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RESUMO

LELIS, Carini Aparecida, M.Sc., Universidade Federal de Vigosa, fevereiro de
2015. Caracterizagao fisico-quimica da interagdao intermolecular entre
vermelho 40 ou vermelho ponceau 4R e albumina do soro bovino.
Orientadora: Ana Clarissa dos Santos Pires. Coorientadores: Luis Henrique
Mendes da Silva e Maria do Carmo Hespanhol da Silva.

Corantes alimenticios sao aditivos utilizados em alimentos com importancia
para a aparéncia e aceitabilidade do produto. A distribuicdo uniforme dos
corantes nos sistemas alimenticios pode ser uma indicacdo de interagdes e
formacédo de complexos entre os corantes e um ou mais ligantes existente na
matriz alimenticia. O presente trabalho teve como objetivo estudar a nivel
molecular os mecanismos envolvidos na interacdo entre o0s corantes
alimenticios (vermelho 40 (V40) e vermelho ponceau 4R (VP 4R)) e a proteina
(albumina do soro bovino (BSA)) em diferentes condigbes de forga ibnica, pH e
temperatura. Os mecanismos envolvidos na interacdao entre os corantes e a
proteina foram investigados utilizando técnicas altamente sensiveis e eficazes
como fluorescéncia, nanocalorimetria de titulacao isotérmica, tensao interfacial
e coeficiente de difusdo. Resultados de fluorescéncia mostraram que a
intensidade de fluorescéncia da BSA diminuiu a medida que as concentracdes
de V40 e VP 4R aumentaram. O mecanismo de extincdo da fluorescéncia foi
classificado como estatico, havendo portanto, a formacao de complexos entre a
proteina e os corantes em todas as condicbes termodindmicas estudadas.
Além disso, a variagao de energia livre de Gibbs de complexagao foi negativa,
sendo regida entalpica ou entropicamente dependendo das condigbes
termodinadmicas. A analise do coeficiente de difusdo (CD) dos corantes na
presenga de concentragdes crescentes do biopolimero também demonstrou a
formagédo de complexo entre os corantes e a BSA, visto que os CDs de ambos
os corantes diminuiram na presenga da proteina. Adicionalmente, a
porcentagem de moléculas de corantes ligadas a BSA foi maior na presencga de
eletrdlitos nos pHs 5,0 e 7,4. Medidas de tenséao interfacial mostraram que os
complexos BSA-corante possuem atividade superficial uma vez que houve
reducéo na tensao interfacial agua/ar a medida que a concentragdo de corante

aumentou. A partir da inflexdo das curvas de tensao interfacial no equilibrio

Xii



termodindmico versus a concentracdo de corante foi possivel determinar a
estequiometria da complexagdo com valores semelhantes aos obtidos nos
experimentos de fluorescéncia. Experimentos de nanocalorimetria de titulacao
isotérmica permitiram a determinacdo da variacdo da entalpia aparente de
interagcdo (AH intapar)entre corante e proteina. Os valores obtidos foram
diferentes daqueles calculados pela aproximacdo de van't Hoff a partir dos
experimentos fluorimétricos e demonstraram complexacéao regida pela entalpia
ou pela entropia dependendo das condi¢des termodindmicas do sistema. Além
disso, a conformacgéo da BSA influenciou nas energias obtidas pela analise de
calorimetria. Apesar dos corantes apresentarem estruturas quimicas similares,
a presenca de um anel benzénico e um grupo sulfito a mais no VP4R levou a
diferencas consideraveis nos parametros termodinamicos de interagdo com a
BSA comparado com o V40, uma vez que o V40 interage na regido hidrofobica
da proteina e o VP4R na superficie. Este estudo contribui para o conhecimento
em nivel molecular da interagdo entre a BSA e corantes sintéticos em
condicbes de pH, forca ibnica e temperatura encontradas em matrizes

alimenticias e no sangue.
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ABSTRACT

LELIS, Carini Aparecida, M.Sc., Universidade Federal de Vigosa, February
2015. Physico-chemical characterization of intermolecular interaction
between red allura or red ponceau 4R and bovine serum albumin. Adviser:
Ana Clarissa dos Santos Pires. Co-advisors: Luis Henrique Mendes da Silva
and Maria do Carmo Hespanhol da Silva.

Food dyes are often used to improve food acceptance and appearance.
Uniform food dye distribution in food can be an indication intermolecular
interactions and formation of complexes between colorants and other
molecules. The present work aimed to study in molecular level the mechanisms
involved in bovine serum albumin (BSA) and food dyes, allura red (AR) and
ponceau 4R (P4R) at different pH, temperature and ionic force. Fluorimetric
spectra analyses showed that BSA fluorescence reduced as AR or P4R
concentrations increased. Quenching mechanism of complexation was
classified as static quenching, indicating formation BSA-colorant complex in all
thermodynamic studied conditions. In addition, the Gibbs free energy change
was negative, being complexation driven by enthalpy or entropy depending on
thermodynamic conditions. The analyses of colorant diffusion coefficient (DC) in
the presence of increasing concentrations of biopolymer also demonstrated
BSA-colorant interaction since DCs reduced in the presence of protein.
Addionally, the percentage of food dye molecules bound to BSA was higher in
the presence of electrolyte at pH 5.0 and 7.4. Interfacial tension (IT)
measurements showed that BSA-colorant complexes have surface activity
because IT values of water-air interface reduced as colorant concentration
increased. Also, by inflexion in the curves of IT at thermodynamic equilibrium
versus food dye concentration, complexation stoichiometry was determined with
similar values to those obtained by fluorimetric measurements. Isothermal
titration calorimetry (ITC) experiments provided the apparent interaction
enthalpy change (Aapp-intH) for BSA-colorant interaction. Values determined by
calorimetry were different from those calculated by van’t Hoff approximation
from fluorescence data, and demonstrating that complexation was driven by
enthalpy or entropy depending on thermodynamic conditions of the systems. In

addition, BSA conformation influenced energy found in calorimetric analyses.
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Despite of both colorants show similar chemical structures, the presence of one
more benzenic ring and sulphide group in P4R leaded to considerable
differences on thermodynamic parameters of interaction with BSA compared to
AR. This work contributes to knowledge at molecular level of interaction

between BSA and synthetic food dyes in food and blood conditions.
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CAPITULO 1
1. INTRODUGAO

Grande parte das cores naturalmente presentes nos alimentos séao
termolabeis e sdo perdidas durante o processamento. Uma das razbes para
adicionar corantes artificiais € minimizar a percepcao destas perdas pelos
consumidores. A utilizagcdo dos corantes em diversos alimentos justifica-se
principalmente por questdes de habitos alimentares, sendo de grande
importancia na aparéncia do produto assim como sua aceitabilidade.

O potencial impacto dos corantes artificiais alimenticios sobre a saude
humana esta cada vez mais no centro da atencdo da opinido publica de
cientistas e de legisladores. Os tipos e a quantidade de corantes artificiais
permitidos em diversos paises ou regides sao diferentes. Isso devido a um
maior ou menor consumo de alimentos presentes na dieta da populacdo, aos
quais esses corantes sao adicionados. Os corantes azo representam a classe
de corantes artificiais mais importante e utilizada em alimentos e é composta
pelos seguintes corantes: amaranto, vermelho ponceau 4R, vermelho 40,
tartrazina e amarelo crepusculo.

A distribuicao uniforme dos corantes nos sistemas alimenticios pode ser
uma indicacido de interacdes e formagdes de complexos entre os corantes e
ligantes existentes na matriz alimenticia durante todo o processamento e
armazenamento. Dentre os ligantes que podem estar presentes nos alimentos;
as proteinas do soro tém sido muito utilizadas como ingredientes em diversas
formulagdes, atuando no transporte e fixagdo dos corantes. Além disso, as
proteinas apresentam fungdes biolégicas que podem ser afetadas por
mudangas conformacionais causadas em sua estrutura devido a interagao com
0s corantes.

As proteinas do soro de leite constituem um grupo bastante diversificado
de proteinas com caracteristicas estruturais bem diferentes. As principais
proteinas presentes no soro s&o a beta-lactoglobulina (B-Lg), alfa-
lactoalbumina (a-La), albumina do soro bovino (BSA) e as imunoglobulinas
(Ig’s), que apresentam propriedades fisico-quimica diferentes. A BSA tem sido
largamente estudada devido a sua estabilidade, baixo custo, propriedades de

ligacao, transporte e em particular a sua homologia estrutural com a albumina



do soro humano (HSA), além de sua natureza soluvel em agua, que é
importante para estudos de interagdes.

Apesar dos esforcos da comunidade cientifica, ainda existem poucos
trabalhos visando elucidar, a nivel molecular, as interacdes entre proteinas do
soro, como a BSA e corantes artificiais alimenticios. Estudos da termodinadmica
de interacdo destes corantes com biopolimeros de interesse, utilizando
técnicas experimentais sensiveis, sao importantes tanto do ponto vista
tecnolégico quanto de saude, uma vez que a formagao de complexos estaveis
entre os corantes e os biopolimeros pode melhorar a aplicacdo de corantes em
diferentes formulagdes, bem como alterar as fungdes de transporte das
proteinas.



2. OBJETIVOS

21. Objetivos Gerais

Estudar, a nivel molecular, a interacdo entre os corantes artificiais
alimenticios (vermelho 40 e vermelho ponceau 4R) e a proteina (albumina do
soro bovino-BSA) em diferentes condi¢des de forga ibnica, pH e temperatura.

2.2, Objetivos especificos

- Determinar a constante de interagao entre BSA e os corantes vermelho
40 e vermelho ponceau em fungéo da temperatura;

- Determinar o coeficiente de difusao do vermelho ponceau e vermelho40
em solugédo de BSA em diferentes concentragbdes e em diferentes condi¢coées pH
e forgca ibnica, correlacionando esta propriedade com as interagdes
intermoleculares entre corante-proteina;

- Determinar a variagdo da entalpia de interagdo entre a BSA e corantes
alimenticios (vermelho ponceau 4R e vermelho 40) em diferentes condigbes de
pH e conformacéo da BSA;

- Determinar a tensao interfacial da BSA na presenca de diferentes

concentracdes de corantes alimenticios, em diferentes condi¢cdes de pH.



3. REVISAO DE LITERATURA

3.1. Corantes

3.1.1. Corantes sintéticos

O uso de aditivos quimicos, como os corantes artificiais, € um dos mais
polémicos progressos da industria de alimentos, visto que seu uso em varios
alimentos se explica apenas por questdes de habitos alimentares. Em geral a
importancia da utilizacdo dos corantes esta na aparéncia do produto para sua
aceitabilidade sendo a maior justificativa para o seu emprego (PRADO e
GODOQY, 2003).

Grande parte das cores naturalmente presentes nos alimentos séao
termolabeis e sdo perdidas durante o processamento. Uma das razdes para
adicionar corantes sintéticos, é remediar essas perdas. Entretanto & possivel
que os corantes alimenticios sintéticos adicionados aos alimentos e bebidas
ultrapassem os niveis autorizados. A agéncia Nacional de Vigilancia em Saude
Publica (ANVISA) emitiu disposi¢des legais (ANVISA, 1999 e ANVISA, 2002),
que regula a utilizagcdo de corantes alimenticios sintéticos e seus niveis
permitidos em todos os alimentos (ANDRADE et al., 2014).

O potencial impacto dos corantes alimenticios sobre a saude humana
esta cada vez mais no centro da atengdo da opinido publica, cientistas e
legisladores. Varios estudos tentaram demonstrar as reagdes adversas que os
corantes podem causar (WARD, 1997; MACKINSKI-JR,1998;KAPADIA et al.,
1998; SASAKI et al.,, 2002; TANAKA, 2006). Os tipos e a quantidade de
corantes permitidos em diversos paises ou regides séo diferentes. Isso devido
um maior ou menor consumo de alimentos presentes na dieta da populacao,
aos quais esses corantes sio adicionados.

Corantes compreendem dois principais componentes: o grupo cromoforo,
responsavel pela cor que absorve a luz, e o grupo funcional, que esta
diretamente ligado a fixagdo. O grupo mais representativo e amplamente
aplicado pertence a familia dos corantes azdicos que se caracterizam por
apresentarem um ou mais grupamentos —N=N- ligados a sistemas aromaticos
(KUNZ et al., 2002).

De acordo com os regulamentos da ANVISA um alto consumo de

produtos artificiais coloridos esta relacionado a doengas ligadas a alergia, tais
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como erupgdes cutdneas, asma brdnquica em pessoas suscetiveis, rinite,
hiperatividade, danificacdo cromossémica, tumores, entre outros (ANDRADE et
al.,, 2014 e MARMITT et al., 2010). Todavia, os estudos sobre os efeitos
nocivos causados pelos corantes artificiais a saude sao insuficientes e bastante
contraditérios (SHIMADA et al., 2010 e MARMITT et al., 2010).

Em 1906, surgiram as primeiras suspeitas da agdo cancerigena dos
corantes artificiais. Ao injetar um corante azdéico (vermelho escarlate) sob a
pele da orelha de um coelho observou-se um crescimentos celular atipico sob a
pele. Em 1924, foi observado que a ingestdo desse corante por camundongos
podia provocar a formacdo de adenomas hepaticos (MACKINSKI-JR,1998).
Desde entdo varias pesquisas sobre a acdo toxica e cancerigena de diversos
corantes foram empreendidas.

