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RESUMO

DINIZ, Renata Silva. Estruturas supramoleculares de a-lactoalbumina e glicomacropep-
tideo: producéo, caracterizacdo, propriedades funcionais e carreamento de vitamina B,
e quercetina, 2016, 114p, Tese (Doutorado) — Programa de Pds-Graduacdo em Ciéncia e
Tecnologia de Alimentos. Universidade Federal do Para, Belém.

Este estudo teve como objetivo produzir, caracterizar estruturas supramoleculares de o-
lactoalbumina (o-la) e glicomacropeptideo (GMP) e verificar suas propriedades técnico-
funcionais, para seu potencial uso na industria de alimentos. As estruturas supramoleculares
de o-la e GMP foram preparadas na razdo molar de 1:0,689, respectivamente. Essa proporgao
foi definida por titulagdo calorimétrica isotérmica e as analises de calorimetria diferencial de
varredura auxiliaram na determinacdo dos valores de temperatura empregados, uma vez que
se verificou a formacdo das estruturas supramoleculares em valores maiores e menores que a
temperatura de desnaturacdo da a-la. Para 0 GMP n&o foi possivel estabelecer temperatura de
desnaturacdo, pois esse macropeptideo ndo apresenta estrutura terciaria definida. As analises
de dicroismo circular e fluorimetria demonstraram que houve interacéo entre as moléculas de
a-la e GMP. As estruturas supramoleculares, de uma forma geral, mantiveram estruturas se-
cundarias do tipo a-hélice, porém a intensidade dessas estruturas secundarias variou nas dife-
rentes condicdes testadas. As estruturas supramoleculares apresentaram nucleo hidrofobico.
Os tamanhos de particula das estruturas supramoleculares variaram desde nano a micréme-
tros, demonstrando que podem ser controlados atraves das variaveis testadas: pH (3,5 a 6,5),
temperatura de aquecimento (25 a 75 °C) e tempo de aquecimento. A estabilidade das estrutu-
ras supramoleculares foi avaliada pelo monitoramento do tamanho de particula e pelo poten-
cial ¢, nas temperaturas de 4 e 25 °C, durante 60 dias. As estruturas supramoleculares forma-
das em pH 6,5 apresentaram maior estabilidade do sistema, com valores absolutos de poten-
cial £ de aproximadamente -30 mV. A morfologia das estruturas supramoleculares foi deter-
minada por microscopia eletronica de transmissdo e observou-se que as proteinas se associa-
ram formando estruturas esféricas. A capacidade de formacdo de espuma das estruturas su-
pramoleculares foi avaliada pelo método de homogeneizacgéo, determinando-se 0 aumento do
volume, a estabilidade e a expansdo da espuma. Verficou-se que as estruturas formadas em
pH 6,5 e temperatura de 75 °C apresentaram maior capacidade de formacao de espuma. As
propriedades emulsificantes das estruturas supramoleculares foram determinadas pelos indi-
ces de atividade e estabilidade de emulsdo, pelo método turbidimétrico. Porém, as variaveis
testadas (pH, temperatura e tempo) néo apresentaram efeito nas propriedades emulsificantes.
A tensdo superficial das estruturas supramoleculares, determinada pelo método Wilhelmy,
apresentou valor médio de 50.825 mN-m™, demonstrando que as estruturas supramoleculares
podem ser eficientes na estabilizacdo de produtos com espuma e emulsdes. As estruturas su-
pramoleculares foram capazes de encapsular quercetina e vitamina B, com eficiéncia de en-
capsulacdo maxima de 98,64% e 31,11%, respectivamente. A estabilidade dos sistemas carre-
adores foi avaliada pelo monitoramento do tamanho de particulas e potencial { durante 60
dias. Para a quercetina, os sistemas preparados em pH 6,5 foram estaveis por 60 dias, enquan-
to que, para a vitamina B,, a estabilidade por 60 dias foi demonstrada pelos sistemas prepara-
dos em pH 3,5.

Palavras-chave: proteina; soro de leite; tamanho de particula; potencial (; estabilidade; en-
capsulacao.



