doped with curcumin under acidic conditions. Food Funct., 6(12), 3624—
3633. http://doi.org/10.1039/C5FO00829H

Kjeldsen, F., Savitski, M. M., Nielsen, M. L., Shi, L., & Zubarev, R. a. (2007). On
studying protein phosphorylation patterns using bottom-up LC?MS/MS: the
case of human ?-casein. The Analyst, 132(8), 768.
http://doi.org/10.1039/b701902e

Lakowicz, J. R. (2006). Principles of fluorescence spectroscopy. Principles of
Fluorescence Spectroscopy. http://doi.org/10.1007/978-0-387-46312-4

Lelis, C. A., Ferreira, G. M. D., Ferreira, G. M. D., Hespanhol, M. do C., Pinto,
S. M, Silva, L. H. M., & Pires, A. C. dos S. (2017). Determination of driving
forces for bovine serum albumin-Ponceau4R binding using surface
plasmon resonance and fl uorescence spectroscopy : A comparative study.
Food Hydrocolloids, 70, 29-35.
http://doi.org/10.1016/j.foodhyd.2017.03.027

Li, J., Hwang, I.-C., Chen, X., & Park, H. J. (2016). Effects of chitosan coating
on curcumin loaded nano-emulsion: study on stability and in vitro
digestibility. Food Hydrocolloids, 60, 138—147.
http://doi.org/10.1016/j.foodhyd.2016.03.016

Lin, J. K., Pan, M. H., & Lin-Shiau, S. Y. (2000). Recent studies on the
biofunctions and biotransformations of curcumin. BioFactors (Oxford,
England), 13(1—4), 153-8. http://doi.org/10.1002/biof.5520130125

Liu, W., Chen, X. D., Cheng, Z., & Selomulya, C. (2016). On enhancing the
solubility of curcumin by microencapsulation in whey protein isolate via
spray drying. Journal of Food Engineering, 169, 189-195.
http://doi.org/10.1016/j.jfoodeng.2015.08.034

Liu, Y., Cai, Y., Jiang, X., Wu, J., & Le, X. (2015). Molecular interactions,
characterization and antimicrobial activity of curcumin-chitosan blend films.
Food Hydrocolloids, 52, 564-572.
http://doi.org/10.1016/j.foodhyd.2015.08.005

Livney, Y. D. (2010). Milk proteins as vehicles for bioactives. Current Opinion in
15



Colloid and Interface Science, 15(1-2), 73-83.
http://doi.org/10.1016/j.cocis.2009.11.002

Mercali, G. D., Jaeschke, D. P., Tessaro, |. C., & Marczak, L. D. F. (2013).
Degradation kinetics of anthocyanins in acerola pulp: Comparison between
ohmic and conventional heat treatment. Food Chemistry, 136(2), 853—-857.
http://doi.org/10.1016/j.foodchem.2012.08.024

Mirjalili, M., & Karimi, L. (2013). Antibacterial dyeing of polyamide using turmeric
as a natural dye. Autex Research Journal, 13(2), 51-56.
http://doi.org/10.2478/v10304-012-0023-7

Moussa, Z., Hmadeh, M., Abiad, M. G., Dib, O. H., & Patra, D. (2016).
Encapsulation of curcumin in cyclodextrin-metal organic frameworks:
Dissociation of loaded CD-MOFs enhances stability of curcumin. Food
Chemistry, 212, 485—494. http://doi.org/10.1016/j.foodchem.2016.06.013

Muller-Buschbaum, P., Gebhardt, R., Roth, S. V, Metwalli, E., & Doster, W.
(2007). Effect of calcium concentration on the structure of casein micelles
in thin films. Biophysical Journal, 93(3), 960-8.
http://doi.org/10.1529/biophysj.107.106385

Nadi, M. M., Ashrafi Kooshk, M. R., Mansouri, K., Ghadami, S. A., Amani, M.,
Ghobadi, S., & Khodarahmi, R. (2014). Comparative Spectroscopic Studies
on Curcumin Stabilization by Association to Bovine Serum Albumin and
Casein: A Perspective on Drug-Delivery Application. International Journal
of Food Properties, 18(3), 638—659.
http://doi.org/10.1080/10942912.2013.853185

Nunes, N. M., Pacheco, A. F. C., Agudelo, A. J. P., da Silva, L. H. M., Pinto, M.
S., Hespanhol, M. do C., & Pires, A. C. dos S. (2017). Interaction of
cinnamic acid and methyl cinnamate with bovine serum albumin: A
thermodynamic approach. Food Chemistry, 237, 525-531.
http://doi.org/10.1016/j.foodchem.2017.05.131

Penalva, R., Esparza, I., Agueros, M., Gonzalez-Navarro, C. J., Gonzalez-
Ferrero, C., & Irache, J. M. (2015). Casein nanoparticles as carriers for the
oral delivery of folic acid. Food Hydrocolloids, 44, 399—406.
http://doi.org/10.1016/j.foodhyd.2014.10.004

Ramos, O. L., Pereira, R. N., Martins, A., Rodrigues, R., Fucifios, C., Teixeira,
J. a., ... Vicente, A. a. (2015). Design of Whey Protein Nanostructures for