Por outro lado, Kapadiaet al., 1998 estudaram a ac¢do antitumoral in vitro
de 29 corantes artificiais permitidos pelo FDA (Food and Drug Administration)
nos Estados Unidos para alimentos, farmacos e cosméticos sobre o virus
Epstein-Barr (EBV) que produz o indutor de tumores 12-o-tetradecanoilforbol-
13-acetato (TBA). Das amostras; 10 foram efetivas a agdo antitumoral, sendo 6
substancias do grupo azo, 2 derivadas da tartrazina e o indigo, com
significativa inibicdo do indutor do EBV, durante ensaios in vitro. Efeitos da
eritrosina também foram avaliados. Esses trés corantes apresentaram atividade
quimiopreventiva, apresentando uma redugdo de até 50% na formagdo de
papiloma em ratos.

Em 1997 pesquisas realizadas em 486 criangas hiperativas, entre 7 e 13
anos, demonstraram que 60% reportavam problemas de aumentos da
hiperatividade quando consumiam alimentos e bebidas coloridos artificialmente.
Em contraste, de 172 criangas controle apenas 12% apresentavam problemas
associados a corantes artificiais (WARD, 1997).

Diante da estrutura quimica dos corantes azéicos, suspeita-se que a parte
da molécula causadora de tumores seja, possivelmente, formada no processo
de degradacgao do corante, com a quebra da dupla ligagdo azo (N=N). Desde o
inicio do século XX tem sido demonstrado que moléculas originadas dos
corantes azoicos apresentam ag&o cancerigena, principalmente pela formagéo
do amino-azobenzeno (Figura 1) (PRADO e GODOY, 2003)



Figura 1. Amino-azobenzeno. Fonte:PRADO e GODOQY, 2003.

Os corantes azo utilizados em alimentos € composto pelo: amaranto,
vermelho ponceau 4R, vermelho 40, tartrazina e amarelo crepusculo.

Quimicamente, o vermelho 40 é dissodico 6-hidroxi -5 (2 metoxi-5-metil-4-
sulphophenylazo) -2-naftalenossulfonato com um massa molecular de 496,4
g/mol é comercialmente disponivel como pd ou granulo vermelho escuro ou
castanho, que é soluvel em agua, mas insoluvel em etanol (ABDULLAH et al.,
2008). O vermelho 40 (Figura 2) é um corante monoazo e apresenta boa
estabilidade a luz a altas temperaturas a acido, além de ser o corante vermelho
mais estavel para bebidas na presenga de acido ascoérbico e agente redutor.

(GOMES, 2012).
OMe HO
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Figura 2. Estrutura molecular do corante vermelho 40. Fonte: GOMES, 2012.

De acordo com Zeiger e Margolin, 2000, o vermelho 40 ndo apresentou
efeito multagénico em quatro diferentes cepas de Salmonella estudadas.

Tsuda et al., 2001, também analisaram a genotoxicidade do vermelho 40
em ratas gravidas, o efeito foi positivo para danos causados no DNA retirado
do cdlon ap6s 3 h de administragao do corante, porém nao houve danificagao
do DNA retirado do estdbmago, figado, rim, bexiga, cérebro, medula 6ssea e em
orgao do embrido. Os danos causados no célon ocorreram em doses a partir
de 10 mg/Kg.

Poucos trabalhos recentes na literatura avaliam a citotoxidade e
mutagenicidade ou carcinogenicidade do corante vermelho 40. Em 2002,

Sasakiet al., determinou a genotoxicidade de 39 aditivos quimicos em ratos. De
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todos os aditivos, os corantes foram os mais genotoxicos. Entre os corantes
analisados encontra-se o vermelho 40 que induziu danos ao DNA com uma
dose a partir de 10 mg/Kg, sendo que a dose diaria aceitavel (ADI) é de 7,0
mg/kg.

Essa escassez de informagdes sobre o corante alimenticio vermelho 40
se torna preocupante porque este aditivo € amplamente utilizado em cereais,
doces, sorvetes, iogurtes, geléias, licores, sucos em pé e refrigerantes (PAN
etal., 2011). Como ja mencionado, os corantes da classe azo sdo controversos
na comunidade cientifica quanto a sua toxicidade, incluindo a nivel celular;
contudo quase todos os estudos nessa area se referem a tartrazina, vermelho
bordeaux. (OLIVEIRA et al.,, 2013).Entretanto outros corantes azo como o
vermelho 40 e o vermelho ponceau 4R sio bastante utilizados na industria de
alimentos.

O corante vermelho ponceau 4R (Figura 3), pertence ao grupo azo-
sulfona, ¢é derivado do carbono, obtido por sintese quimica.
Caracteristicamente ele € um p6 fino homogéneo de cor vermelho escuro e
inodoro(PINTEA, 2007). Como o vermelho 40, apresenta boa estabilidade ao
calor, a luz e ao acido, porém descolore parcialmente na presenga de alguns
agentes redutores como 4&cido ascorbico e dioxido de enxofre (SO2)
(DOWNHAM e COLLINS, 2000).

O corante é utilizado em uma diversidade de produtos alimenticios, sendo
que alguns exemplos de uso sao para colorir agucares de confeitaria, bebidas,
sorvete, gelatina em po, refrigerantes, sobremesas, picles, molhos, snacks,
geléias, doces em pasta e marmelada, (EFSA, 2009).

HO,

e ®
D NaOsS

Figura 3. Estrutura molecular do vermelho ponceau 4R. Fonte: CHANLON et
al., 2005.

SO,Na

No que se refere a estudos de toxicidade reprodutiva e de

desenvolvimento, Meyer e Hansen (1975) descobriram que o corante vermelho
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ponceau 4R nao induzia nenhum efeito embriotéxico em ratos por gavagem
(1000-4000mg/Kg por dia). Em 1981 Momma et al., relataram que o vermelho
ponceau 4R utilizados nas dietas (0,05-0,7%) durante a gravidez em ratos, nao
produziu nenhum efeito teratogénico ou desenvolvimento pés-natal.

Foram encontrados poucos trabalhos recentes na literatura que avaliaram
os efeitos adversos do vermelho ponceau 4R a saude. Em um estudo realizado
por Tanaka, 2006 concluiu-se que os niveis de vermelho ponceau 4R
administrado na dieta de camundongos com 4 semanas de idade n&o produziu
efeitos adversos sobre a reproducado, porém foi observado efeitos adversos
sobre os parametros neurocomportametais. No entanto, os niveis de corantes
administrado na dieta que causaram efeitos adversos (aproximadamente 205
mg/Kg por dia) eram superiores a dose diaria aceitavel (ADI) de ponceau 4R
(0-4,0 mg/kg de peso corporal), portanto, acredita-se que o nivel de ingestao de
ponceau 4R provavelmente ndo produzira qualquer efeito adverso reprodutivo
ou neurocomportamental em seres humanos.

De acordo com a ANS, 2009 (EFSA Panel on Food Additives and Nutrient
Sources added to Food), algumas reagbes de sensibilidade foram relatadas
apos a ingestdo de ponceau 4R, principalmente quando o mesmo era
administrado com uma mistura de outros corantes sintéticos, porém nenhuma
conclusdo sobre a sensibilidade pode ser concluida diante da escassez de
dados cientificos.

A distribuicdo uniforme dos corantes nos sistemas alimenticios pode ser
uma indicacdo de formacbes de complexos entre os corantes e diferentes
ligantes existentes na matriz alimenticia durante todo o processamento e
armazenamento. As proteinas soro, que tem sido muito utilizada como
ingredientes pode se ligar a essas moléculas de corante, atuando no transporte
e fixagdo do mesmo. Além disso, as proteinas apresentam fungdes bioldgicas
que podem ser afetadas por mudangas conformacionais causadas em suas

estruturas devido as interagdo com os corantes.

3.2 Proteinas

O leite bovino contém cerca de 3,5% (m/m) de proteinas. Estas proteinas
além de fornecerem aminoacidos, sdo veiculos naturais de micronutrientes
essenciais, como o calcio e fésforo, assim como componentes do sistema

imune (imunoglobulinas e lactoferrina), para o recém-nascido. Essas proteinas
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sao distribuidas em duas grandes classes com caracteristicas e propriedades
muito distintas, sendo 80% de caseina e 20% de proteinas do soro (FARRELL
JR et al., 2006).

As proteinas do soro sdo um grupo de proteinas que permanecem
soluveis no soro do leite apds a precipitacdo da caseina empH 4,6 e
temperatura de 20°C. A maioria dessas proteinas sdo globulares com elevada
hidrofobicidade e cadeias peptidicas densamente dobradas (PHADUNGATH,
2005). Sao as unicas usadas na sua forma nativa em aplicagdes alimenticias,
devido a baixa forga ibnica, o que as torna soluveis em larga faixa de
pH(ANTUNES, 2003).

As proteinas do soro tém sido cada vez mais utilizadas como
ingredientes nutricionais e tecno-funcionais em varias formulagdes de
alimentos, particularmente sob a forma de soro de leite em pd, concentrado
proteico de soro de leite (WPC) e isolado proteico de soro de leite (WPI). A
tecno-funcionalidade dos ingredientes de soro € determinada por alteragoes
nas suas propriedades fisico-quimicas durante o processamento de alimentos,
que normalmente incluem o tratamento térmico, como pré-aquecimentos, a
pasteurizacao ou esterilizagdo (RODRIGUES et al., 2015). Podem ser usadas
como espumantes, emulsificantes e sdo consideradas ingredientes alimenticios
potenciais, com capacidade para substituir outros ingredientes de
caracteristicas semelhantes, como a clara de ovo, ovo integral ou leite em pé
desnatado em uma ampla variedade de produtos alimenticios, como por
exemplo, em produtos de panificacdo, produtos carneos, na fortificacdo de
cereais, bebidas nutricionais, queijos, produtos farmacéuticos, na
microencapsulagao de lipideos do leite (ZUNIGA, 2003).

Segundo Borges (2000) e Antunes (2003), quando comparadas com
outras proteinas, as proteinas do soro apresentam viscosidade baixa, o que
permite sua incorporacdo na producdo de produtos dietéticos. Alem disso,
quando concentradas, sado geralmente muito soluveis, e com tratamento
térmico sao desnaturadas, o que aumenta a sua capacidade de retencdo de
agua, bem como sua viscosidade.

As proteinas do soro de leite constituem um grupo bastante diversificado
de proteinas com caracteristicas estruturais bem diferentes. As principais
proteinas presente no soro séo a beta-lactoglobulina (B-Lg), alfa-lactoalbumina

(a-La), albumina do soro bovino (BSA) e as imunoglobulinas (Ig's), que
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apresentam propriedades fisico-quimica diferentes, como ponto isoelétrico,
concentragao no soro, massa molar e hidrofobicidade. A Massa molar dessas
proteinas é de aproximadamente 18,4 KDa para a B-Lg, 14,0 KDa para a a-La,
66,0 KDa para a BSA e 150-1000 KDa para a Ig's. O ponto isoelétrico da 3-Lg,
a-La, BSA e Ig's é de 5,2, 4,5-4,8, 4,7-4,9, e 5,5-8,3 respectivamente. A B-Lg
representa cerca de 50% das proteinas do soro, a a-La 20%, BSA 5% e a lg's
10% (ANTUNES, 2003, PEREIRA,2009).

3.21. Albumina do Soro Bovino (BSA)

Albumina do soro bovino (BSA) é um dos componentes principais no
plasma sanguineo, representando cerca de 60% da proteina total. E
responsavel por grande parte (80%) da regulacdo da pressdo osmética do
sangue. A BSA é o principal transportador das mais variadas moléculas no
organismo, sejam elas de carater hidrofébico (acidos graxos, horménios e
drogas) ou hidrofilicos (a propria agua, Ca2?*, Na* e K*) (JORDAO,
2007;ZHANG et al., 2012).

A BSA é o principal carreador de acidos graxos, 0s quais sao insoluveis
no plasma sanguineo. Ela também realiza muitas outras fungbes como,
eliminacao de radicais livres de oxigénio e desativacdo de varios metabolitos
lipofilicos toxicos. Apresenta uma alta afinidade por acidos graxos, hematinas,
bilirrubina, e uma grande afinidade por pequenos compostos aromaticos
negativamente carregados. Como uma proteina de transporte multifuncional, a
albumina é ocarreador chave de 6xido nitrico, o que tem implicado em varios
processos fisiolégicos importante, incluindo neurotransmissdo (GLODBERG,
1952; FERREIRA, 2009).

Tem sido largamente estudada devido a sua estabilidade, baixo custo,
propriedades de ligagéo e transportee em particular a sua homologia estrutural
com a albumina do soro humano (HSA), além de sua natureza soluvel em
agua, que é importante para estudos de interagdes. (ZHANG et al., 2012;
RAVINDRAN et al., 2010; EDWARDS et al., 2009).