ABSTRACT

DINIZ, Renata Silva. Supramolecular structures of a-lactaloumin and
glycomacropeptide: production, characterization, functional properties and encapsula-
tion of vitamin B, and quercetin, 2016, 114p, Thesis (Doctoral) — Food Science and Tech-
nology Program. Federal University of Para, Belém.

This study aimed to produce, characterize and verify the technical and functional properties of
a-lactalbumin (a-la) and glycomacropeptide (GMP) supramolecular structures, and their po-
tential in the food industry. The a-la/GMP supramolecular structures were prepared in a molar
ratio of 1: 0.689, respectively. This proportion was defined by isothermal titration calorimetry
and differential scanning calorimetry aided in determining the temperature values used since
the formation of supramolecular structures was verified at higher and lower values than the
denaturation temperature of the a-la. For GMP could not be established denaturation tempera-
ture, because it has no defined tertiary structure. The circular dichroism and fluorimetry anal-
ysis showed that there was interaction between a-la and GMP molecules. The supramolecular
structures, in general, kept the a-helix secondary structures, but the intensity of these second-
ary structures may vary in the different conditions tested. The supramolecular structures have
hydrophobic core. The particle size of supramolecular structures ranging from nano to mi-
crometer, demonstrating that can be controlled through variables tested: pH (3.5 to 6.5) Heat-
ing temperature (25 to 75 °C) and heating time. The stability of supramolecular structures was
evaluated by monitoring the particle size and the  potential at temperatures of 4 and 25 °C for
60 days. The supramolecular structures formed at pH 6.5 have higher system stability with
potential absolute values of approximately -30 mV. The morphology of supramolecular struc-
tures was determined by transmission electron microscopy and it was observed that proteins
associated forming spherical structures. The foaming ability of supramolecular structures was
evaluated by homogenization method, determining the increased volume, stability and expan-
sion of the foam. It was found that the structures formed at pH 6.5 and 75 °C showed higher
foaming ability. The emulsifying properties of the supramolecular structures were determined
by the emulsifying activity index and emulsion stability index, using the turbidimetric meth-
od. However, the variables tested (pH, temperature and time) showed no effect on emulsify-
ing properties. The surface tension of the supramolecular structures, determined by the Wil-
helmy method showed a mean value of 50.825 mN-m™, demonstrating that the supramolecu-
lar structures can be effective in stabilizing emulsions and foam products. The supramolecular
structures were able to encapsulate quercetin and vitamin B, with maximum encapsulation
efficiency of 98.64% and 31.11%, respectively. The stability of carrier systems was evaluated
by monitoring the particle size and ( potential for 60 days. For quercetin, systems prepared at
pH 6.5 were stable for 60 days, while for vitamin B2, the stability of 60 days was demonstrat-
ed by the systems prepared at pH 3.5.

Keywords: Protein; whey; particle size; { potential; stability; encapsulation.
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INTRODUCAO

Proteinas do soro de leite sdo biopolimeros largamente estudados, devido as suas pro-
priedades técnico-funcionais Uteis na indUstria de alimentos, como habilidade de formacéo de
espuma, emulsificante, gelificante, capacidade de formacdo de nanoestruturas, nanoemulsdes
e carreadores de compostos bioativos, além do seu alto valor nutricional (Kimpel e Schmitt,
2015; Ramos et al. 2014).

Devido as suas caracteristicas conformacionais, de superficie, tamanho e carga liquida,
as proteinas do soro conseguem se auto ou co-associar, originando estruturas supramolecula-
res nano ou micrométricas. Essas novas estruturas formadas podem apresentar funcionalida-
des distintas ou melhoradas, quando comparadas as proteinas isoladas. O mecanismo de for-
macao, assim como as propriedades das estruturas supramoleculares dependem principalmen-
te do balanco das forcas atrativas e repulsivas, e das condicdes fisico-quimicas do meio, como
pH, temperatura, forca idnica e concentracao das proteinas (Kimpel e Schmitt, 2015; Salvato-
re etal., 2011; Nigen et al., 2010).