Incorporation and Release of Nutraceutical Compounds in Food. Critical
16



Reviews in Food Science and Nutrition, 8398(July), 00-00.
http://doi.org/10.1080/10408398.2014.993749

Sahu, A., Kasoju, N., & Bora, U. (2008). Fluorescence study of the curcumin-
casein micelle complexation and its application as a drug nanocarrier to
cancer cells. Biomacromolecules, 9(10), 2905-2912.
http://doi.org/10.1021/bm800683f

Sarkis, J. R., Jaeschke, D. P., Tessaro, |. C., & Marczak, L. D. F. (2013). Effects
of ohmic and conventional heating on anthocyanin degradation during the
processing of blueberry pulp. LWT - Food Science and Technology, 51(1),
79-85. http://doi.org/10.1016/j.lwt.2012.10.024

Sekhon, B. S., & Singh Sekhon, B. (2010). NSA_8677_food-nanotechnology--
an-overview. Nanotechnology Science and Applications, 3, 1-15.
http://doi.org/10.2147/NSA.S8677

Silva, N. N., Piot, M., de Carvalho, A. F., Violleau, F., Fameau, A. L., &
Gaucheron, F. (2013). PH-induced demineralization of casein micelles
modifies their physico-chemical and foaming properties. Food
Hydrocolloids, 32(2), 322-330.
http://doi.org/10.1016/j.foodhyd.2013.01.004

Sneharani, A. H., Singh, S. A., & Rao, A. G. A. (2009). Interaction of aS1-casein
with curcumin and its biological Implications. Journal of Agricultural and
Food Chemistry, 57(21), 10386—10391. http://doi.org/10.1021/jf902464p

Solymosi, K., Latruffe, N., Morant-Manceau, A., & Schoefs, B. (2015). Food
colour additives of natural origin. Colour Additives for Foods and
Beverages. http://doi.org/10.1016/B978-1-78242-011-8.00001-5

Stankovic, . (2004). Curcumin - Chemical and Technical Assessment.
Assessment, 1(8), 1-8.

Sueth-santiago, V., Mendes-silva, G. P., Decoté-ricardo, D., Freire, E., & Lima,
D. (2015). Quim. Nova, 38(4), 538-552.

Tavares, G. M., Croguennec, T., Carvalho, A. F., & Bouhallab, S. (2014). Milk
proteins as encapsulation devices and delivery vehicles: Applications and
trends. Trends in Food Science and Technology, 37(1), 5-20.
http://doi.org/10.1016/j.tifs.2014.02.008

Tcherkasskaya, O., Bychkova, V. E., Uversky, V. N., & Gronenborn, A. M.
(2000). Multisite fluorescence in proteins with multiple tryptophan residues:

Apomyoglobin natural variants and site-directed mutants. Journal of
17



Biological Chemistry, 275(46), 36285—-36294.
http://doi.org/10.1074/jbc.M003008200

Wang, K., Sun, D., Pu, H., & Wei, Q. (2017). Trends in Food Science &
Technology Principles and applications of spectroscopic techniques for
evaluating food protein conformational changes : A review. Trends in Food
Science & Technology, 67, 207-219.
http://doi.org/10.1016/j.tifs.2017.06.015

Wei, X. L., Xiao, J. B., Wang, Y., & Bai, Y. (2010). Which model based on
fluorescence quenching is suitable to study the interaction between trans-
resveratrol and BSA? Spectrochimica Acta - Part A: Molecular and
Biomolecular Spectroscopy, 75(1), 299-304.
http://doi.org/10.1016/j.saa.2009.10.027

Wen, M.-G., Zhang, X.-B., Tian, J.-N., Ni, S.-H., Bian, H.-D., Huang, Y.-L., &
Liang, H. (2009). Binding Interaction of Xanthoxylin with Bovine Serum
Albumin. Journal of Solution Chemistry, 38(4), 391-401.
http://doi.org/10.1007/s10953-009-9385-4

Xu, H., Gao, S.-L,, Lv, J.-B, Liu, Q.-W., Zuo, Y., & Wang, X. (2009).
Spectroscopic investigations on the mechanism of interaction of bioactive
dye with bovine serum albumin. Journal of Molecular Structure, 919(3),
334-338. http://doi.org/10.1016/j.molstruc.2008.09.028

Ye, J., Fan, F., Xu, X,, & Liang, Y. (2013). Interactions of black and green tea
polyphenols with whole milk. FRIN, 53(1), 449-455.
http://doi.org/10.1016/j.foodres.2013.05.033

Ying, M., Huang, F., Ye, H., Xu, H., Shen, L., Huan, T., ... Zhou, K. (2015).
Study on interaction between curcumin and pepsin by spectroscopic and
docking methods. International Journal of Biological Macromolecules, 79,
201-208. http://doi.org/10.1016/j.ijbiomac.2015.04.057

Yuan, X. M,, Lin, D. Q., Zhang, Q. L., Gao, D., & Yao, S. J. (2016). A
microcalorimetric study of molecular interactions between immunoglobulin
G and hydrophobic charge-induction ligand. Journal of Chromatography A,
1443, 145-151. http://doi.org/10.1016/j.chroma.2016.03.041