A molécula de BSA apresenta uma homologia estrutural de 76% com a
albumina do soro humano. Ambas as moléculas consistem em uma unica
cadeia polipeptidica, sendo que a BSA apresenta em sua cadeia 583 residuos
de aminoacidos e a HSA 585 residuos de aminoacidos.Tanto a BSA quanto a

HSA possuem apenas um residuo de cisteina livre, Cys34. Os outros formam
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17 pontes dissulfeto ajudando a manter a estrutura terciaria. A BSA possui 2
residuos de triptofano nas posicoes 134 e 212 e a HSA apenas um, triptofano
214. Apresentam massa molar da ordem de 66,0 KDa. Na faixa de pH entre 4,5
a 8,0, a molécula de HSA tem a forma de coragdo (80A x 80A x 30A)
apresentando a mesma caracteristica que a BSA. A molécula de HSA é
constituida principalmente por a-hélices (~67,0%), ja a molécula de BSA
apresenta 54% de a-hélices(ESPOSITO, 2000; ANTUNES, 2003;TANG et al.,
2011; KHODARAHMI et al., 2012)

A estrutura secundaria da BSA apresenta as cadeias dobradas entre si
formando camadas que podem ser desenoveladas por diminuicdo do pH e
novamente enoveladas por elevacéo do pH. E formada de 54% a-hélices, 40%
de estruturas B (folhas e giros ) com trés dominios especificos para ligagcao de
ions metalicos, de lipidios e de nucleotidios, respectivamente. A quantidade de
estrutura em a-hélice varia com o pH, de 54 a 44 e 35% nos pHs 3,6, 3,9 € 2,7,
respectivamente (SGARBIERI, 2005).

As estruturas tridimensionais da BSA em forma de coragdo (80A" x 80A" x
30A°) parecem ser mais ou menos semelhantes entre muitas espécies vivas.
BSA contém trés dominios homodlogos helicoidais (I-1ll) ligados por
enovelamento aleatério, cada um dividido em sub-dominios A e B (Figura 4)
(KHODARAHMI et al., 2012)

1L 1]
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Figura 4. Representacdo da fita de HSA (esquerda) e BSA (direita) e a
localizagdo dos dominios de ligagc&o. Estéo indicadas as localizagdes dos sitios
de ligagdes hidrofobicos (Sudlow | e Il). A estrutura secundaria da proteina é
mostrada como uma fita com os sub-dominios com cdodigo de cores da
seguinte do forma: |A, azul; 1B, azul celeste; IIA, verde; IIB, amarelo; IlIA,
laranja; IlIB, vermelho(KHODARAHMI et al., 2012).
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O local Sudlow | e o local Sudlow Il estdo localizados nas cavidades
hidrofébicas dos subdominios IIA e IIIB, respectivamente (KHODARAHM Iet al.,
2012).

A BSA apresenta em sua molécula apresenta dois residuos de triptofano
nas posicoes 134 e 212 que induz a fluorescéncia intrinseca a cerca de 280 nm
(RAVINDRAN et al., 2010; TANG et al., 2011). O triptofano 212 esta localizado
na regido hidrofébica da proteina e o triptofano 134 esta localizado sobre a

superficie da molécula (LI et al., 2011), conforme ilustrado na figura 5.

Figura 5. Estrutura da BSA, com residuos de triptofano mostrados na cor verde.
Fonte: LI et al., 2011.

Duas caracteristicas estruturais importantes da BSA sao: a presenca de
um grupo sulfidrilo livre do peptidio N-terminal e a existéncia de 17 pontes
dissulfeto na molécula. O rompimento dessas ligagdes resulta em modificacdes
de algumas de suas propriedades fisico-quimicas e estruturais, em especial do
perfil de sedimentagao na ultracentrifugagao, das propriedades imunoldgicas e
do perfil de solubilidade em fungdo do pH. No estado nativo, a proteina
apresenta elevada solubilidade na faixa de pH 1,5 a 8,0; entretanto, quando as
ligacdes dissulfeto sdo rompidas aparece regido de solubilidade minima entre
pH 3,5-5,0 que se amplia com o aumento do numero de ligagdes rompidas.
(HARAGUCHI et al., 2006).

Em pH abaixo do ponto isoelétrico apresenta alteracbes em suas
propriedades fisico-quimicas, como aumento da viscosidade intrinseca, volume
molecular e reducdo acentuada de solubilidade em 3 M de KCI
(MICHAELIDEOU e STEIJINS, 2006).
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A BSA nao é carregada uniformemente na sua estrutura primaria. Em pH
neutro, ela possui uma rede de cargas de -10, -8 e 0 para os trés dominios |, Il,
[ll. A distribuicdo de carga superficial € mostrada na Figura 6 (FERREIRA,
2009).

Figura 6. Modelo de preenchimento espacial da molécula de albumina do soro
bovino com residuos basicos coloridos em azul, residuos acidos em vermelho e
residuos neutros em amarelo. (A) vista frontal, (B) vista traseira, (C) lado
esquerdo e (D) lado direito.

A BSA interage fortemente com pequenos compostos aromaticos
negativamente carregados (FERREIRA, 2009). Os corantes artificiais sao
exemplos de pequenos compostos aromaticos que tem sido muito utilizado na
industria téxtil, papel, farmacéutica, alimenticia, cosméticos e eletrbénicos.
Esses compostos ao se ligarem a proteina podem causar alteragbes
conformacionais, que, por sua vez, altera a estrutura secundaria e terciaria das
proteinas. A estrutura das proteinas determina as suas importantes funcdes
biolégicas, logo as alteragdes estruturais resultantes das interagdes com esses
ligantes podem influenciar o transporte, metabolismo e a disponibilidade
dessas proteinas para outros ligantes no organismo, uma vez que ao interagir
com os corantes a BSA pode deixar de interagir e transportar moléculas
essenciais ao organismo, como por exemplo, vitaminas. Além disso, a
solubilidade desses compostos pode ser aumentada quando os mesmo estdo

interagindo com as proteinas (PAN et al., 2010). As interagbes dos corantes
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com a BSA pode reduzir a concentragao livre disponivel do corante e

consequentemente sua agao téxica (SHAHABADI, et al., 2012).

3.3. Interagao corante x proteina

Proteinas do soro podem interagir com diferentes moléculas, inclusive
com corantes alimenticios. Isto é importante tanto do ponto de vista tecnolégico
quanto nutricional e fisioldgico.Alguns estudos tém sido realizados com
diferentes corantes, para identificar o mecanismo de interagdo entre essas
moléculas (HU et al., 2005; ABDULLAH 2008; BASU e GOPINATHA, 2015; WU
et al., 2015).

Os corantes vermelho40e o vermelho ponceau 4Rtém sido utilizados pela
industria de alimentos como corante alimenticiospor décadas, no entanto, a
natureza de sua ligacdo aos componentes dos alimentos ainda nao foi
completamente investigada. A distribuicao uniforme dos corantes em sistemas
alimenticios é uma indicacdo de que existe uma forte interacdo e a formacao
de um complexo estavel entre o corante e ligantes existentes em todo o
processamento e armazenamento de alimentos.

Abdullah et al., 2008 estudou a interacdo do vermelho 40 com uma
variedade de proteinas alimentares, incluindo proteinas do amendoim, farelo de
arroz, alho, BSA e uma misturas delas. A formacao de complexo entre proteina
e vermelho 40 foi ilustrada por espectrofotometria. Além disso, utilizando
analise de eletroforese, verificou-se que o vermelho 40 liga-se as proteinas
podendo ser usado no processamento de alimentos, a temperaturas elevadas
ou baixas. A intensidade da cor ndo € muito afetada a pH levemente acidos ou
basicos, e o corante pode ser utilizado em diversos alimentos processados,
como a maior parte dos sistemas alimenticios sdo normalmente na gama de pH
de 4-7,5 onde ligacéo de corante é 6tima.

A interagdo entre o corante vermelho 40 e albumina do soro humano
(HSA) também foi investigado, utilizando diferentes técnicas opticas. Os
resultados mostraram que o corante vermelho 40 tem a capacidade de
extinguir a fluorescéncia intrinseca da HSA através da formagdo do complexo
proteina-corante. Com base nos pardmetros termodinamicos e simulagdes da

dindmica molecular, pode-se verificar que a formagcéo do complexo proteina-
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corante foi espontanea, sendo que as principais forgas de interacbes foram as
ligagdes de hidrogénio e as forgas de van der Waals (WU et al., 2015).

A formacgao de complexo entre o azul de metileno um corante aromatico
policiclico e a albumina do soro humano (HSA) foi verificada por técnicas de
espectroscopia de fluorescéncia e UV-vis. Além disso, observou-se que o efeito
da temperatura sobre a constante de interacdo era pequeno. Assim, azul de
metileno pode ser armazenado e transportado por proteinas no organismo (HU
et al., 2005).

O complexo formado foi termodinamicamente estavel, uma vez que, os
valores da variagdo da energia livre de Gibbs padrao foram negativos nas
temperaturas analisadas (292K, 278K, 304K, 310K). A entalpia negativa (AH) e
entropia positiva (AS) indicam que as interagdes eletrostaticas desempenharam
um papel importante na reacéo de ligagao.

Recentemente um estudo realizado por Basu e Gopinatha, 2015 verificou
que a interagaoentre BSA e HSA com tartrazina foi exotérmica. A formagao do
complexo proteina-corante foi de 1:1 para ambas as proteinas. A reacdo de
ligagdo com ambas as albuminas do soro foi impulsionada por um grande AH°
negativo (-30,01 Kdmol-' e -45,10 Kdmol-!, respectivamente, para BSA e HSA).
Pode ser visto também que a contribuicdo entrépica molar padrdao para a
interagcdo, embora muito pequena, foi favoravel para BSA enquanto, para a
HSA, foi desfavoravel. Os valores de AG° foram calculados como sendo, -30,16
e -28,64, respectivamente, para BSA e HSA. Assim, a formagao do complexo
BSA-tartrazina foi favorecida por um adicional de 1,52 KJ mol-' em comparacgao
com HSA. No mesmo estudo com o aumento da forca ibnica (20mM [Na*],
30mM [Na*] e 50 mM [Na*]) do meio, os valores da constante de interagao
diminuiram. O valor de K para o complexo BSA-tartrazina (1,92x10° M)
diminui para 1,47x10% M-' (20mM [Na*]), 1,05x10% M-' (30mM [Na*]) e 0,92x105
M- (50 mM [Na*]). Para o complexo HSA-tartrazina o valor de K diminuiu de
1,04x10% M- para 0,97x105> M-' (20mM [Na*]), 0,89x10° M-' (30mM [Na*]) e
0,73x105 M- (50mM [Na*]).Os valores de AH° e AG° também diminuiram com
o aumento da concentragdo de sal, para ambas as proteinas (BASU e
GOPINATHA, 2015).

Através de técnicas de modelagem molecular UV-vis e espectroscopia
de fluorescéncia Lu et al. (2011) analisaram a interagao entre o corante azdéico

Sudao Il (C1sH1eN20) e Sudéo IV (C24H20N4O) com BSA. Além disso, as
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alteragdes conformacionais da BSA que ocorreram na presenga dos corantes
foram analisadas utilizando espectroscopia de dicroismo circular (CD).
Verificou-se que a interagdo entre os corantes Sudao Il e Sudao IV com BSA
foi espontdaneo e as forgas de Van der Waals desempenharam papel
fundamental na interacdo. Através dos espectros obtidos por UV-vis e
dicroismo circular observou-se que a estrutura secundaria da molécula de BSA
foi alterada quando adicionados de certas quantidades do corante Sudao Il. No
entanto, a alteragdo mais grave foi observada para o corante Sudao IV
provavelmente devido as caracteristicas estruturais (apresenta maisgrupo
metilfenil e grupos azo).

Varias sdo as técnicas utilizadas em estudos de interagdes
intermoleculares. Algumas técnicas sdo mais sensiveis, outras mais rapidas e
de facil manuseio. A combinagao das diferentes técnicas nos permite um perfil

completo dos parametros de interacdes ocorridas entre proteinas e corantes.

3.4. Técnicas experimentais para avaliagdo de interagées

intermoleculares

Diversas técnicas sao capazes de avaliar a interacao intermolecular entre
proteinas e corantes. Técnicas espectroscopicas sao ferramentas muito uteis
para obter informagdes importantes sobre as interacdes intermoleculares.

Técnicas como dicroismo circular (CD), estudo de “docking” de
proteinas, espectroscopia Raman, sado uteis para identificar alteragbes
ocorridas devido a interagao de proteinas com ligante, assim como modificagéo
nos fatores ambientais, como alteragdes no pH e forga ibnica.

Associagao do ligante com as proteinas normalmente envolve mudancgas
nas interagdes intramoleculares e intermoleculares. As mudancas nhas
interagbes sao refletidas na variagao da entalpia e entropia de interagdo, que
por sua vez determinam a variagdo da energia livre de interagio.

Muitas sao as técnicas disponiveis para os estudos de interagdes
intermoleculares, porém ha uma necessidade de técnicas altamente sensiveis,
eficaz na compreensdo dos mecanismos de interacdes e na determinacéo de
parametros termodindmicos de interagdo, uma vez que detectam variagbes

muito pequenas de energia de interagdes. Dentre estas técnicas, podemos
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citar: a espectroscopia de fluorescéncia, nanocalorimetria de titulacado
isotérmica e nanocalorimetria exploratéria diferencial, medidas eletrocinéticas.