Agregados proteicos sao formados através do processo de autoassociagao entre as mo-
Iéculas de proteinas. Esses agregados agem como blocos de constru¢do na montagem de nano
ou microestruturas organizadas em rede. Proteinas do soro de leite, quando desnaturadas, po-
dem se agregar e formar gel. Uma vez desnaturadas, as proteinas expdem seus sitios hidrofo-
bicos, favorecendo as intera¢des hidrofobicas para formacdo dos agregados (Ramos et al.,
2014; Livney, 2010).

A compreensdo do mecanismo de associacdo proteica é essencial para aplicacdo das
estruturas supramoleculares nas indudstrias de alimentos, farmacéutica, cosmética, etc. As es-
truturas supramoleculares apresentam grande potencial para melhorar caracteristicas funcio-
nais de alimentos, podendo ser utilizadas como estabilizadores de espuma e de emulsdo. Além
disso, podem agir como sistemas carreadores de compostos bioativos instaveis e de baixa so-
lubilidade (Salvatore et al., 2011; Nigen et al., 2010).

A o-lactoalbumia (a-la) € uma proteina do soro de leite globular, com 123 residuos de
aminoacidos (Barbana e Pérez, 2011). O glicomacropeptideo (GMP) é um macropeptideo do
soro de leite, originado da hidrélise da k-caseina (Farias e Pilosof, 2016). Tanto a a-la quanto
0 GMP apresentam propriedades gelificantes e foram selecionadas neste estudo para formar
estruturas supramoleculares funcionais, a partir de mecanismos de agregacéo e autoassocia-

céo.



Modificando-se varidveis do meio, como pH, temperatura e tempo de aquecimento, ¢é
possivel obter estruturas supramoleculares proteicas com caracteristicas distintas. O controle e
a compreensdo dos mecanismos de formacéo, assim como o conhecimento das caracteristicas
das estruturas supramoleculares, permite sua utilizacdo em diferentes tipos de produtos. No
intuito de compreender a associagdo entre as proteinas e suas aplicagdes, esta tese esta organi-
zada da seguinte maneira:

Introducdo descreve a capacidade de associacdo de proteinas e seu potencial de utili-
zacao.

Capitulo | apresenta breve Referencial Teorico, para contextualizacdo de conceitos
importantes para o desenvolvimento da tese, assim como relata trabalhos ja publicados sobre
0 tema.

Capitulo Il traz o artigo “Production, characterization and foamability of a-
lactalbumin/glycomacropeptide supramolecular structures”, publicado em Food Research
International (v. 64, p. 157-165, 2014. DOI: 10.1016/j.foodres.2014.05.079). Esse trabalho
apresenta dados experimentais de calorimetria diferencial de varredura, utilizada para deter-
minacdo de temperaturas de desnaturacdo das proteinas do soro de leite a-la e GMP, e de ca-
lorimetria de titulacdo isotérmica, que definiu a razdo molar entre essas proteinas. Além disso,
apresenta a preparacdo de estruturas supramoleculares formadas por o-la e GMP em diferen-
tes condi¢des de pH, temperatura e tempo de aquecimento. As técnicas de caracterizacdo de
dicroismo circular e fluorimetria confirmaram a associacdo entre as duas proteinas. Espalha-
mento dinamico de luz foi utilizado para definicdo dos tamanhos de particula das estruturas
supramoleculares. As estruturas supramoleculares formadas foram testadas em relagédo a sua
capacidade de formacdo de espuma e de emulsificacdo. As variaveis pH e temperatura influ-
enciaram significativamente o volume e estabilidade de espuma, enquanto que sobre a propri-
edade de emulsificacdo ndo se observou efeito das variaveis.

Capitulo 11l traz o manuscrito “Supramolecular structures of a-lactaloumin and
glycomacropeptide: stability, characterization, and technical-functional properties”. Esse tra-
balho apresenta o estudo da estabilidade durante o armazenamento a (25 e 4) °C das estruturas
supramoleculares formadas por a-la e GMP, avaliada por tamanho de particula e potencial .
De uma forma geral, as estruturas supramoleculares apresentaram estabilidade por 60 dias. A
capacidade das estruturas supramoleculares em adsorverem nas interfaces agua/ar foi com-

provada determinando-se a tensdo superficial. Microscopia de transmissdo eletronica foi utili-



zada para caracterizacdo da morfologia das estruturas supramoleculares, e verificou-se que
séo organizadas na forma de clusters.