Zhang, J., Tian, Z., Liang, L., Subirade, M., & Chen, L. (2013). Binding
interactions of beta-conglycinin and glycinin with vitamin B12. J Phys Chem
B, 117(45), 14018-14028. http://doi.org/10.1021/jp408578m

Zhang, Y., & Zhong, Q. (2012). Effects of thermal denaturation on binding
18



between bixin and whey protein. Journal of Agricultural and Food
Chemistry, 60(30), 7526—7531. http://doi.org/10.1021/jf3021656

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Capitulo 2

Curcumin-casein micelle binding: thermodynamic of interaction and kinectic of
curcumin thermodegradation

Abstract — Curcumin is a phenolic compound present in turmeric, with multiple
biological activities, including anti-cancer, anti-microbial, anti-inflammatory and
antioxidant in addition to natural dye. In this study, the interaction between
micellar casein and curcumin was investigated at pH 6.6. Through the analysis
of UV-Vis and fluorescence, it was demonstrated that the interaction between
micellar casein and curcumin occurs by a predominantly static mechanism. The
binding constant ranging from 1.28x10-° L.mol! to 9.52x10** L.mol"' for the
temperature range of 295.15 - 323.15 K. The complex-forming stoichiometry was
approximately unit by fluorescence analysis. According to the results obtained by
the thermodynamic analysis, the interaction between micellar casein and
curcumin is enthalphically and entropically directed, through a spontaneous
process. By performing a partition experiment, the presence of increasing
concentrations of micellar casein in the aqueous phase increased the number of
curcumin molecules transferred from the organic phase. The mean diameter of
the casein micelle in the presence of curcumin was around 290 nm and the zeta
potential, ~ -16 mV. The casein micelle was able to protect curcumin against
thermo-degradation. The results of this study contribute to the knowledge of the
interaction process between micellar casein and curcumin for future applications
in various areas of the food industry.

Keywords: UV-Vis, fluorescence, micellar casein, curcumin, thermodynamic.
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Introdution

Curcumin (diferuloylmethane) is the main bioactive phenolic (Figure S1)
compound derived from the root of Curcuma longa L., which may be used as a
natural dye. In addition to the dye function, recent studies have shown that
curcumin has a broad spectrum of therapeutic activities, including antioxidants,
anti-inflammatory, anti-cancer, antimicrobial, wound healing and potential
prevention of neurodegenerative diseases (Li, Hwang, Chen, & Park, 2016; Fang

et al., 2016; Y. Liu, Cai, Jiang, Wu, & Le, 2015).

Figure S1. Chemical structure of Curcumin

The curcumin can be used as a substitute for natural dyes, such as yellow
# 5 and yellow # 6 that are known as potential allergens, particularly in children
(Borrin et al., 2016). In spite of the several benefic properties of curcumin, it
presents low bioavailability and water solubility and fast hydrolysis followed by
molecular fragmentation in physiological and alkaline pH (Lin et al., 2000) and in
the presence of light (Stankovic, 2004). These characteristics limmitate its
successful application in different areas, therefore, strategies are needed to
improve the solubility, bioactivity and bioavailability of lipophilic phytochemicals.

Food industry has been focused on the development of nanometric
delivery systems for functional ingredients and additives (e.g., vitamins,
antimicrobials, antioxidants, flavorings, dyes and preservatives) (Nunes et al.,
2017). Casein micelle (CM), for example, show potential for nanodelivery

systems because they are natural carriers of essential nutrients from the mother
21



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

to the newborn. In addition, its open structure, due to the high content of proline,
together with calcium phosphate bridges, makes this protein a nanocarrier with
excellent mechanism of controlled release of compounds in the stomach (Livney,
2010).

The interaction between milk proteins and different compounds of
interest in the food area has been studied, representing great potential in the area
of product innovation and development (Penalva et al., 2015; Arroyo-Maya,
Campos-Teran, Hernandez-Arana, & McClements, 2016; Sneharani, Singh, &
Rao, 2009). Nadi et al. (2014) studied the interaction between casein from bovine
milk — technical grade and curcumin, as a food grade biopolymer and a safe drug
delivery system, through spectrophotometric and fluorescence analyzes at pH
7.0, thus obtaining the interaction parameters (binding constant (13.3x10° L.mol"
1), binding sites (~1) and thermodynamics parameters). Elucidating that casein
may be a good matrix to increase the stability of curcumin in water. Khanji et al.
(2015) studied the interaction between phosphocaseins micelles and curcumin
by fluorescence spectroscopy in pH in the range of 5.0 — 7.4 (298.15 K and KP
7.5 — 3.9x10*L.mol"), showing that higher temperatures (293.15 — 308.15 K - KP
in the range of 0.6 — 6.6x10* L.mol') favored curcumin — micelle casein
interactions. The micelle casein zeta potential remained unchanged (-12.0 £ 0.7
mV — 293.15 K) after curcumin addition.