Fluorescéncia € a emisséo de luz a partir de um estado excitado singleto,
no qual o elétron excitado ndo muda a orientacdo de spin, continuando
desemparelhado. Consequentemente, o retorno ao estado fundamental é
permitido e ocorre rapidamente via emissdo de um féton. Logo, se a diferenca
energética entre o estado excitado e o estado fundamental for relativamente
grande, a desativacao para o estado fundamental se da com emissao de
radiagéo na forma de fluorescéncia (ARAUJO, 2010).

A espectroscopia de fluorescéncia se caracteriza por ser uma técnica de
alta sensibilidade, rapida e que possibilita analise em tempo real.As proteinas
apresentam trés diferentes residuos de aminoacidos que contribuem para
emissao de fluorescéncia: tirosina, triptofano e fenilalanina. Cerca de 90% da
emissao total de fluorescéncia das proteinas, no entanto, é de atribuicdo aos
residuos de triptofano (FARRELLet al., 2001).

A intensidade de fluorescéncia pode ser diminuida por muitos processos.
Esta reducao da intensidade de fluorescéncia é chamada de supressdo. Uma
grande variedade de interagdes moleculares pode resultar no fendmeno da
supressao. Dentre elas temos as reagbes de estado excitado, rearranjos
moleculares, transferéncia de energia, formacdo de complexos no estado
fundamental e supressao colisional ou dindmica. Tanto a supressao estatica
quanto a supressao dinamica requerem contato entre o fluoréforo e o agente
supressor, pois um fluoroforo isolado ndo perde sua intensidade de
fluorescéncia espontdnea. No caso da supressao colisional, o supressor se
difundira no fluoréforo durante o tempo de vida de seu estado excitado. Em
geral, a supresséo colisional ocorre sem nenhuma alteragcdo permanente na
molécula, ou seja, sem reacdo fotoquimica. Ja na supressdo estatica um
complexo nao fluorescente no estado fundamental é formado entre o fluoréforo
e o supressor. Contudo, em ambos os caso, estatico e dindmico, para que
ocorra o fenbmeno de supressdo o fluoréforo e o supressor devem estar em
contato (MARQUEZIN, 2008)

Na supressao estatica, a diminuicdo da intensidade fluorescéncia é

descrita pela equagéo de Stern-Volmer (Equagéo 1) .
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FO
&= 1+Kg [OF 14K, 7, [0] (1)

Em que Fo e F sdo a intensidade de fluorescéncia da proteina na
auséncia e na presenga do ligante, respectivamente, e[Q] é a concentragao do
ligante, Ksv € a constante de extingdodinamica, K,& constante de supressao
Stern-Volmer e To é o tempo de vida médio da molécula sem o ligante.

A constante de ligagao (Kas) e o numero de sitios de ligagédo (n) podem ser

determinados a partir da curva de regresséao de logaritmo duplo (Equacgao 2).

(Fo-F) _
7 =logK, + nlog[Q] )

A determinagao da constante de ligacao (Ka) em diferentes temperaturas

permite a obtencéo da variagdo da entalpia de interagcédo (AH) (Equagéo 3)
n@ — A_H (l — l) (3)

Em que K, é a constante de ligacdo na referida temperatura, R é a
constante dos gases e T é a temperatura de trabalho.

A proteina albumina do soro bovino apresenta em sua estrutura dois
residuos de triptofano nas posi¢coes 134 e 212 e dezenove residuos de tirosina
na molécula que induz a fluorescéncia intrinseca. (RAVINDRAN et al., 2010;
TANG et al., 2011). Quando excitados a um comprimento de onda de 295nm,
apenas triptofano emite fluorescéncia, enquanto ambos triptofano e tirosina
emitem quando excitados a 280 nm (LI e SUBIRADE, 2012; GHALANDARI,
2014).Sendo assim a espectroscopia de fluorescéncia é uma técnica simples
que permite a determinacao de parametros termodinamicos de interagao entre
proteinas e moléculas pequenas como os corantes.Através da técnica de
espectroscopia de fluorescéncia, Cheng et al., 2013, verificou que a extingéo
de fluorescéncia da BSA e HSA foi devido a formagdo de complexo entre
corante natural indigotina e as proteinas (BSA e HSA). A constante de
interagdo para o complexo indigotina-BSA foram 9,58x104 L.mol! (293K),
8,73x10* L.mol'(298K), 7,61x10* L.mol'' (304K) e 5,2x10* L.mol' (310K).

Para o complexo indigotina-HSA os valores da constante de interagdo foram
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menores, sendo 7,65 x10* L.mol"' (293K), 5,84 x10* L.mol'(298K), 5,11x10*
L.mol' (304K) e 2,88 x10* L.mol"" (310K).

A nanocalorimetria de titulacao isotérmica (nanolTC) é a unica técnica
experimental que pode fornecer parametros termodindmicos (entalpia, entropia,
constante de interagao e estequiometria) a partir de uma unica analise.

E uma técnica baseada na medicéo precisa da energia na forma de calor
absorvida ou liberada durante o evento em uma sequéncia de titulagdes.

O experimento € realizado em um equipamento composto por duas
células em seu interior, sendo uma célula de referéncia. Um dispositivo
termoelétrico mede a diferengca de temperatura entre as duas células. As
solugcbes de corantes (10uL) serado tituladas, com o auxilio de uma seringa,
controlada por um software, sobre a célula de amostra contendo (1,8 mL)
solucao de proteina, sendo que na célula de referencia ndo sera titulado nada.
As injegbes serdo realizadas a cada 60min. Um agitador presente no interior da
célula de amostra roda a 300r.p.m, homogeneizando a amostra. O fluxo de
energia na forma de calor é detectado por um sistema de termopilhas com uma
precisdo de 108J. Antes de comecar as medidas é necessario esperar um
determinado tempo para que as células entrem em equilibrio térmico com um
banho que fica localizado no interior do calorimetro.

A cada injecédo realizada é obtido um pico (Figura 7.a) referente a
formagédo do complexo, através da integragdo dos picos obtidos sera calculado
a variagdo da entalpia de interacao.

Durante um unico experimento é possivel determinar simultaneamente a
variacdo da entalpia de interagdo (AHint) a partir da integracdo dos picos
(equacao 4), a constante de ligagao (Ka) e o numero de sitios de ligagao por

meio da linearizagao da curva (Figura 7.b).
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Figura 7. (a) Picos obtidos pela técnica de calorimetria apds cada injegdo do

titulante sobre a amostra. (b) Curva obtida apds a integragao dos picos.

AH = ——8 .| _
[Q]total- Vo t=o0 dt
Onde, [Q] é a concentragao do corante, Vo o volume inicial de solugao na

cela de amostra.

Apods a determinacdo da constante de interacdo é possivel determinar a

variagao da energia livre de Gibbs de interagcédo (AG) utilizando a Equagao5.
AG = - RTInKa (5)

Em que R é a constante universal dos gases perfeitos (R=8,3145 J.K
mol') e T a temperatura (K);

Desta forma, €& possivel assim determinar todos os parametros
termodindmicos de interacdo, com auxilio da Equacgao 6,proporcionando um

perfil completo da termodindmica de interacao.

AG = AH - TAS (6)

Em que AS ¢é a variacao da entropia de interacao.
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A medida de tensao interfacial também fornece informacgdes sobre o
mecanismo de interagao entre proteinas e diferentes moléculas, como corantes
alimenticios. O principio da medicdo da tensao interfacial para detectar
interacbes moleculares € que as interagdes moleculares geralmente induzem
alteracdes nas propriedades fisico-quimicas das moléculas envolvidas, por
exemplo, proteinas. A maioria das biomoléculas tem algum grau de atividade
de superficie, e podem facilmente adsorver em uma interface e,
consequentemente, modificar as propriedades superficiais. Uma das
propriedades mais importantes de superficie € a tenséo interfacial. Medidas
das variagbes de tensao interfacial irdo entdo refletir as interagbes entre as
moléculas na regido da interface.

A equacao de Gibbs é dada pela expresséo da Equacéo 7.

ds = =YL dy, = - XL, L dy, )

A concentracgao interfacial ou adsorgédo (i), que € obtida por meio da
equacao fundamental de Gibbspara adsor¢ao (Equagéao 8), é dada por:
n

L= (8)

Em que ¥ é a tenséo interfacial, yi o potencial quimico, ni 0 numero de
moléculas, A a area.

O método para determinacao da tensao interfacial consiste na avaliacao

do perfil de uma gota pendente de um liquido suspenso no ar. Quando em

equilibrio mecanico a gota exibe um perfil resultante do balango entre a forga

da gravidade e as forgas de superficie, como pode ser visualizado na Figura7
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Figura 8. Figura esquematica de uma gota pendente. Fonte: MORITA, 2000.

21



Em que a é o raio de curvatura da gota no apice, R1 é o raio de curvatura
no plano da figura, R2 é o raio de curvatura no plano perpendicular a Figura x e

@ ¢é o angulo entre o raio de curvatura R1 e o eixo z (MORITA, 2000).

Esse equilibrio pode ser descrito por meio das Equacbes 9 a 11

(equacgdes de Bashforth e Addams):

do 2 sen @

FE ®)
= cos® 10
4 = Cos (10)
dz
E—sen(b (11)

Em que x e z correspodem as variaveis x e z (eixos das dimensbes da
figura 8), reduzidas a forma adimensional, dividindo-se as variaveis pelo raio de
curvatura no apice da gota (Figura 8); s corresponde ao comprimento do arco

no ponto (x;y), também na forma adimensional; e B é definido pela Equagéo 12:

2
B = 29 'g a (12)

Em que Ap é a diferenca de densidade entre os meios 1 e 2; g € a
aceleracado da gravidade; e a é o raio de curvatura no apice da gota e r a
tenséo interfacial (SOARES, 2013 e MORITA, 2000).

As interagcdes intermoleculares também podem ser investigadas
utiizando a técnica de dispersdao de Taylor-Aris. A difusdo molecular em
liguidos estda presente em processos fisico-quimicos que envolvem
transferéncia de massa. Em um liquido puro, o movimento de moléculas é
chamado Browniano, e foi descrito por Einstein, através da relagdo <Z2> = 2Dt
onde, <Z2> representa o deslocamento quadratico médio da molécula em uma
dimensao, D, o coeficiente de difusdo desta molécula, e t, o intervalo de tempo
associado (TYRRELL et al., 1984).

Ja no caso de um mistura que apresenta um gradiente de concentragao,
o fluxo de massa de uma molécula (componente i) na dire¢ao z, Jiz, € descrito
pelas Equacdes 13 e 14, conhecidas como leis de Fick para difusdo, onde i
representa o vetor unitario e Di, € chamado de coeficiente de interdifusao, ou

de difusdo mutua.

22



Jiz = —D; (°%)i (13)

%0 =0, (% (14)

Vérias técnicas vém sendo empregadas na determinagao dos coeficientes
de difusdo em liquidos. Entre as mais utilizadas, temos: a técnica
interferométrica do Gouy, a de cela de diafragma, a espectroscopia de RMN
com eco spin e o método de dispersdo de Taylor. Sendo que esta ultima
temsido bastante utilizada devido a relativa simplicidade dos equipamentos
empregados.Esta técnica foi desenvolvida a partir dos estudos realizados por
Taylor sobre a dispersao de solutos em um fluido em escoamento no interior de
um tubo longo, e complementada por Aris (LOH, 1997).

De acordo com essa técnica, uma pequena quantidade da solucdo €
injetada utilizando um injetor HPLC Rheodyne com volume de amostra de 20pL
no eluente em fluxo laminar em um tubo estreito e longo. O soluto entao sofre
uma combinacdo de processos de dispersdo, devido ao gradiente de
concentracdo e ao perfil parabdlico de velocidade no interior da coluna de 30
m, e raio interno de 0,601x10-3m. Ao final da coluna a amostra segue para um
detector, espectrofotdmetro UV/Vis. Apds um pulso de amostra ser injetado no
equipamento e entrar na coluna os efeitos de dispersao e difusdo molecular
fazem com que o pulso se alargue vagarosamente até que um perfil gaussiano
seja formado e detectado como a absorbancia ao longo do tempo (Figura 9)
(LINO, 1997).

INJECAD DA AMOSTRA
{BANDA DO SOLUTO) ) DISPERSAD DO SOLUTO
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Figura 9. Esquema da dispersdo de um soluto ao longo do tubo em um

experimento de Taylor. Fonte: LINO, 1997.