Capitulo 1V traz o manuscrito “Estruturas supramoleculares de o-lactoalbumina e gli-
comacropeptideo como matrizes carreadoras de quercetina e vitamina B,”. Esse trabalho
apresenta a encapsulacdo de quercetina (lipossolavel) e vitamina B, (hidrossoltvel) em estru-
turas supramoleculares de a-la e GMP, para avaliagdo da sua capacidade em encapsularem
esses compostos bioativos. As estruturas supramoleculares apresentaram maior eficiéncia de
encapsulacdo para a quercetina, demonstrando que apresentam mais sitios hidrofobicos do
que hidrofilicos. Além disso, foi feita a caracterizacdo e monitoramento da estabilidade dessas
estruturas carreadoras por determinacdo de tamanho de particula e potencial {. Os sistemas
carreadores apresentaram estabilidade por até 60 dias.

Concluséao geral apresenta um resumo dos resultados e consideragdes importantes so-

bre o trabalho.

OBJETIVO GERAL

Este trabalho teve como objetivo principal avaliar a capacidade de formacéo de estru-
turas supramoleculares entre a-la e GMP, através de metodologia simples e de baixo custo,
variando-se as condi¢bes do meio, para relacionar as caracteristicas dessas novas estruturas

com suas propriedades técnico-funcionais.

OBJETIVOS ESPECIFICOS

e Estabelecer, por calorimetria de titulacdo isotérmica, a razdo molar de interacéo entre
as proteinas estudadas, para utilizacdo dessa proporcao nos sistemas de estruturas su-
pramoleculares; e determinar as grandezas termodinamicas envolvidas nas interagdes
agua/proteina.

e Determinar a temperatura de desnaturacdo da a-la e GMP por calorimetria diferencial
de varredura para determinagdo das temperaturas de trabalho. O objetivo foi preparar
estruturas supramoleculares a 25 °C, e em temperaturas superior e inferior as tempera-
turas de desnaturagdo, para se avaliar o comportamento das proteinas em diferentes
condigdes.

e Preparar as estruturas supramoleculares proteicas em diferentes condic¢des de pH (3,5;
5,0 e 6,5), de temperatura (25, 50 e 75 °C) e de tempos de aquecimento (20, 30 e 40

minutos).



Caracterizar a conformacéo das estruturas supramoleculares, avaliando-se as estruturas
secundarias presentes através de dicroismo circular (DC) e a hidrofobicidade do meio
dos croméforos por fluorimetria.

Determinar o tamanho de particulas por espalhamento de luz e a estabilidade do siste-
ma pelo potencial .

Avaliar a morfologia das estruturas supramoleculares por microscopia eletronica de
transmissao.

Verificar a estabilidade dos sistemas de estruturas supramoleculares ao longo do tem-
po de armazenamento, analisando-se o tamanho de particula e o potencial C.

Avaliar a capacidade de formacdo de espuma pelo método de homogeneizacao, anali-
sando-se 0 aumento de volume, a estabilidade e a expansdo da espuma formada pelas
estruturas supramoleculares.

Avaliar as propriedades emulsificantes das estruturas supramoleculares pela determi-
nacao dos indices de atividade e de estabilidade emulsificantes.

Determinar a densidade das estruturas supramoleculares formadas.

Determinar a tensdo superficial das estruturas supramoleculares para avaliagdo do seu
potencial como agentes estabilizadores de espuma e de emulsdes.

Estudar a utilizacdo das estruturas supramoleculares como matrizes carreadoras de
compostos bioativos lipo e hidrossoltveis utilizando como exemplos a quercetina e a
vitamina B,, respectivamente.

Verificar a estabilidade ao longo do tempo de armazenamento dos sistemas de estrutu-
ras supramoleculares com os compostos bioativos, avaliando-se tamanhos de particula

e potencial {.