However, there is still little information about native casein micelles as
carrier. Native casein micelles stand out as potential nanocarriers due to
maintainance of natural properties found in milk or dairy product as the natural
delivery mechanism and they are remarkably more stable to thermal processing

compared to other proteins such as whey proteins (Tavares et al., 2014).
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Therefore, the objective of this study was to use techniques such as UV-
Vis and fluorescence spectroscopy to characterize the interaction between
micellar casein and curcumin at different temperatures and pH 6.6. We used
native casein micelle at simulated milk pH in vitro. We present, for the first time,
a partition experiment, characterizing the interaction stoichiometry between
micellar casein and curcumin. We evaluated the size and zeta potential as well
as the thermal degradation kinetics of curcumin in the absence and presence of
casein micelle.
Material and Methods
Material

Curcumin (= 94% curcuminoids and 280% curcumin - Sigma Aldrich),
sodium phosphate monohydrate, bibasic, tribasic, sodium azide and DMSO
(analytical grade reagents). Micellar casein was obtained by centrifugation
according to Sahu, Kasoju, & Bora (2008).
Methods
UV-Visible Absorption Spectroscopy

Absorption spectra of the micellar casein and curcumin blend were
obtained on a PerkinElmer UV-Vis spectrometer, model Lambda 35 (Chalfont
Road, Seer Green, Beaconsfield, United Kingdom). For absorption
measurements, approximately 3.0 mL of micellar casein suspension (4x10-1°
mol.L-") containing different concentrations of curcumin (1x10-6 to 25x10% mol.L-
"at pH 6.6 were added in a quartz cuvette. The scanning spectrum was obtained
between 250-550 nm and 298.15 K.
Fluorescence Experiments

Fluorescence spectra of casein suspension were obtained with a

PerkinElmer spectrofluorimeter, model LS 55 (Chalfont Road, Seer Green,
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Beaconsfield, United Kingdom). For fluorescence measurements, approximately
3.0 mL of micellar casein suspension (8x10-'® mol.L-") containing different
concentrations of curcumin (1x106 to 10x10) at pH 6.6 were added in a quartz
cuvette. Fluorescence spectra were obtained at different temperatures (293.15,
303.15, 313.15 and 323.15 K) in the range 281-450 nm (excitation wavelength
280 nm).
Partition experiment

Curcumin was solubilized in chloroform with a fixed concentration of
5x10* mol.L-! and stored in tubes in the absence of light. Micellar casein at
different concentrations (0 — 1x108 mol.L") was suspended in buffer at pH 6.6
and subsequently added to the same tube containing the curcumin solution. A
10-point curve containing 5 ml of each component was then prepared and stored
in the bath for 24 hours at different temperatures (298.15, 303.15 and 308.15 K).
After 24 h, the concentration of curcumin in the aqueous phase was read in
PerkinElmer UV-Vis spectrometer, model Lambda 35 (Chalfont Road, Seer
Green, Beaconsfield, United Kingdom).
Zeta Size and Potential Measurements

Measurements of hydrodynamic diameter (nm) and the polydispersity
index (Pdl) were obtained by the light scattering technique dynamic-DLS using
detection angle of 173 °. The zeta potential was obtained from the electrophoretic
mobility of casein micelles. The experiment was performed at 25 ° C and pH 6.6
on Malvern Zetasizer Nano ZS according to Yuan, Lin, Zhang, Gao, & Yao (2016)
with modifications. Five-point curves were prepared by keeping fixed the micellar
casein concentration (8x10-"° mol.L"") and ranging the curcumin concentration

(1x10% at 10x10° mol.L™").
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Thermal Degradation Kinetics

Curcumin solutions (1x10-° mol.L™") in the absence and presence of
increasing concentration of micellar casein at pH 6.6 were added to flasks, with
oxygen removal by nitrogen ablation, and conditioned in baths with different
temperatures (303.15, 313.15, 323.15 and 333.15 K). Aliquots were withdrawn at
different time intervals (0, 0.25, 0.5, 0.75, 1.0, 1.5, 2.5, 3.5, 4.5 and 5.5 hours).
The scanning spectra was obtained between 180-880 nm using 1.0 cm quartz
cuvettes in a UV-vis spectrophotometer (Lambda 35, PerkinElmer). The values
of the kinetic degradation constant (K4, h"') and the half-life time of curcumin (t12,
h) were determined by equations 1 and 2 (Chung, Rojanasasithara, Mutilangi, &
McClements, 2016), respectively. The plot of InKg versus 1/T with van't Hoff
approach (Eq. 6) was used to calculate the enthalpic energy of degradation

activation (AH%).

ABS'f _
—lnFSO = K,t (1)
n2
ti=-~(2)

where ABSf and ABSy are the absorbances at each time interval and at time 0,
respectively, Kd is the degradation constant, t is the time, t12 is the half-life time.
Results and discussion
UV-Vis Absorption Spectroscopy

UV-visible spectroscopy is a simple technique that provides information
on interaction between proteins and ligands in the ground state (Xu et al., 2009).
If the interaction between the ligand and the protein changes the conformation in
the interaction environment or the conformation of the protein, the UV-Vis
absorption spectra of protein is altered (H. Bi et al., 2016), and the direction and

magnitude of the absorption spectrum shift of a chromophore indicate that it may
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have been transferred to a more hydrophilic or hydrophobic environment (Wen et
al., 2009).