O coeficiente de difusdo pode ser obtido a partir de parametros da curva,
utilizando a Equacéao 17:
r2t,
2402

CD =

(19)

Onde r2 é o raio da coluna ao quadrado, tr o tempo de retencdo, e o2 o largura

do pico na altura média ao quadrado.
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CAPITULO 2

Binding ability of synthetic red food dyes with bovine serum
albumin: a thermodynamic approach

Abstract:The interaction between Allura Red (AR) or Ponceau 4R (P4R)
and bovine serum albumin (BSA) was studied, in vitro, at pH 3.5, 5.0 and 7.4, at
different temperatures, and in the absence or presence of NaCl. Fluorescence
spectra showed that BSA fluorescence intensity decreased as AR and P4R
concentration enhanced. The fluorescence quenching was classified as static
quenching due to formation of food dyes-BSA complexes for all studied
conditions, which were driven by enthalpy reduction or entropy increasing. For
all analyzed conditions, Gibbs free energy values were negative, indicating that
complex formation was more favorable than reactants. AR and P4R diffusion
coefficient (DC) at presence of increasing BSA concentration was determined
by Taylor-Aris technique and corroborating these results since there was a
reduction on colorant DC, which was also affected by salt presence. Interfacial
tension (Tl) measurements showed that BSA-colorant complexes presented
surface activity at all studied pHs, since Tl of water-air interface decreased as
food dye concentration enhanced. This technique also provided the
stoichiometry of complexation similar to those obtained by fluorimetric
experiments. Isothermal titration calorimetric (ITC) measurements were carried
out to determine apparent interaction enthalpy change (Aapp-intH) between BSA
and colorants. Calorimetric results showed that BSA-food dye interactions were
driven by enthalpy or entropy, depending on thermodynamic conditions and on
BSA conformation. In addition, determined Aapp-intH values were different from
those calculated by van’t Hoff analyses. It was also found that electrostatic and
hydrophobic interactions occurred in BSA-colorant interaction; and surprisingly
a small structural difference in food dye molecules shows a great effect in the
interaction P4AR-BSA compared to AR-BSA. This work contributes to knowledge
about interaction between BSA and synthetic colorants in food (pH 3.5 and 5.0)
and blood conditions (pH 7.4).

Keywords: fluorescence; interfacial tension; diffusion coefficient; enthalpy;

synthetic food dye
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1. Introduction

In spite of the concern about their safety synthetic food dyes, have been
widely used in the production of foods for improving their appearance and make
them more attractive to consumers (de Andrade et al., 2014; Saeed, Abdullah,
Sayeed, & Ali, 2010).

The most used synthetic dyes contain at least one azo (N=N) functional
groups and two or three aromatic ring structures (Bermudez-Aguirre, Yanez,
Dunne, Davies, & Barbosa-Canovas, 2010; Saeed et al., 2010) that can be
harmful to human health if excessively consumed (de Andrade et al., 2014;
Vieira, Esquerdo, Nobre, Dotto, & Pinto, 2014). Allura Red (E129) and Ponceau
4R (E124) are water-soluble monoazo colorants, and are responsible for giving
fascinating red color to different kinds of foods (Soylak, Unsal, & Tuzen, 2011;
Wang, Zhang, & Wang, 2014; Zhang, Zhang, Lu, Yang, & Wu, 2010), however
they have been related to allergy, toxic effects (Din¢, 2002) and hyper activity in
children (McCann et al., 2007) then it is not recommended for children
consumption in Europe (Pourreza, Rastegarzadeh, & Larki, 2011; Wang et al.,
2014).

The uniform distribution of the colorants such as Allura Red (AR) and
Poceau 4R (P4R) in different food matrices is a real indication that strong
interactions and stable complexations between the dye and food molecules
such as proteins exist and remain throughout the food processing and storage
(Abramsson-Zetterberg & llback, 2013; Saeed et al., 2010).

Bovine serum albumin (BSA) is the major soluble protein in blood plasma
for cows and play an important physiological role mainly in transporting various
compounds (Shahabadi, Maghsudi, & Rouhani, 2012). BSA has been
extensively studied particularly due to its homology with human serum albumin
(HSA) (Bolel, Mahapatra, Datta, & Halder, 2013). The binding between food
additives such as food dyes and serum albumins may dramatically affect
structure and transport function of these proteins, as well change metabolism,
distribution and elimination of food dyes (Shahabadi et al., 2012; Wang et al.,
2014). Therefore, the investigation of interaction between food colorants and
BSA is important to the point of view of chemistry, life sciences and clinical
medicine (Bolel, Mahapatra, & Halder, 2012)

Umer Abdullah, Badaruddin, Asad Sayeed, Ali, & Riaz (2008) studied the

interaction between BSA and Allura Red (AR) by evaluating protein digestibility
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in vitro. They found that AR bound to BSA at low and high temperatures and at
a wide pH range (4.0 to 7.5); however the interaction did not affect protein
digestibility by trypsin and fungal protease. Another work investigated the AR-
HSA interaction by using Uv-Vis, fluorescence and circular dichroism
spectroscopy to determine AR-HSA binding parameters, and van't Hoff
approach to obtain interaction thermodynamic parameters. They found that
fluorescence quenching was a static mechanism resulting from the formation of
AR-HSA complex, the AH° and AS° values suggested that complex formation at
pH 7.4 was enthalpically and entropically driven by occurrence of hydrogen
bounds and hydrophobic interactions (Wang et al., 2014).

Despite the efforts of scientific community in the food dye-protein
interaction field, to the best of our knowledge, the thermodynamic parameters of
AR-BSA and P4R-BSA interactions are not fully and directly determined. In this
work, we report a thermodynamic approach of interaction AR x BSA and P4R x
BSA, by using fluorescence spectroscopy, interfacial tension measurements,

Taylor-Aris diffusion technique, and isothermal titration microcalorimetry (ITuC).

2, Material and Methods

2.1. Materials

BSA (> 99%), citric acid, sodium citrate, sodium phosphate (reagent
grade) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Allura red and
ponceau 4R was kindly provided by Gemacom (Juiz de Fora, Brazil).

2.2. Fluorescence experiment

Fluorescence spectra were obtained with a CaryEclipse Fluorescence
(Agilent) spectrofluorimeter equipped with a thermostat bath, according to Wang
et al., 2014 eith some modifications. For fluorescence measurement, 3.0 ml of
BSA solution (3.01 x 105 mol.I'") containing different concentrations of AR or
P4R (0,0 mol.I'' to 5 x 10-> mol.I"), at pH 3.5; 5.0 or 7.4, was added to a 1.0 cm
quartz cell. The fluorescence emission spectra were then measured at five
different temperatures (288, 298, 308, 318 and 328 K) in the range of 281-450

nm (excitation wavelength 280 nm).

2.3. Measurement of excess of Gibbs free surface energy
Interfacial tension of water-air interface was measured by pendant drop

method using a goniometer (Easy Drop, Kruss®). Samples of 1 mL of BSA
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solution (7.57 x 10 mol.L-") prepared in buffer (pH 3.5; 5.0 or 7.4) containing
different concentrations of colorant (AR or P4R) ranging from 0 to 1.2 x 10°°
mol.L-! were used. Measurements were carried out at 298 K, in each second
during 15 min to establish the equilibrium time required for obtaining a constant
interfacial tension (Amine, Dreher, Helgason, & Tadros, 2014).

2.4. Determination of diffusion coefficient

AR solution (1.6 x 10 mol.L-") or P4R solution (2.5 x 103 mol.L-') and
BSA solution (concentration range from 0 to 6.8 x 10-> mol.L-') were prepared at
different conditions of pH (5.0 and 7.4) and ionic force (0 and 100 mmol.L-" of
NaCl). Diffusion coefficient (DC) was determined at 298 K using Taylor-Aris
technique, according to (Ye et al., 2012), with some modifications. BSA
solutions filled the capillary (30 m of length and 0.601 x 103 m) and AR solution
(20 pL) was injected in laminar flow inside capillary. At the end of capillary, UV
detection was recorded at 502 nm. Each sample was analyzed 3 times and DC

was obtained by equation 1.

r2t,

D =107 1)

%0

where “D” is diffusion coefficient, “r” is capillary radii, “t:" is retention time
and “o” is peak width at average height.

2.5. Determinations of apparent interaction enthalpy change (Aapp-
intH) of interaction between BSA and colorants

The energetic analyses were performed on an isothermal titration
microcalorimeter (ITuC) model CSC 4200 (Calorimeter Science Corporation),
controlled by ITCRun software. The microreaction system was analyzed on a
titration mode with a 1.8-mL stainless steel vessel (sample and reference),
containing BSA solution at 3.01 x 10# mol.L-', which were maintained under
constant stirring at 300 rpm. When thermal equilibrium between the vessel and
the heat sink was reached, 10-pL aliquots of the AR or P4R solution (3.01 x 10
3mol.L-") were titrated with a Hamilton microliter syringe at 3600-s intervals. All
calorimetric measurements were performed at pH 3.5; 5.0 or pH 7.4, in
triplicate, and the calculated relative standard deviation in the interaction

enthalpy was on the order of 0.5 %.
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2.6. Statistical analysis
All assays were performed in 3 repetitions. The mean values and standard
deviations were evaluated using analysis of variance (ANOVA); all statistical

data were processed using Statistical Analysis System (SAS) version 9.1.

3. Results and Discussion

3.1. Fluorescence experiments

Fluorescence spectroscopy is an important tool to investigate interaction
between small ligands, such as food colorants and proteins. The absorption of
protein at 280 nm and its emission at 345 nm are due to both tyrosine and
tryptophan residues.Emission spectrum profile depends on variation of
intermolecular interactions between protein and solvent and/or ligand
molecules. BSA has two tryptophan residues, Trp 134 and Trp 212, which are
located at protein hydrophilic surface and hydrophobic core, respectively
(Bourassa, Kanakis, Tarantilis, Pollissiou, & Tajmir-Riahi, 2010). If protein
undergoes conformational changes modifying the hydrophobic/hydrophilic ratio
in tryptophan micro-environment, often there is a displacing in the maximum
emission wavelength. On the other hand, if complexes are formed at
fundamental states, directly with Trp or at Trp surroundings, the fluorescence
intensity is decreased (quenched), enabling to follow intermolecular interactions
by determining the fluorescence dependence on the food dye concentration.

To evaluate the food dyes (AR or P4R)-BSA interaction, at different
temperatures, we obtained BSA fluorescence spectra at the presence of various
food dyes concentrations. Figure 1 shows the fluorescence spectra of BSA at

the presence of different concentrations of AR.
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Figure 1 — Effect of AR on BSA fluorescence at 298 K and pH 7.4 (Aex=
280 nm and Aex= 346 nm). Arrow indicates an increase in the AR concentration
(from 0 to 5.0 x 105> mol.I'").

The fluorescence intensity of BSA decreased as AR concentration
increased, with small changes in the maximum emission wavelength and shape
of peaks, which indicate that AR-BSA did not alter tryptophan BSA site
structure, similar to quinoline yellow, another azo food dye (Shahabadi et al.,
2012).

Fluorescence quenching can be classified as dynamic or static process,
being the former related to collision between protein and ligand and the second
referred to complex formation between them at fundamental state (Bolel et al.,
2012).

To determine the mechanism of BSA quenching, we applied Stern-Volmer

model (Equation 2).
F

— =14 K:[Q] = 1+ K470[Q] (2)

where Fo and F are fluorescence intensities of fluorophore (BSA) in the
absence and in the presence of quencher (allura red) respectively, [Q] is the
quencher concentration (mol.L-"), Ksv is the Stern-Volmer quenching constant, 1o
is the average of protein fluorescence lifetime in the absence of quencher (1o =
108 s) (Wang et al., 2014) and Kq is the quenching rate constant of protein

fluorescence that is equal to Ksv/ To.
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The Ksv values were calculated from the slopes of linear curve obtained
by Fo/F x [Q] plot (Figure 2) at 298 K.

- AR -30"-3&":ETIIJ" :}1 ':I".' mal I-.: ]
Figure 2 - Stern-Volmer plot for BSA at different concentrations of allura
red at 298 K, pH=3.5.

At pH 3.5, the Ksv values did not enhanced with increasing temperature,
ranging from 4.59 x 10% to 3.39 x 104 L.mol-! (Table 1). As point out by Chen,
Ma, Zhang, Wang, & Xiang (2008), when Ksv values do not rise with
temperature, the quenching mechanism is classified as a static process,
charactering the formation of a complex BSA-AR at fundamental state. In
addition, as Ksv = kqTo, where 10 = 10 s, the bimolecules quenching rate
constant kq was estimated and found to be 1.4 x 10" mol.L™' s~' at 298K. The
observed kq is much greater than the maximum collision quenching constant of
various kind of quencher to biopolymers (Mandal, Bardhan, & Ganguly, 2010).
Wang et al. (2014) studied the interaction between AR and human serum
albumin, and also obtained Kq values for all temperatures much greater (in
order of 10'3 L.mol-'.s-) than maximum dynamic quenching constant values for
various ligands to proteins. Therefore, it can be concluded that there was a
complexation between BSA and AR and the interaction occurred surrounding
tryptophan residues of BSA. Similar curves were obtained by other
thermodynamic conditions at pH 5.0 and pH 7.4.

Since there was a complex formed by AR and BSA, it was possible to
calculate the binding constant (K) and the number of biding sites (n) involved in

complex formation, using Equation 3.
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log( B ) = logK + nlog[Q,] (3)

where Fo and F are fluorescence intensities of BSA in the absence and in

the presence of AR respectively, n is the number of binding sites, K is the

binding constant and [Qy] is the total food dye concentration.

Table 1 presents the values of K and n calculated by Equation 3.

Table 1 — Quenching constants (Ksv), binding constants (K), number of

binding sites (n) associated to AR-BSA interaction at different temperatures,

pH=3.5.
T Ksv r2 K r2 N

(K) (10 L.mol") (104 L.mol")

288 4.59 0.99 1.74 0.95 1.03
298 3.25 0.98 3.89 0.94 1.06
308 3.24 0.98 5.75 0.94 1.09
318 3.27 0.98 6.76 0.97 1.04
328 3.39 0.98 8.51 0.94 0.93

For all temperatures, K was in order of 10* demonstrating the formation of
a complex whose stoichiometry is around 1 (n value) AR molecule to 1 BSA

macromolecule (Figure 3).