CAPITULO I. REFERENCIAL TEORICO



1. PROTEINAS DO SORO DE LEITE

Proteinas, agucares, gorduras e sais sdo constituintes do leite bovino que o tornam um
alimento de caracteristicas unicas na dieta dos seres humanos. As proteinas lacteas séo classi-
ficadas em caseinas e proteinas do soro e contém aminoacidos essenciais em suas estruturas, o
que lhes confere a caracteristica de elevado valor nutricional. As proteinas do soro de leite,
além de funcionalidades bioldgicas, como atua¢do na modulagdo do sono e na inibicdo da
enzima conversora de angiotensina, exibem também propriedades técnico-funcionais que as
qualificam para 0 emprego como agentes emulsificantes, espumantes e gelificantes, com ca-
pacidade de retencdo de &gua e solubilidade em diversos solventes. As soroproteinas ndo séo
retidas na massa do queijo durante a fabricacdo do mesmo, permanecendo em sua quase tota-
lidade no soro de leite. Portanto, podem ser usadas para a fabricacdo de uma diversidade de
produtos na indudstria de alimentos, como na confeccdo de paes, bolos, sorvetes, barras de
cereal, complementos alimentares; na formulacdo de alimentos infantis e de produtos para
atletas de alto desempenho, dentre outros; bem como na industria farmacéutica ou cosmética,
pela capacidade de se comportarem como carreadores de compostos bioativos (Ramos et al.,
2014; Saglam et al., 2013; Wang et al., 2013; Abdel-Salam e EI-Shibiny, 2012; Livney, 2010;
Gunasekaran et al., 2007; Sgarbieri, 2005).

As soroproteinas presentes em maior quantidade no leite sdo a alfa-lactoalbumina e a
beta-lactoglobulina. O soro de leite doce contém também as proteinas lactoferrina, lactopero-
xidase, imunoglobulinas, e o glicomacropetideo. Dentre estas, neste trabalho serdo estudadas
a alfa-lactoalbumina e o glicomacropetideo.

A oa-lactoalbumina bovina (a-la) exibe alta digestibilidade e é semelhante a a-
lactoalbumina do leite materno, o que possibilita 0 seu uso em férmulas alimentares infantis
(Liu et al., 2011; Tolkach e Kulozik, 2005). Em adic¢do, a literatura relata sua atividade bacte-
ricida (Pellegrini et al., 1999) e sua capacidade de atuar nos mecanismos de indu¢do de apop-
tose (Svensson et al., 2003), de inibicdo da proliferacao de células carcinogénicas (Sternhagen
e Allen, 2001; Thompson et al., 1992), de ligacdo com compostos hidrofobicos (Kamau et al.,
2010) e de inducéo da sensacdo de saciedade em humanos (Nongonierma e Fitzgerald, 2015),
dentre outras. Contém 123 residuos de aminoacidos (mas ndo apresenta grupos tiois livres),
um sitio de ligacdo do cation célcio, quatro pontes dissulfeto, massa molar de 14,2 kDa e con-
centracdo aproximada de 1,2 g/L no soro de leite (Barbana e Pérez, 2011; Kamau et al., 2010).

O glicomacropetideo (GMP) esta presente somente no soro de leite doce. Tem massa

molar de 6,6 kDa e € o residuo 106-169 obtido pela clivagem da k-caseina do leite pela a¢do



da enzima quimosina durante a fabricacdo do queijo (Farias e Pilosof, 2016; Mollé e Léonil,
2005). E soluvel em uma larga faixa de pH (Neelima et al., 2013), atua como agente de auto-
associacdo (Farias e Pilosof, 2016), emulsificacdo e formacéao de espuma (KreuB et al., 2008),
bem como de gelificacdo (Burgardt et al., 2015). Quanto a sua capacidade bioldgica, desta-
cam-se a sua atuacdo na inibicdo de adesdo bacteriana e viral, supressdo de secrecao gastrica,
modulacdo do sistema imunoldgico, inibicdo de agregacdo plaquetéaria, como prebidtico, e a
sua utilizacdo em dietas de pacientes com fenilcetondria, pois 0 GMP néo possui 0 aminoéaci-
do fenilalanina em sua estrutura (Neelima et al., 2013; KreuB et al., 2008; Mollé e Léonil,
2005).