Figure 1 shows the absorption spectra of the micellar casein and
curcumin system at pH 6.6 in the absence and presence of increasing
concentrations of curcumin. The spectra show two distinct absorption peaks, one
around 276 nm for protein agglomerate and another around 426 nm for curcumin.
A change in the wavelength of maximum absorption also indicates that the
addition of curcumin leads to a conformational change in the interaction
environment, however, in this study we did not obtain a considerable wavelength
shift (~ 1 nm), and can not state that the interaction causes changes in the
interaction environment.

With increasing colorant concentration, the absorbance of peak referred
to the protein agglomerate also increased about 12.0%. The increase in
absorption intensity indicates that there is an interaction between micellar casein
and curcumin by a predominantly static process, indicating that the interaction of
protein agglomerate and curcumin may cause conformational change in some
caseins within CM and / or complex formation increases the molar absorptivity of

the aromatic amino acids. (Ye, Fan, Xu, & Liang, 2013).

26



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

1.8

1 6 T \\‘Q“y,

1.4
124 |
104
08

0.6

Absorbance Intensity

0.4 1

0.2 1

0.0 — — ;
250 300 350 400 450 500 550
A (nm)

Figure 1. UV-vis spectra of casein micelle at pH 6.6 and 298.15 K with increasing
concentration of curcumin. The concentration of casein micelle was 4.0x10°
mol.I"" and the curcumin concentration varied from 0 — 25 x 10 mol.I'. The arrow
indicates increase in absorption intensity at the wavelength of maximum
absorption of casein with increasing additions of curcumin.
Fluorescence Measurements
Fluorescence Quenching Spectra

Fluorescence quenching is any process that results in a decrease in the
fluorescence intensity of a fluorophore. A variety of molecular interactions may
result in fluorescence extinction, including excited state reactions, molecular
rearrangements, energy transfer, ground state complex formation and collision
extinction (Lakowicz, 2006). Fluorescence is considered a convenient tool to
investigate binding between small molecules and proteins because it provides
enough information to characterize the binding mechanism and thermodynamic
binding parameters (Lelis et al., 2017). If ligands interact with a protein, in the
vicinity of aromatic amino acid residues, the microenvironment of these

fluorophores may change, and so the fluorescence emission behavior of the

protein will be affected.
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The casein micelle contains around 20,000 to 150,000 casein molecules
(Antonov, Moldenaers, & Cardinaels, 2017). The intrinsic fluorescence of the
casein molecule is mainly due to the presence of the amino acids tryptophan and
tyrosine. Each a-casein molecule contains the two tryptophan residues placed at
positions 164-199 and 109-193, for ast- and asz-caseins, respectively; while B-
and k-casein have one tryptophan residue at positions 143 and 76, respectively
(Farrell et al., 2004). Considering that a casein micelle is formed by 39%, 11%,
36% and 14% of as1, as2, B and k-casein, respectively (Farrell, 2011) , there are
between 30,000 and 225,000 tryptophan residues contributing to fluorescence of
casein micelle. If curcumim molecules bind to some of these tryptophans, then
the fluorescence of casein micelle will quench.

The fluorescence spectra of micellar casein at pH 6.6 and 293.15 K in
the presence of increasing curcumin concentration is shown in Figure 2. With
increase in the concentration of curcumin, added at a fixed concentration of
micellar casein, the fluorescence intensity of the protein decreases with a slight
blue-shift, from 341 to 339 nm, indicating that curcumin interacts with micellar
casein. This displacement on emission wavelength pointed to fluorophores
changed to a more hydrophobic environment due to interaction with curcumin
(Bourassa, Bariyanga, & Tajmir-Riahi, 2013). With temperature increasing, a
similar behavior on the fluorescence quenching of casein was obtained (Figure

S2).
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Figure 2. The fluorescence quenching spectra of casein micelle by curcumin (0 —
10x10% mol.L-") at T=293.15 K, pH 6.6 and Aex=280 nm. The arrow indicates that
fluorescence intensity of casein micelle reduces as curcumin concentration
increases.

Casein micelles have multiple tryptophan residues, and the total
fluorescence emission of these proteins naturally produces only average
information on the structure of the protein or the environment where molecules
may be interacting (Tcherkasskaya, Bychkova, Uversky, & Gronenborn, 2000).
Considering the high hydrophobicity of curcumin, is expected that it interacts

closely with the tryptophan residues, since they are in the most hydrophobic part

of the micellar casein, resulting in the extinction of the fluorescence of this protein.
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Figure S2. The fluorescence quenching spectra of casein micelle by curcumin (0
—10x10% mol.L-") at T=303.15 K (A), 313.15 K (B) and 323.15 (C) in pH 6.6 and
Aex=280 nm. The arrow indicates that fluorescence intensity of casein micelle
reduces as curcumin concentration increases.
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Stern-Volmer Analysis

The main mechanisms of extinction of fluorescence are classified as
static or dynamic. Static extinction is due to the formation of complex in the
ground state between the protein and the ligand while the dynamic extinction is
due to the collisions between the electrons in the excited state. For static
mechanism, the extinction constant decreases with increasing temperature
whereas, the opposite occurs for dynamic extinction (Lakowicz, 2006).