Allura red BSA Complex Allura red-BSA

Figure 3 — Schematic representation of complex formation stoichiometry

between allura red and BSA.

BSA is a heart shape protein that contains three domains divided in two
sub-domains (A and B), being domain | hydrophilic and domains Il and Il
hydrophobic. It has 2 tryptophan residues, one buried in a hydrophobic pocket

(Trp-212) at sub-domain IIA and another exposed to solvent and located in
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hydrophilic sub-domain (IB) of protein surface (Trp-134). The binding sites of
BSA for ligands may be in these domains (Bolel et al., 2013); thus AR should be
interacting with one of them, forming a complex with BSA.
The standard Gibbs free energy (AG°) for BSA-colorant complexation
could be calculated by Equation 4.
AG® = —RTInK 4)

whereR is the universal gas constant (8.3145 J.mol'K1), T is the
temperature (K) and K is binding constant (L.mol").

The AG°® values for AR-BSA complex decresed as temperature increased,
ranging from — 25.74 to — 30.99 kJ.mol-!. This thermodynamic parameter is the

resultant of Gibbs free energy of formed complex (G.ompiex) Subtracted from

Gibbs free energies of reactants (Ggsaand Geororant), @S shows Equation 5.

AG° = Geompiex — Gesa — Geotorant (5)

A large positive AG° value points to the process favors reactants, while a
large negative AG® value favors products. More precisely, it is AG°/RT and not
only AG° that determines K. In general, because of the exponential relation
between K and AG® unless AG® lies in the approximate range -15RT < AG°
<15RT, the equilibrium constant will be very large or very small.

Despite of AG° be the thermodynamic potential for complex formation, it is
important determinate the enthalpic and entropic contributions for the AR-BSA
complex formation, by determining AH®° and TAS® parameters. The enthalpy
change was obtained through the dependence of K value on temperature
variation, using the van’'t Hoff equation, being AH® value based on slope of

linear plot In K x 1/T, as shown in Figure 4.
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Figure 4 — Plot of In K x 1/T to determine AH° value by van’t Hoff

approximation for data from BSA-AR interaction at 3.5.

Since we had AG° and AH° values, we could calculate the entropic term
(TAS®), using Equation 6.

AG® = AH® — TAS® (6)

Thermodynamic parameters for complex formation between AR and BSA

at pH 3.5 are presented at Table 2.

Table 2 -Enthalpy change (AH°®), Gibbs free energy change (AG°) and
entropy change (TAS°) associated to AR-BSA interaction at different

temperatures, pH=3.5.

T AH® 2 AG® TAS®
(K) (kJ.mol-") (kJ.mol-") (kJ.mol")
288 42.11 0.96 -24.22 67.83
298 42.11 0.96 - 25.74 66.33
308 42.11 0.96 -27.10 69.21
318 42.11 0.96 -29.01 71.10
328 42.11 0.96 - 30.99 73.10

The complex formation process was endothermic with AH° value equal
42.11 kJ.mol'; therefore BSA-AR complexation was thermodynamically

determined by the entropic enhance of the system. Molecularly, thermodynamic
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processes presenting positive AH® and AS° values are caused by increasing the
translational degree of freedom of water molecules released from solvation
layer of interacting molecules (AR and BSA). This process is often called
hydrophobic interaction, and probably occurred between AR and BSA due to
the presence of hydrophobic regions in AR molecule (benzene rings) and
hydrophobic domain IIB in protein structure.

Apart from hydrophobic interactions, attractive electrostatic interactions
occurring due to positive charge at protein molecule and negative charge at AR
molecule can contribute to AH® values in processes driven by hydrophobic
interactions.

To determine the relative contribution of hydrophobic and electrostatic
interactions to form AR-BSA complex, the experiments were repeated in the
presence of NaCl (100 mmol.L-"). The presence of the electrolyte increases the
medium ionic force promoting the blindage of protein double electric layer and
consequently reducing the contribution of electrostatic interactions on the
thermodynamic properties of complex formation process.

The adition of the electrolyte did not avoid complex formation, as was
observed by Ksv (ranging from 5.56 x 10 to 5.99 x 104 L.mol"), K (from 5.37 to
1.00 x 108 L.mol-') and by complex stoichiometry that increased to around two
AR molecules for one BSA.

The presence of NaCl became more thermodynamically favorable the

complex formation, since AG° values were more negative (Table 3).

Table 3 -Enthalpy change (AH°®), Gibbs free energy change (AG°) and
entropy change (TAS°) associated to AR-BSA interaction at different

temperatures, pH=3.5, in the presence of NaCl (100 mmol.L").

T AH° r2 AG® TAS®
(K) (kd.mol ") (kJ.mol ") (kJ.mol")
288 -154.18 0.99 - 44.97 -109.22
298 -154.18 0.99 - 47.06 -107.12
308 -154.18 0.99 -51.54 -102.65
318 -154.18 0.99 -50.16 -104.02
328 -154.18 0.99 -50.29 -103.90
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The higher complex stability occurred with an enthalpic reduction
associated to an entropy diminution in the system. The enthalpic decreasing is
caused by releasing of water molecules solvating AR and BSA, which interact
with salt ions present at double electric layer and in the bulk of solution. As
water-ion is more intense than water-water interactions, even those formed near
hydrophobic interface, there was an enthalpic reduction. In addition, water
molecules of ion solvation layer, mainly those located at double electric layer,
will present a smaller translation degree of freedom causing consequently the
entropic reduction.

To discuss the relative contribution of electrostatic interaction versus ion
solvation in reducing AH® values caused by salt, we conducted the experiments
at pH 5.0, in which the resultant charge of BSA is almost zero due to its
isoelectric point (pl = 4.9).

At pH 5.0 the AR-BSA complex was also formed and the Stern-Volmer
plots also pointed to a static quenching mechanism. Ksv and K values ranging
from 2.25 x 104 to 2.54 x 10* L.mol-'and 1.23 to 4.47 107 L.mol"', respectively. It
is important to emphasize the increasing in complex stoichiometry compared to
pH 3.5 (pH 3.5, n=1.06 and pH 5.0, n=1.75).

The charge reduction at pH 5.0 became the AR-BSA complex formation

process more thermodynamically stable, since AG® values diminished (Table 4).

Table 4 -Enthalpy change (AH°®), Gibbs free energy change (AG°) and
entropy change (TAS°) associated to AR-BSA interaction at different

temperatures, pH=5.0.

T AH° r2 AG® TAS®
(K) (kJ.mol") (kJ.mol") (kJ.mol ")
288 15.36 0.98 -37.78 53.14
298 15.36 0.98 -41.52 56.88
308 15.36 0.98 -45.16 60.52
318 15.36 0.98 -45.59 60.95
328 15.36 0.98 -47.21 62.57
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The decreasing in electrostatic attraction between AR and BSA also
reflected in the AH® value, which became less endothermic compared to pH 3.5.
On the other hand, the entropic gain in the system was almost the same for
both pHs; and this behavior could be due to the releasing from water solvation
molecules from interacting species (AR and BSA), being the configuration and
energy of these molecules independent from protein charge.

To evaluate the effect of electrolyte presence at pH 5.0, the experiments
were repeated at pH 5.0 at presence of NaCl (100 mmol.L-"). The AR-BSA
complex was formed and the fluorescence quenching of BSA was also a static
mechanism. Ksv and K values ranging from 2.47 to 3.38 10* L.mol-' and 1.07 to
4.27 108 L.mol", respectively; and n was around 1.50.

The presence of electrolyte slightly reduced the complex stability, since
AG® values became less negative, even though AH° value was exothermic
(Table 5).

Table 5 -Enthalpy change (AH°®), Gibbs free energy change (AG°) and
entropy change (TAS°) associated to AR-BSA interaction at different

temperatures, pH=5.0, in the presence of NaCl (100 mmol.L").

T AH° 2 AG® TAS®
(K) (KJ.mol) (KJ.mol") (KJ.mol")
288 -17.96 0.95 -34.90 16.94
298 -17.96 0.95 - 35.70 17.74
308 -17.96 0.95 -39.14 21.18
318 -17.96 0.95 - 39.86 21.90
328 -17.96 0.95 - 37.91 19.95

The decreasing of complex stability occurred due the entropic gain was
less pronounced in the presence of electrolyte than in its absence. As it was
verified for AR-BSA interaction at pH 3.5 added of NaCl, a negative AH® value
was due to solution ion solvation by water molecules released from solvation
layer of AR and BSA. The enthalpic reduction is much smaller at pH 5.0 than at
pH 3.5, comparing both at salt presence because at lower pH besides the

presence of ions from salt added to the system, there were ions associated to
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the double electric layer of protein, which did not exist at pH 5.0. The system
entropy enhanced at pH 5.0 because solvated ions did not belong to protein
double electric layer, which allows a higher number of spatial configurations for
water molecules interacting with ions.

Aiming to evaluate the effect of negative charge on protein, we repeated
the experiments at pH 7.4. By Stern-Volmer plot results it can be concluded that
AR-BSA complex was formed in this pH, with Ksv varying between 3.08 and
1.63 x 104 L.mol-' and K between 2.29 x 10°and 3.24 x 10% L.mol-'; however the
number of food dye molecules for one BSA molecule was smaller in this
condition (n=1.0).

At pH 7.4 protein and AR molecules are negatively charged producing an
electrostatic repulsion in AR-BSA interaction. However, despite of this
unfavorable force BSA-AR interaction occurred with AG® values similar to those
obtained in thermodynamic conditions without repulsion contribution (pH 5.0)
(Table 6).

Table 6 -Enthalpy change (AH°®), Gibbs free energy change (AG°) and
entropy change (TAS°) associated to AR-BSA interaction at different

temperatures, pH=7 4.

T AH° 2 AG® TAS®
(K) (kJ.mol-1) (kJ.mol-1) (kJ.mol-1)
288 62.94 0.99 - 28.56 91.50
298 62.94 0.99 - 20.05 82.99
308 62.94 0.99 - 23.20 86.14
318 62.94 0.99 - 23.89 86.83
328 62.94 0.99 - 28.48 91.42

The interaction is entropically driven with enthalpy change equal 62.94
kJ.mol", indicating that electrostatic repulsion is a barrier to complex formation.
Again, the entropic change occurred due to desolvation of molecules forming

complex leading to an intense hydrophobic interaction.
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With addition of NaCl to system at pH 7.4, K and n considerably
enhanced, ranging from 4.16 x 10° to 4.46 x 10° L.mol! for K value and n value
was around 2.0.

Even though there was an increase in AH° value (pH 7.4 without salt,
AH°=62.94 and pH 7.4 with salt, AH°=104.05 kJ.mol"), the number of AR
molecules for each BSA molecule doubled due to a higher reduction in AG® of
AR-BSA interaction (Table 7).

Table 7 -Enthalpy change (AH°), Gibbs free energy change (AG°) and
entropy change (TAS°®) associated to AR-BSA interaction at different

temperatures, pH=7.4, in the presence of NaCl (100 mmol.L").

T AH° r AG® TAS®
(K) (kdJ.mol ") (kd.mol ") (kJ.mol ")
288 104.05 0.99 - 35.27 139.32
298 104.05 0.99 -40.67 144.72
308 104.05 0.99 - 45.81 149.86
318 104.05 0.99 -54.79 158.84
328 104.05 0.99 - 60.67 164.72

This higher stoichiometry of complex formation also caused a higher
entropic gain in the system promoted by releasing additional water molecules
which solvated the second AR molecule forming the complex with protein.

Aiming to evaluate the effect of food dye structure on the interaction with
BSA, we repeated the fluorimetric experiments using another red synthetic food
dye, ponceau 4R (P4R). The structural difference between AR and P4R
molecules is the presence of one sulphide group that confers an additional
electric charge to the molecule and also one more benzene ring, which promote

a higher hydrophobicity to P4R compared to AR molecule (Figure 5).

HO
OCH3 o
NaOs3S N OH
— 5 p .

H3C

(a) (b)

Figure 5 — Structures of red synthetic food dyes: (a) allura red (AR) and

(b) ponceau 4R (P4R).
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The stability (k values between 10.96 and 3.72 x 10% L.mol') and the
stoichiometry (n=1.5) of P4AR-BSA complex were higher than those measured
for AR-BSA complex in all temperature range studied for pH 3.5 in the absence
of salt. This higher stability is due to an enthalpic stabilization promoting an

exothermic process for formation of P4AR-BSA complex (Table 8).

Table 8 — Enthalpy change (AH°®), Gibbs free energy change (AG°) and
entropy change (TAS°) at different temperatures, associated to P4R-BSA

interaction at different temperatures, pH=3.5.