2. AGREGACAO PROTEICA

Agregados proteicos podem ser usados como ingredientes alimenticios em funcéo do
apelo nutricional decorrente da presenca de diferentes aminoacidos essenciais. Os agregados
proteicos estdo aptos a participar de diferentes tipos de interacbes moleculares, como a intera-
cdo hidrofdbica, a covalente, a eletrostatica e a ligacdo de hidrogénio. A natureza da interacédo
molecular depende das propriedades fisico-quimicas das moléculas que séo influenciadas pelo
tipo de tratamento aplicado as proteinas. A adi¢cdo de reagentes quimicos, a elevacdo da pres-
sdo hidrostatica, a proteélise, a presenca de campos elétricos e os tratamentos térmicos podem
ser utilizados para promoc¢édo da agregacdo proteica e formacdo de géis. No entanto, sabe-se
que a principal interacdo entre os agregados proteicos € do tipo hidrofobica, que é dependente
da temperatura (Lam, e Nickerson, 2015; Kehoe e Foegeding, 2014; Ramos et al., 2014). O
aquecimento desestabiliza as proteinas, eleva a difusdo e o nimero de colisGes moleculares,
além de aumentar a extensao das interac@es hidrofébicas (Bryant e McClements, 1998).

Nesse contexto, observa-se que as proteinas do soro de leite bovino formam agregados
qguando submetidas ao tratamento térmico até a desnaturacdo. Nesse caso, elas também for-
mam géis que podem ser usados como ingredientes alimenticios em fungdo do apelo nutricio-
nal elevado; e poderdo formar agregados do tipo esférico ou em filamento, pois sdo proteinas
globulares. No entanto, para bem caracteriza-los se faz necessario determinar seu tamanho,
forma e densidade. Enfatiza-se que essas caracteristicas podem ser controladas pelas condi-
cOes de processamento, variando-se também o tempo e o pH, por exemplo, que por sua vez
podem levar a alteracBes na aparéncia, estabilidade e viscosidade dos produtos. Isso permite

que as estruturas proteicas sejam otimizadas para atender determinados tipos de produtos



(Ryan e Foegeding, 2015; Ramos et al., 2014; Nicolai e Durand, 2013; Saglam et al., 2013;
van der Linden e Venema, 2007).

Ressalta-se que a maior parte das proteinas do soro estdo aptas a se agregar, seja pela
autoassociagdo ou co-associacao (Livney, 2010), o que resulta em sua habilidade de aplicagédo
no desenvolvimento de produtos funcionais adicionados de compostos bioativos encapsulados
e com propriedades intensificadas de gelificacdo e emulsificacdo, entre outras.

3. ENCAPSULACAO DE COMPOSTOS BIOATIVOS

A capacidade de formacdo de gel e microcapsulas das proteinas do soro de leite, em con-
digdes de tratamento térmico brando e somente com varia¢des no pH, sem a adi¢do de reagen-
tes quimicos, acrescidas pela sua classificacdo GRAS (Generally Recognised As Safe) e dife-
rentes propriedades técnico-funcionais que exibem, faz com que elas sejam consideradas ap-
tas a atuacdo como carreadores em sistemas de liberacdo controlada de bioativos. Adicional-
mente, os géis derivados de proteinas do soro sdo biodegradaveis, permeaveis e sensiveis a
alteracdes no pH, qualificando-os ao trabalho com compostos bioativos (Wichchukit et al.,
2013).

Posto que substancias bioativas, quando adicionadas a certos produtos, chamados de ali-
mentos funcionais, podem causar alteragdes indesejadas no sabor e odor ou ter a biodisponibi-
lidade diminuida durante processamento ou armazenamento do produto, é de interesse comer-
cial aumentar a biodisponibilidade dos compostos bioativos sem comprometimento da aceita-
cdo do produto final pelos consumidores. Tem-se como exemplos as vitaminas e 0s antioxi-
dantes, que sdo geralmente sensiveis e pouco soliveis em meio aquoso. Nesse sentido, 0 uso
de nanoparticulas proteicas para encapsulamento de bioativos é uma alternativa, considerando
gue seu tamanho ndo interfere na percepcdo do alimento na boca, adentram facilmente em
circulacdo e alcancam com facilidade os sitios-alvo para liberacdo dos compostos. A nanoen-
capsulacdo e util para o desenvolvimento de produtos, sem comprometer a funcionalidade dos
seus componentes durante o processamento ou armazenamento dos mesmos (Hasanvanda et
al., 2015; Abdel-Salam e EI-Shibiny, 2012; Gunasekaran et al., 2007; Fogliano e Vitaglione,
2005).