To determine the mechanism of interaction between micellar casein and
curuminin, fluorescence intensity data were analyzed by the Stern-Volmer
equation below:

2 =1+ Ky, [Q] (3)
where Fo and F represent the fluorescence intensity of the protein in the absence
and presence of different concentrations of the ligand [Q] respectivelly, and Ksv
is the Stern-Volmer extinction constant. By plotting Fo/F versus [Q] it is possible
to obtain the value of Ksyv, which is the slope of the line.

Figure 3 shows the plot of Fo/F versus [Q] at different temperatures. As
the temperature increased, the Ksv values decreased (Table 1), indicating that
the extinguishing mechanism is predominantly static, i.e., a complex formation
occurred between micellar casein and curcumin. Results of the same order were
obtained by Sahu et al., (2008) (Ksv = 1.13x10° L.mol"") and by Khaniji et al.,
(2015) (Ksv = 3.25x10° — 18.8x10° L.mol"), studying the interaction between
curcumin-micellar casein at pH 7.4 and at room temperature and in the range of
pH 5.0 and 7.4 ate room temperature, respectively, corroborating the results of

this study.
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Figure 3. Stern-Volmer plots for casein micelle fluorescence quenching due to
the binding of curcumin to casein micelle at pH 6.6 at four different temperatures:
(m) 293.15K; (¢) 303.15K; (A) 313.15K and (V¥) 323.15 K.
Interaction parameters: interaction constant (Kb) and stoichiometry of complex
formation (n)

For static extinction processes, when small molecules interact with a

macromolecule, the binding constant (Kv) as well as the stoichiometry of complex

formation (n) can be obtained by equation 4.

(Fo—F) _ L
Log=—— =nLogK, — nLog (M) @

Fo
where Kb (L.mol") is the apparent constant of interaction; n is the stoichiometry
of complex formation; [Qt and [Pt] are the total concentrations of ligand and
protein (mol.L"), respectively.

There are different equations for the calculation of the binding constant
and the stoichiometry of complex formation (Wei, Xiao, Wang, & Bai, 2010) and
some of these equations take into account that the concentration of the
interacting binder is much smaller than the total concentration, which results in

approximate data. (Bi et al., 2004). Through this consideration, we used Equation
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272 (Figure 4).
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273 Figure 4. The double logarithm modified regression plots of log ((Fo - F)/F) versus
274  Log (1/([Q] — ((Fo — F)[Pt/Fo))) of casein micelle at pH 6.6 and different
275  temperatures: (m) 293.15 K; (o) 303.15K; (A) 313.15 Kand (V) 323.15 K.

276

277 As shown in Table 1, the values for Ky were of the order of 105-10% L.mol-
278 ' for the complex between micellar casein and curcumin. The stoichiometry of
279  complex formation was between one and two, at all temperatures, indicating that
280 for each binding site on casein micelle there are at least one curcumin molecule
281  bonded.

282

283  Table 1. Stern-Volmer extinction constant (Ksv), binding constant (K°) and number

284  of binding sites (n) between curcumin and micellar casein at pH 6.6 and four
285 temperatures.

T (K) Ksv (L.mol ") R? K (L.mol") n R?2
293.15 1.44x10° 0.98 1.28x10° 1.38 0.99
303.15 1.30x10° 0.98 1.21x10° 1.83 0.97
313.15 1.06x10° 0.97 1.06x10° 1.82 0.98
323.15 8.58x104 0.97 9.52x104 1.70 0.96

286
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When studying the interaction of any molecule with micellar casein, the
stoichiometric analysis should take into account the amount of casein present per
micelle. Thus, our results suggest that one casein micelle may carry many
curcumin molecules; considering the number of caseins per micelle, and if all
tryptophan residues are availiable to interact with the bioactive molecule, the
number of curcumin molecules per casein micelle range from 30,000 to 225,000.

Different studies estimated the stoichiometry of interaction between
curcumin and casein molecules or sodium caseinate (Bourassa et al., 2013;
Benzaria, Maresca, Taieb, & Dumay, 2013), but few with micellar casein. Nadi et
al. (2014) studied interaction between whole casein and curcumin at pH 7.0,
obtaining a unitary stoichiometry and Khanji et al. (2015) studying interaction
between micellar casein and curcumin at different pH (5.0-7.4 and 298.15 K),
obtained a stoichiometry of approximately 1.5, similar results with this study.

In order to certificate the amount of curcumin molecules carried by each
casein micelle, we performed a partition experiment of curcumin between two
phases, an organic phase (chlorofom) and an aqueous phase, containing
increasing casein concentration, trough 24 h at different temperatures. The slope
of the linear region of [curcumin] at aqueous phase versus [casein] plot (Figure
S3) provided the number of curcumin molecules is carried inside each casein

micelle.
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Figure S3. Plot of curcumin concentration on aqueous phase versus casein
concentration, at: (m) 298.15 K, (¢) 303.15 K, and (A) 308.15 K.