T AH® 2 AG® TAS®
(K) (KJ.mol") (KJ.mol") (KJ.mol")
288 -16.51 0.98 - 37.51 21.00
298 -16.51 0.98 -39.24 22.73
308 -16.51 0.98 - 41.44 24.93
318 -16.51 0.98 - 41.51 25.00
328 -16.51 0.98 - 41.30 24.79

The AH° value equal to — 16.51 kdJ.mol! resulted from an attractive
electrostatic contribution (due to the additional sulphide group) and also from a
contribution of hydrophobic nature (due to the additional benzene group).
However the enhance in electrostatic and hydrophobic contributions promoted
an entropic gain reduction to form P4R-BSA complex. This reduction in system
entropy increase is probably associated to the leak of translational degree of
freedom of P4R molecules and also to a smaller number of solvating water
molecules released during complex formation.

To evaluate the relative contribution of electrostatic and hydrophobic
components to formation of P4R-BSA complex, the thermodynamic parameters
were also determined in the presence of NaCl (100 mmol.L").

The electrostatic blindage caused by increasing in the ions concentration
in the solution resulted in a K decreasing (5.50 to 0.51 x 104 mol.L-") causing a
reduction of the thermodynamic stability of RP-BSA complex, which occurred

mainly due to the reduction of entropic gain of the system (Table 9).
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Table 9 — Enthalpy change (AH°®), Gibbs free energy change (AG°) and
entropy change (TAS°®) at different temperatures, associated to P4R-BSA

interaction at different temperatures, pH=3.5, in the presence of NaCl (100

mmol.L-1).
T AH° r AG° TAS®
(K) (KJ.mol") (KJ.mol") (KJ.mol")
288 - 34.64 0.97 -25.26 10.38
298 - 34.64 0.97 - 24.96 10.68
308 - 34.64 0.97 -24.85 10.79
318 - 34.64 0.97 -23.95 11.69
328 -34.64 0.97 -23.33 12.32

The less entropy increase is the cause of the smaller complex stability
because the electrostatic blindage caused a higher diminution in the system
enthalpy, which is consequence of more intensity of ion-water interaction
compared to water-water interaction present on solvation layer of P4R
molecule. This more intense ion-water interaction also promoted a smaller
enhance in the system entropy, since water molecules from solvation layer of
ions are more configurationally structured.

At pH 5.0, where BSA is found near to neutral charge, the complex
stoichiometry and stability were almost the same to those found at pH 3.5 (K
ranging between 2.29 and 9.77 x 106 L.mol' and n is around 1.5); however AH°

was more negative (Table 10).

Table 10 — Enthalpy change (AH®), Gibbs free energy change (AG°) and
entropy change (TAS®) at different temperatures, associated to P4R-BSA

interaction at different temperatures, pH=5.0.

T AH° r AG° TAS®
(K) (KJ.mol ") (KJ.mol") (KJ.mol")
288 - 39.98 0.94 - 33.89 -6.09
298 - 39.98 0.94 - 37.30 -2.68
308 - 39.98 0.94 -41.26 1.28
318 - 39.98 0.94 -42.60 2.62
328 - 39.98 0.94 -40.01 0.13
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Surprisingly, the complex formation caused a slightly entropic variation in
the system, either entropy reduction (at 288 and 298 K) either an increasing
(308, 318 and 328 K). This small entropy variation and strong enthalpic
variation are associated to releasing of few solvation water molecules from
during P4R-BSA interaction. This reduced desolvation demands less absorption
of enthalpic energy and promotes a slight gain on translational degree of
freedom of molecules. Probably, the interaction between P4R and BSA
occurred on protein surface, therefore the complete removal of solvation layer
from dye and BSA is not necessary. This preference for interacting on BSA
surface and not by hydrophobic region may be due to the additional sulphide
group negative charged that confers higher hydrophilicity to P4R molecule
compared to AR.

In the presence of electrolyte the P4R-BSA interaction occurred with
reduction on complex stability due to a decreasing on entropy system, which
was partially compensated by enthalpy energy releasing during complex
formation. The presence of salt diminished more the entropy because even the
few water molecules released from solvation layer of P4R and BSA became
coordinated on hydratation layer of ions, diminishing the their translational
degree of freedom. This ion-water interaction is responsible for reducing system
AH°, since ion-water interaction is stronger than water-water interaction (Table
11).

Table 11 — Enthalpy change (AH®), Gibbs free energy change (AG®°) and
entropy change (TAS°) at different temperatures, associated to P4R-BSA

interaction at different temperatures, pH=5.0, in the presence of NaCl (100

mmol.L1).
T AH° r2 AG® TAS®
(K) (KJ.mol") (KJ.mol") (KJ.mol")
288 - 50.51 0.99 - 25.58 -24.93
298 - 50.51 0.99 -23.13 -27.38
308 - 50.51 0.99 -22.37 -28.13
318 - 50.51 0.99 -21.64 -28.87
328 - 50.51 0.99 -21.12 -29.38
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At pH 7.4, despite the electrostatic repulsion between P4R and BSA (both
are negatively charged) complex formation occurred with enthalpy reduction
and a slight entropic gain. These results contribute to the model in which the
main contribution to thermodynamic parameters is the released solvation water,
corroborating to the hypothesis that P4R interacted on BSA surface. The same
thermodynamic behavior was observed in the presence of NaCl (100 mmol.L-")
(Tables 12 and 13).

Table 12 — Enthalpy change (AH®), Gibbs free energy change (AG®°) and
entropy change (TAS°) at different temperatures, associated to P4R-BSA

interaction at different temperatures, pH=7.4.

T AH® r2 AG® TAS®
(K) (KJ.mol") (KJ.mol") (KJ.mol")
288 - 27.06 0.99 - 33.78 6.72
298 -27.06 0.99 - 34.50 7.43
308 - 27.06 0.99 - 37.49 10.42
318 -27.06 0.99 - 37.85 10.78
328 -27.06 0.99 - 38.16 11.09

Table 13 — Enthalpy change (AH®), Gibbs free energy change (AG®°) and
entropy change (TAS°®) at different temperatures, associated to P4R-BSA

interaction at different temperatures, pH=7.4, in the presence of NaCl (100

mmol.L-1).
T AH° r2 AG® TAS®
(K) (KJ.mol") (KJ.mol") (KJ.mol")
278 -23.42 0.91 -24.14 0.72
298 -23.42 0.91 -25.59 217
308 -23.42 0.91 -26.15 2.73
318 -23.42 0.91 - 26.09 2.67
328 -23.42 0.91 -25.84 2.42

3.2. Excess of superficial Gibbs free energy
As the most proteins, BSA shows surface activity changing interfacial

properties as its concentration in the system increases. The most important
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surface property is the excess of Gibbs free energy by area unit, called as
interfacial tension (o, mMN.m").

The reduction of interfacial tension with BSA concentration increasing is
due to protein adsorption on water-air interface promoting favorable
intermolecular interactions with molecules present at interface and
consequently diminishing energetic content of this region. Figure 5 presents the
variation of interfacial tension as a function of time to BSA concentration equal
to 7.57 x 103 mol.L-" at pH 7.4 and at 298 K. Interfacial tension decreased with

time due to adsorption kinetics of BSA on system water-air interface.
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Figure 6 — Interfacial tension water/air interface as a function of time for
bovine serum albumin (BSA) at concentration 7.57 x 106 mol.L", at 298 K and
pH 7.4.

The formation of a new chemical specie resulted from BSA-food dye
interaction leads to a variation of the interfacial tension dependence on the time.
Figure 7 shows curves of o x t for BSA concentration equal to 7.57 x 103 mol.L-
1, and different AR concentrations at pH 7.4 and at 298 K.
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Figure 7 Interfacial tension water/air interface as a function of time for
bovine serum albumin (BSA) at concentration 7.57 x 103 mol.L", at 298 K and
pH 7.4, in different concentrations of allura red (AR): (=) control: 0 mol.L-", (-)
1.2 x 108 mol.L-", (-) 3.2 x 10® mol.L-", (-) 5.2 x 10 mol.L-!, (—) 7.2 x 10
mol.L-1, (=) 9.2 x 106 mol.L-", (-) 1.2 x 105 mol.L-".

As time increased interfacial tension decreased for all studied food dye
concentrations, being the higher food dye concentration the lower the excess of
Gibbs free energy by area during all the time including interfacial tension at
infinite time, i.e., interfacial tension at thermodynamic equilibrium. Similar
results were obtained for other thermodynamic conditions studied.

To determine the interfacial tension at equilibrium, the interfacial tension

was calculated at infinite time. To obtain this parameter, experimental data were

at
adjusted to the exponential model: o) = aoe(Ao) — 0w, Were O(y) is the

experimental interfacial tension, gy is the interfacial tension of BSA without

colorant, Apis an exponential adjustment parameter and 0., is the interfacial
tension at infinite time.

Figures 8 and 9 illustrate the interfacial tension at thermodynamic
equilibrium og(s)as a function of AR and P4R concentrations, respectively, at

298 K.
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Figure 8 — Interfacial tension at thermodynamic equilibrium (0eq) of BSA
(7.57 x 10-3 mol.L-") as a function of different concentrations of allura red, at 298
Kand pH: (m) 3.5, (¢) 5.0 and (A) 7.4.
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Figure 9 — Interfacial tension at thermodynamic equilibrium (0eq) Oof BSA
(7.57 x 10 mol.L-") as a function of different concentrations of ponceau 4R, at
298 Kand pH: (m) 3.5, (¢) 5.0 and (A) 7.4.

The reduction of interfacial tension at equilibrium (oeq) as food dye
concentrations increased demonstrates the intermolecular interaction between
BSA and colorants. This 0eq diminution due to the presence of food dye
molecules is because interfacial activity of BSA-colorant is more intense than
this feature for BSA.

For AR, the 0eq occurred at following sequence: pH 7.4<pH 5.0<pH 3.5,
while for P4R the sequence was pH 7.4<pH 3.5<pH 5.0. This variation on the
behavior of both food dyes demonstrates the formation of complexes BSA-

colorant with different structures and hydrophobic/hydrophilic balance. The
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smaller oeq variation occurred at pH 7.4 probably due to a lower yield in the
complexation and/or due to production of more hydrophilic complexes. The
equilibrium constants of complex formation obtained in this work by
fluorescence were always smaller in pH 7.4, corroborating with hypothesis of
forming smaller amount of BSA-colorant complex. However, the second minor
Oeq variation occurred at different pH values for AR and P4R. For AR, at pH 5.0
there was more complexation, indicating that the reduction of 0eq is mainly due
to the complex is more hydrophilic than that formed at pH 3.5. Also for P4R, the
pH in which more complex was formed (pH 3.5) occurred the second minor
decrease on Oeq, corroborating with hypothesis that more hydrophilic complexes
were formed in this pH. More hydrophobic complexes were formed at pH 3.5 for
AR and at pH 5.0 for P4R because in these hydrogenionic concentrations
occurred higher oeq variations.

Interestingly, the curves o0eq X [food dye] presented abrupt variations in
colorant concentration intervals that produce [food dye]/[BSA] ratio similar to
stoichiometry of complex formation obtained by fluorimetric measurements
(Table 14).

Table 14 — Comparison of stoichiometry of BSA-colorant complex
obtained by fluorescence and interfacial tension measurements, at 298 K and

different pH conditions.

Food dye/pH n n (interfacial tension
(fluorescence) measurements)
AR/ pH 3.5 1.06 1.08
AR/ pH 5.0 1.67 1.35
AR/ pH 7.4 0.80 0.82
P4R/ pH 3.5 1.44 1.08
P4R/ pH 5.0 1.42 0.95
P4R/pH 7.4 1.26 1.11

3.3. Molecular diffusion coefficient of food dyes
Experimental techniques used before determined intermolecular BSA-
colorants interactions by measuring the variation of physicochemical properties

associated to biopolymer. However, a complete characterization of this
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590 interaction should be confirmed by determination of variation of properties
591 related to colorant molecules. The thermodynamic parameter known as
592  molecular diffusion coefficient is a property very sensitive to structural changes
593 occurring to diffusive particle, mainly those associated to intermolecular
594 interactions. Therefore, the determination of diffusion coefficient (DC) of
595 colorant molecules in the presence of different BSA concentrations may
596 express BSA-colorant interaction. Figures 10 and 11 show the dependence of
597 diffusion coefficient of colorants (AR and P4R, respectively) as a function of
598 BSA concentration at pH 5.0 and 7.4, in the presence or absence of NaCl (100
599 mmol.L") at 298 K. At pH 3.5 was not possible measure DC due to the

600 equipment corrosion risk.
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Figure 11 — Diffusion coefficient of ponceau 4R (P4R) as a function of
different concentrations of BSA, at 298 K and pH: (e) 5.0, (A) 5.0 with 100
mmol.L-' of NaCl, (m) 7.4 and (V) 7.4. with 100 mmol.L-" of NaCl.

DC of food dye molecules, measured by Taylor-Aris technique, diminished
as BSA concentration increased. Experimental DC is a linear combination
between DC of free colorant molecules and DC of food dye molecules bound to
protein, pondered by fraction of colorant molecules unbound and bound to BSA,

respectively (Equation 7).

Dops = aDcomp + (1 - a)Dfree (7)

where D,,s is experimental diffusion coefficient, « is fraction of colorant
molecules bound to protein, D, is diffusion coefficient of BSA-colorant
complex, (1 —a) is fraction of free colorant molecules and Dy, is diffusion
coefficient of free colorant molecules.