Alguns estudos foram realizados abordando a capacidade das proteinas do leite de encap-
sular e carrear compostos bioativos. Wichchukit et al. (2013) encapsularam vitamina B, em
gel formado por proteinas do soro e alginato e o incorporaram em uma bebida modelo.

O’Neill et al. (2014) encapsularam vitamina B, em microesferas de proteinas do soro e verifi-



caram que o processo de encapsulacao foi regido principalmente por interagdes hidrofébicas.
Houve aumento da eficiéncia de encapsulagdo com o aumento da hidrofobicidade das molécu-
las. Liu et al. (2016) encapsularam curcumina em microparticulas de proteinas do soro utili-
zando a secagem por atomizacao, verificaram que a interacdo entre a curcumina e as proteinas
foi do tipo hidrofébica e relataram a atividade antioxidante do sistema curcumina-proteinas do
soro; o tamanho de particula obtido foi de aproximadamente 110 pm. Rao e Khanum (2016)
encapsularam, por atomizacdo, curcumina em nanoemulsdes contendo gordura de leite e ca-
seinato de sodio. O tamanho de particula variou de 40 a 250 nm e a eficiéncia de encapsula-
cdo chegou a 91%. Ha et al. (2013) produziram nanoparticulas de -
lactoglobulina/quitosana/acido linoleico, em diferentes condi¢Oes de concentracbes de &cido
linoleico e de temperatura, para encapsular quercetina. As nanoparticulas apresentaram forma
esférica e tamanho entre 170 e 350 nm. A encapsulacdo da quercetina foi bem-sucedida, com

eficiéncia média de 60%.

4. NANOESTRUTURAS PROTEICAS

O projeto, a manipulacéo e a aplicacdo de estruturas e materiais, em tamanho reduzido e
grande area superficial, de modo que esses materiais apresentem propriedades e usos diferen-
ciados em relagdo aqueles que os originaram, em tamanho macro, € da alcada da nanotecno-
logia. Essas caracteristicas levam a producdo de materiais diferenciados (nanomateriais) com
novas funcionalidades, como melhoramento de estabilidade, reatividade e capacidade para
formacdo de sistemas de liberacdo controlada de compostos bioativos (Ramos et al., 2014;
Gruere, 2012; Buzby, 2010; Bouwmeester et al., 2009; Chen et al., 2006).

A nanotecnologia encontra uso, por exemplo, no desenvolvimento de nanossensores, mi-
celas, nanoemulsdes e lipossomas. Entre as vantagens do emprego da nanotecnologia na area
de alimentos, pode-se citar a possibilidade de reducdo no uso de gordura, conservantes e sal
nos produtos alimenticios; da melhoria da absorcdo e liberacdo de compostos bioativos; da
deteccdo e controle de microrganismos contaminantes em embalagens dos alimentos (senso-
res); da melhoria da textura, da capacidade gelificante, da impermeabilidade de embalagens;
de maior protecdo UV e desenvolvimento de nutracéuticos mais estaveis (Magnuson et al.,
2011; Chaudhry e Castle, 2011; Duncan, 2011; Liu et al., 2008; Yih e Al-Fandi, 2006; Ligler
et al., 2003).

As duas abordagens segundo as quais nanomaterias sdo produzidos sdo a teoria “top

down”, fundamentada na reducéo fisica dos materiais até o tamanho nanométrico; e a teoria



“bottom up”, que se baseia na formagdo de nanoestruturas a partir de &tomos ou moléculas
individuais, por meio de sua capacidade de autoassociagdo ou automontagem (Quintanilla-
Carvajal et al., 2010; Sozer e Kokini, 2009).

A capacidade de automontagem e autoassociacdo apresentadas por proteinas auxilia
no projeto de nanoestruturas alimentares. Na autoassociacdo as moléculas sdo polimerizadas
originando agregados ordenados (Hu et al., 2007; Graveland-Bikker e Kruif, 2006). Para
Kentsis e Borden (2004), a agregacdo gera material floculante e amorfo, com interacdes cova-
lentes. Guilmineau e Kulozi (2006) relatam que agregados proteicos em tamanho nano auxili-
am na estabilizac&o de espumas e emulsdes.