The temperature seemed to had no effect on the transferrence of
curcumin between the organic and the aqueous phase containing casein. The
curves were divided in two regions, suggesting that there are two groups of
binding sites for curcumim in casein micelle. At the first region (up to 2.0 x 10-°
mol.L-" of casein), the average slopes at three temperatures (25, 30 and 35 °C)
indicated that around 2,273 curcumin molecules per casein micelle; and at the
second region (above 4.0 x 10 mol.L-" of casein), the higher average slope
(15,838), suggests that about 15,838 curcumin molecules were carried by a
casein micelle. Considering the model of casein micelle, in which as1, as2, and -
caseins are placed in the core of casein micelle, while the k-casein is on the
interface of the protein aggregate, we could propose that at small casein
concentration (up to 2.0 x 10 mol.L-"), curcumim interacted with the strong
binding sites, probably present at k-caseins. However when the casein
concentration increased (above 4.0 x 10° mol.L"), more sites (the weaker

binding sites) are available for interacting with curcumin, probably those present

35



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

at as1, as2, and B-caseins, and a higher number of curcumim molecules were
transferred to the casein micelle.

The amount of curcumin carried by a casein micelle determined by the
partition experiment was remarkable smaller than that estimated by complex
stoichiometry determined by fluorescence. This difference can be easily
explained mainly considering that even casein micelle has many tryptophan
residues, some of them are not available to bind to ligand molecules (Lakowicz,
2006), and thus the amount of curcumin per casein micelle calculated based on
the complex stoichiometry found by fluorescence was overestimated. In addition,
the range of casein molecules per micelle is very wide (Antonov et al., 2017), and
so is the number of tryptophan residues, which could contribute for the difference
found.

Thermodynamics Parameters of Curmin-Casein Micelle Binding

Basically, four types of bonding energy are involved in the interaction
between biomolecules and small ligands: hydrophobic forces, hydrogen bonds,
van der Waals forces and electrostatic interactions (He, Xu, Zeng, Qin, & Chen,
2016). In order to determine the nature of the interaction between micellar casein
and curcumin, the thermodynamic parameters of this interaction were
determined.

From the binding constant Kap it was possible to determine the values of
standard Gibbs free energy change (AG°) of complex formation (Equation 5).

AG® = —RTInK, (5)
where R is the universal gas constant (8.314 J.mol-".K") and T is the temperature
in Kelvin.

Since there are two components contributing for AG®° values: the

enthalpic and the entropic terms, the values of standard enthalpy change (AH®)
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and standard entropy change (AS°) of complex formation were obtained. The AH°
values were calculated using the van't Hoff approximation, by linear adjustment
(Figure S4) between the values of In Ka versus the inverse of the temperature
(Equation 6). With the values of AG ° and AH ° it was possible to obtain the values
of the entropic term (TAS®) through the Gibbs fundamental equation (Equation
7). The data of thermodynamic parameters for curcumin-casein micelle is

presented in Table 3.

11,7 4 u T
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11,4
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1/T (K)
Figure S4. van’t Hoff plot for the interaction between casein micelle and curcumin

at pH 6.6.

The AG ° values were negative, indicating that the reaction equilibrium
favors the formation of a complex between micellar casein and curcumin. In
addition, the values of AG ° have become more negative at higher temperatures,
which indicates that temperature increasing became more stable curmin-casein

complexes.
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According to the signs and magnitude of the AH° and TAS® values, it is
possible to discuss wich interaction forces are mainly responsible for curcumin-
casein micelle binding. As shown in Table 2, the values of TAS® were positive
while AH° was negative, indicating an entropically and enthalpically driven
process. The AH° value obtained for curcumin-casein micelle complex is an
average of AH° at each binding site present in the casein micelle. The negative
AH° value indicated that probably two forces predomined in the ligand-protein
aggregate interaction: attractive electrostic interaction and hydrogen bonding (J.
Zhang, Tian, Liang, Subirade, & Chen, 2013). Since pH 6.6 micellar casein is
negatively charged and curcumin neutral (in the pH range 1-7, the majority of
diferuloylmethane species are in the neutral form and pKa values: 7.8, 8.5 and
9.0), the formation of the complex is enthalphically favorable, probably due to the
predominance of hydrogen bonds occurring between the OH groups of curcumin
and OH groups close to the residues of tryptophan in the interaction environment
of casein micelle.

Furthermore, the negative values of AH° indicate that the complex
formation is through an exothermic process (formation of energetically favorable
non-covalent interactions between atoms, thus reflecting the system's energy
change (Du et al.,, 2016) when curcumin binding with micellar casein). The
positive entropic term is the result of the hydrophobic effect, due to the release of
water molecules from the solvation layer of the species that formed the complex.
In this way, the freedom degree of the solvent molecules becomes larger and the

entropy of the system increases.
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Table 3. Thermodynamic parameters of interaction between micellar curcumin
casein at pH 6.6 at four temperatures.