By using equation 7 it was possible to determine a values for different BSA
concentrations. Figures 12 and 13 shows the relation between a and protein
concentration in pH 5.0 and 7.4, in the presence or absence of NaCl (100
mmol.L-), at 298 K.
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Figure 12 — Fraction of allura red molecules bound to BSA (a) as a
function of protein concentration, at 298 K and pH: (A) 5.0, (¥) 5.0 with 100
mmol.L-! of NaCl, (m) 7.4 and (e) 7.4. with 100 mmol.L-! of NaCl.
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Figure 13 — Fraction of ponceau 4R molecules bound to BSA (a) as a
function of protein concentration, at 298 K and pH: (A) 5.0, (¥) 5.0 with 100
mmol.L-! of NaCl, (m) 7.4 and (e) 7.4. with 100 mmol.L-! of NaCl.

For all thermodynamic conditions, as protein concentration increased the
fraction of colorant molecules bound to BSA (a value) enhanced. The
biopolymer concentration needed to complete complexation with food dyes was
influenced by thermodynamic state of the system, being pH 7.4 (with and
without salt) minor than pH 5.0 (with and without salt) for AR-BSA complex
while for P4R-BSA interaction, the maximum complexation occurred in similar

protein concentration in all conditions.
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For both colorants, the smaller fraction of food dye bound to protein, for all
BSA concentration, occurred at pH 7.4 in the presence or absence of NaCl,
pointing to a weaker AR/P4R-BSA interaction in these kinetic conditions. At pH
5.0, the percentage of bound colorant enhanced, probably indicating that in
these transport conditions there was occurrence of BSA-colorant interaction at
multisites on protein surface and/or by distance coupling interactions.

At pH 5.0, the electrolyte presence raised a value probably because in this
pH, protein shows no result charge (pl=4.9), therefore salt ions slow colorant
diffusion by long-range interactions, i.e., the salt anion and cation movement
step in colorant molecule displacement. This effect was not observed at pH 7.4
because in this condition, protein charge interfered more on food dye movement

canceling salt effect.

3.4. Determination of apparent interaction enthalpy change (Aapp-intH)
between BSA and colorants

To determine apparent interaction enthalpy change (Aapp-intH) associated
to interactions between BSA and AR or P4R, isothermal titration experiments
were carried out in a high sensitive calorimeter. Isothermal calorimetric
measurements are the most accurate and reproducible determinations of
intermolecular interaction energy involving protein and different molecules (Bou-
Abdallah & Terpstra, 2012).

Figure 14 illustrates a typical ITC thermogram for complex formation
between BSA and AR.

:__ T_l[||||[1F|!II'r1r||||r|-.

P (LAY

Figure 14 — Thermogram of allura red titration on (- BSA solution
(3.01 x 10 mol.L") and ( —) buffer, at pH 7.4 and 298 K.

The thermogram presents negative peaks in the plot of power versus time,
which shows that the BSA-AR complexation was exothermic. Each peak in the
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thermogram is related to a single injection of AR into protein solution. The
correlation of heats by subtracting those corresponding to dilution heats from
the injection of identical amounts of dye into buffer without protein was applied
(dilution data are also plotted in Figure 14).

The Aapp-intH values were calculated applying Equation 8. The enthalpy
change value is apparent because the number of moles of food dye bound to

protein is unknown.

Aapp—intH — dBSA-fooddye—AQwater—fooddye (8)
Nfooddye

whereqgsa-rooaaye 1S the released energy when food dye is titrated into

protein solution, qwater-fooaaye iS the released energy when food dye is titrated

into buffer and ng,p44y. is the number of moles of food dye in each titration.

Figure 15 illustrates the curves of AappintH as a function of colorant

concentration, at 298 K, pH 3.5 and BSA concentration equal 3.01 x 104 mol.L-
1

kJmol™

AH

B
000 005 010 015 020 025 030 035 040

Colorant concentration {mmeol. L™}

Figure 15 - Aapp-intH of BSA-colorant interaction as a function of colorant

concentration, at 298 K and pH 3.5: (A) allura red and (V) ponceau 4R.

The Aapp-intH was exothermic in all range of studied colorant concentration,
and its values between -5.0 and -1.0 kJ.mol' and -4.2 and -1.0 kJ.mol! for AR

and P4R, respectively were obtained. As food dye concentration enhanced Aapp-
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intH values became less negative until a plateau was achieved, pointing to a
saturation of BSA sites. Calorimetric data show a slight difference between both
food dyes in relation to enthalpic contribution to BSA-colorant complexation.
However, the P4R concentration needed to reach BSA saturation was smaller
(0.20 mmol.L-") than that verified for AR (0.33 mmol.L-'), suggesting that
formation constant of P4R-BSA complex is higher than AR-BSA. Fluorescence
results corroborating to this hypothesis since K value was also higher for P4R-
BSA complex (7.41 x 108 L.mol') compared to AR-BSA complex (1.74 x 10*
L.mol"). This relation between calorimetric and fluorimetric data suggests that
energy obtained by calorimetry are driven by interactions occurring in sites near
to tryptophan, which is the necessary condition for fluorimetric measurements.

At this pH, P4R presented energy values of intermolecular interaction
slightly less negative than those found for AR. Interestingly, fluorescence data
provided higher different values for variation of BSA-colorant interaction
enthalpy (AR= 42.11 kJ.mol' and P4R= -16.51 kJ.mol"). The discordance
between calorimetric values and those calculated by van’t Hoff approximation is
very common in systems whose intermolecular interactions involving entropic
changes associated to multistep states (Freiburger, Auclair, & Mittermaier,
2012). However it is recognized by scientific community that calorimetric data
represent the real magnitude of intermolecular interactions. Therefore, it can be
concluded that enthalpic energy of interaction between BSA and AR or P4R is
of order of -4.0 to -5.0 kJ.mol'. This discrepancy between fluorimetric and
calorimetric data may also be associated to the former detect only BSA-colorant
complex forming near to tryptophan (up to 5 A of distance of tryptophan), while
calorimetric measurements determine interaction energy of food dye with any
available site in BSA.

To determine the contribution of tertiary structure of BSA to complex

formation, isothermal titrations were repeated for denatured protein (Figure 16).
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Figure 16 - Aapp-intH of denatured BSA-colorant interactions as a function
of colorant concentration, at 298 K and pH 3.5: (m) allura red and (e) ponceau
4R.

Calorimetric data show that even with denatured protein, BSA-colorant
interaction occurred. With BSA denaturation, Aapp-intH values became more
negative  (-12.0 and -24.0 kJ.mol-!, for AR and P4R respectively) than those
presented for native protein. As discussed before for fluorimetric item, native
BSA molecules have hydrophobic domains able to interact with colorant
molecules, contributing to positive enthalpic variations mainly due to
hydrophobic effect. With denaturation, these hydrophobic sites are lost and
intermolecular interaction occurs in multisite mainly due to electrostatic forces,
which are exothermic and more intense. The more exothermic values for P4R
may be attributed to the presence of one more sulphide group in its structure
that provides a more negative residual charge, allowing more intense
electrostatic interactions. In addition, the AappintH values are resulted from
contribution of three molecular processes necessary to occurrence of BSA-
colorant complexation (Equation 9).

Agpp-intH® = Dpsa_ayeH® + DpsaconsH® + DaesoH® (9)

Where Agsa_qycH° is the enthalpy change for BSA-dye interaction;

ApsaconsH® is the enthalpy change associated to conformational change of BSA

60



749
750
751
752
753
754
755
756
757
758
759
760
761
762

763
764

765
766
767
768
769
770
771
772
773

and A4, HC is the enthalpy change related to desolvation of BSA and food dye
molecules.

The first term of Equation 9 is always exothermic, while the others are
endothermic. Therefore, the occurrence of an exothermic Aapp-intH indicates that
first term modulus is higher than the modulus of the sum of both others. In the
case of denatured protein, the term ABSAcoanO is zero since tertiary structure of
biopolymer was already destroyed, also contributing to more negative Aapp-intH
values.

To evaluate the effect of electrostatic interactions on energy of BSA-
colorant intermolecular interaction, titration experiments were carried out at pH
5.0, in which protein residual charge is almost zero.

Figure 17 shows the curves of AappintH as a function of colorant

concentration, at 298 K, pH 5.0 and BSA concentration equal 3.01 x 10* mol.L-

(kdmal™y

L]
F-
b

1

1

II"J_|.

T T T T T T T T T T T T T T T
Q.00 0.05 010 Q.15 Q.20 0.25 Q.30 035

Colorant concentration [rrrr{:-I.L"}
Figure 17 - AappintH of BSA-colorant interactions as a function of colorant

concentration, at 298 K and pH 5.0: (m) allura red and (e) ponceau 4R.

With pH raising Aapp-intH values for BSA-AR and BSA-P4R interaction
became more negative, suggesting that specific interactions with charged
amino acid segments still occurs with energy enough to produce negative
interaction enthalpy or the BSA conformational change was smaller due to
absence of electrostatic repulsion caused by electric charge present on BSA
surface. As colorant concentration increased AappintH values were less

negative, reaching a plateau at 0.22 and 0.15 mmol.L"!, for AR and P4R,
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respectively. As discussed for pH 3.5, the Aapp-intH values result from
contribution of three molecular processes (Equation 9). Since the first term is
always exothermic and both other are endothermic, at pH 5.0 endothermic
contributions were smaller than at pH 3.5. The energetic cost to desolvating
protein at pH 3.5 should be higher than at pH 5.0 because charge density on
surface protein is bigger at pH 3.5, leading to more intense protein-water
intermolecular interactions due to ion-dipole interactions. In addition, a higher
contribution of conformational change is expected at pH 3.5 because in this
condition BSA-colorant interaction may promote some conformational changes
that approaching segments of amino acid loaded with the same charge lead to
protein destabilization and change biopolymer conformation. Then, we can
conclude that despite of ABSA_dyeHO is expected to be more exothermic at pH
3.5, ApsaconsH®is considered less positive at pH 5.0, producing more negative
Aapp-intH values.

To evaluate the effect of tertiary structure of protein on BSA-colorant
interaction, ITC measurements were conducted for denatured protein, but only
with P4R since denatured BSA-AR complex precipitated, making impossible

Aapp-intH determination (Figure 18).

s
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Figure 18 - Aapp-ntH of denatured BSA-ponceau 4R interaction as a

function of colorant concentration, at 298 K and pH 5.0.

As occurred at pH 3.5, at pH 5.0 BSA denaturated Aapp-intH values become
more exothermic, demonstrating again the contribution of hydrophobic
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interactions and enthalpy change associated with conformational alteration for
interaction between native BSA and food dye. In addition, at denatured state,
Aapp-intH values for BSA-P4R interaction changed less abruptly pointing to less
intense cooperative process, which is caused by absence of conformational
change that is a cooperative process.

Aiming to investigate the contribution of electrostatic repulsions in the
interaction process of BSA and food dyes, calorimetric experiments were
conducted at pH 7.4, in which both BSA and colorant molecules are found
negatively charged producing repulsive electrostatic interactions during complex
formation. ITC measurements were carried out with native and denatured
protein.

Figure 19 shows the curves of AappintH as a function of colorant

concentration, at 298 K, pH 7.4 and BSA concentration equal 3.01 x 10# mol.L-
1

A (el mal™

25 - .
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000 Q0% 040 045 020 025 030 035 040

Colorant concentration :mmnI.L'1:-
Figure 19 - AappintH of BSA-colorant interactions as a function of colorant

concentration, at 298 K and pH 7.4: (m) allura red and (e) ponceau 4R.

Despite of repulsive component on BSA-colorant interaction, Aapp-intH
values were more negative at pH 7.4 than at pH 3.5, where electrostatic
interactions are attractive. Based on Equation 9 the more negative enthalpy
change could be attributed to a lower energetic cost to change BSA
conformation at pH 7.4.In addition, to explain this behavior is need to consider
BSA structural changes that provide interaction sites more energetically

favorable. Fluorescence results corroborate to this hypothesis since there was a
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great variation in constants of complex formation at different pHs. With BSA
denaturation, for BSA-P4R interaction Aapp-intH values became less negative
mainly due to electrostatic repulsion present in the chain of denatured protein
(Figura 20). On the other hand, for BSA-AR interaction, Aapp-intH values were
more negative, since for this colorant the main contribution for interaction with
biopolymer comes from conformational change, then with denatured protein this

contribution is canceled and Aapp-intH becomes more negative.

AH, (e mal’)

T
000 005 010 015 020 025 030 035

Coclorant concentraticn :mmn.l-1:-
Figure 20 - Aapp-intH of denatured BSA-colorant interactions as a
function of colorant concentration, at 298 K and pH 7.4: (m) allura red and (e)

ponceau 4R.

4. Conclusion

Interaction between AR or P4R and BSA was investigated by different
techniques at different conditions of pH, ionic force and temperature. The
results demonstrated that AR or P4R and BSA formed a complex driving by
enthalpic or entropic contribution depending on thermodynamic condition.
Electrostatic and hydrophobic interactions are presented in the BSA-colorant
interactions but it was showed that BSA conformational change plays an
important role on complexation. Interesting, a small structural difference in food
dye molecules shows a great effect in the interaction P4R-BSA compared to
AR-BSA. This study provided important information about interaction between
AR, P4R, synthetics colorants, and BSA in a food (pH 3.5 and 5.0) and in a

blood (pH 7.4) conditions.
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