T (K) AH° (kdmol)  RZ  TAS® (kdmol)  AG® (kJ.mol)
293.15 20.67 -28.66
303.15 21.52 -29.51
313.15 -7.99 0.97 22.14 13013
323.15 22.82 -30.80

Size and Zeta Potential

To evaluate the effects of the formation of complexes in the size and
charge of the casein micelle, we measure the potential zeta and size of the
protein agglomerate. It is important to investigate these two parameters during
the development of complexes, especially given the fact that biological matrices
are known to change these two characteristics when complex formation occurs
(eg protein adsorption) (Bhattacharjee, 2016). Table 4 shows the hydrodynamic
diameter and zeta potential of casein micelles in the absence and presence of
curcumin.
Table 4. Hydrodynamic diameter, polydispersity index and zeta potential of

casein micelles in the presence and absence of different concentrations of
curcumin at pH 6.6 and 298.15 K.

Curcumin Average .
concentration Diamegt}er Pdl Zeta Pci}entlal
(mol.L") (nm) (mV)
0x10-6 275.15 + 23.352 0.4102 -17.72 £ 1.952
2.5x106 291.15 + 51.892 0.5372 -17.16 £ 1.632
5.0x106 290.40 £ 40.592 0.4592 -16.98 + 1.332
7.5x10°6 299.77 + 40.152 0.4402 -15.68 £ 2.122
10.0x10-® 298.77 + 65.362 0.5142 -15.18 £ 0.812

The mean diameter of the casein micelles reported in the literature is
around 200 nm (Silva et al., 2013). The mean diameter (z-average) of the micellar
casein in the absence and presence of curcumin was constant. The Pdl of < 0.1
is considered to be highly monodisperse, values of 0.1 — 0.4 and >0.4 are
considered to be moderately and highly polydisperse, respectively

(Bhattacharjee, 2016). The values of standard deviation obtained indicate a
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higher polydispersity index of casein micelles, in agreement with the existence of
different sizes of the casein micelle.

At pH 6.6, the micelles are negatively charged with higher electrostatic
repulsion. In the case of pure micellar casein and with addition of curcumin, the
zeta potential mean was —16.54 mV. The presence of curcumin had no significant
effect on zeta potential (p < 0.05). The obtained results in this study are in good
agreement with current knowledge of the casein micelle.

Curcumin Thermal Degradation Kinetics

Food processing generally includes heat treatments that effectively
preserve food and also provide desirable sensory properties. However, current
knowledge indicates that thermal processing, especially under severe conditions,
can affect the levels of active compounds in food products (Mercali, Jaeschke,
Tessaro, & Marczak, 2013). Kinetic analysis, which is widely used technique for
studying thermal decomposition, has received considerable attention (Chen et
al., 2014; Sarkis, Jaeschke, Tessaro, & Marczak, 2013). An important practical
application is the prediction of process rates, thermal stability and the half-life of
materials (Chen et al., 2014).

Figure 8 summarizes the kinetic parameters of the degradation constant
and half-life time obtained for the temperature of 303.15 K evaluated at different
concentrations of micellar casein. The same profile shown in Figure 8 was
observed for the temperatures of 313.15, 323.15 and 333.15 K (Figure S5). The
kinetic constants increased with increasing temperature for all casein

concentrations.
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Figure 8. Dependence of the degradation constant (Kq) and the half-life (t12) as
a function of micellar casein concentration at pH 6.6 and 303.15 K.

At each temperature, the increasing casein concentration provided a
reduction in the kinetic degradation constant (kd) of curcumin, suggesting the
protective effect of micellar casein. Chen et al. (2014) suggests that the thermal
degradation of curcumin occurs in two stages: (l) the stage | is due to the
decomposition of substituent groups of curcumin; (Il) the stage Il is due to the
decomposition of two benzene rings of curcumin. The same trend presented by
the kinetic degradation constant occurred in relation to the half-life of curcumin in
the presence of micellar casein, increasing the half-life (t12) of curcumin in the
presence of micellar casein. He et al. (2016) found small thermal degradation of
anthocyanins in the presence of casein fractions (pH 6.3 and 353.15 K/ 2h),

suggesting the protective effect of this protein and corroborating with this study.
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Trough Arrhenius approach (Figure 9A), the activation enthalpic energy

of degradation (AH%4) for each casein concentration was calculated (Figure 9B).
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Figure 9. Van't Hoff approach (A) and dependence of AH* as a function of

concentration of micellar casein (B).

As the concentration of micellar casein increased the AH%*; also
enhanced, indicating that it is necessary a greater energy for occurring the
thermal degradation of curcumin. This behavior is problably due to at small
concentration of casein micelle the curcumin interact with binding sites presentin
the protein aggregate, saturating these sites; however when the casein
concentration increased, there are more casein micelle available to bind with
curcumin, stabilizing the bioactive molecule, and thus, it is necessary more
energy to degradate curcumim.

Conclusion

The interaction between micellar casein and curcumin was studied using
UV-vis and fluorescence spectroscopy. The results obtained demonstrate that
curcumin interacts with micellar casein through a predominantly static
mechanism, that is, the formation of complex in the ground state. The process of
interaction, through thermodynamic analysis, is enthalphically and entropically
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directed. The presence of curcumin showed no significant difference in relation

to the mean size and zeta potential of the casein micelle. Through the kinetic

analysis of degradation, the results suggest the protective effect of micellar

casein against thermal degration processes on curcumin. The results of this study

present a better understanding of how micellar casein can be used as an

interaction vehicle, transport and protection for other molecules.
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