Segundo Kimpel e Schmitt (2015) e Chen et al. (2006), as proteinas do soro e seus
agregados sdo capazes de formar nanoparticulas com redes poliméricas para dispersédo de mo-
léculas bioativas em decorréncia, principalmente, de sua capacidade de formacao de gel; séo
de facil preparo, facil acompanhamento da evolucéo do tamanho e da forma e sdo capazes de
se ligar a ions.

Alguns estudos realizados com nanoestruturas formadas com proteinas alimentares po-
dem ser citados. Gunasekaran et al. (2007) produziram nanoparticulas de B-lactoglobulina (B-
Ig) com didmetro menor de 100 nm pelo método de dessolvatagéo. Os autores adicionaram a
uma solucdo de 2% de B-lg em NaCl 10 mM, pH 9, acetona a uma taxa de 1 mL.min™ até que
a solucdo proteica se tornasse turva. Posteriormente a adicdo de acetona, 0,01 mL de solucéo
de 4% de glutaraldeido-etanol foi incorporada ao sistema para induzir ligacGes cruzadas entre
as particulas.

Gulseren et al. (2012) prepararam nanoparticulas de isolados proteicos do soro de leite
pelo método de dessolvatacdo com etanol. O método de dessolvatacdo pode ser utilizado para
obtencdo de nanoparticulas, pela adicdo de acetona ou etanol, sob agitacdo continua e goteja-
mento, a uma solucdo de proteina, até que ocorra separacdo de fases. Observa-se a turvacao
ou a sedimentacdo resultantes da perda de estrutura proteica terciaria (Gulseren et al., 2012).
Apos a dessolvatacdo, as suspensdes foram diluidas (1:100) em tampéo citrato de sodio, pH 3,
ou em tampéo fosfato de sodio, pH 7. As dispersdes foram mantidas sob agitagdo por 30 min
e sonicadas por 30 s. Como as nanoparticulas ndo se mostraram estaveis quando diluidas em
pH 7, os testes de caracterizacdo foram efetuados somente para as amostras em pH 3. O tama-
nho de particulas observado foi menor que 100 nm. O aumento da proporc¢éo de etanol e da

temperatura levou ao aumento do tamanho de particula.
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Hu et al. (2007) formaram nanogéis de ovotransferina (OT) e ovoalbumina (OVA). Os
autores prepararam, separadamente, solucGes de cada proteina na faixa de concentragdo de 0,1
a 5 mg.mL™. Foi adicionada sobre a solucdo de OVA, a uma determinada concentracéo, a
solucdo de OT na mesma concentracdo e mesmo volume para se obter uma proporc¢édo de 1:1
(OVA:OT). Apés agitacdo branda por 15 min, o pH da mistura foi ajustado para 7 (ou 7,5)
com NaOH 0,1 mol.L™. O sistema foi aquecido a 80 °C por 30 min e obteve-se uma solucéo
de nanogel, com tamanho de particula entre 100 a 220 nm.

Giroux et al. (2010) prepararam nanoparticulas de proteinas do soro, desnaturadas por
alteracdo de pH, na presenca de cloreto de célcio. A acidificacdo das solucGes proteicas indu-
ziu a formagdo das nanoparticulas, que posteriormente foram neutralizadas. O didmetro das
nanoestruturas oscilou entre 100 e 300 nm, nas diferentes condi¢Bes de pH, concentracdo do
sal e tempo de reacéo.

Pan et al. (2007) avaliaram a formac&o de micelas de lisozima e B-caseina por titulacéo.
As nanoparticulas de forma esférica exibiram diametro entre 79 e 344 nm, dependendo do pH,

do tratamento térmico e da razdo molar de lisozima e de B-caseina.

5. GELIFICACAO

A gelificacdo de proteinas pode ser entendida como um fendmeno de desnaturagdo
proteica seguida de uma agregacao entre as moléculas (Totosaus et al., 2002). A gelificacdo
pode ser usada para formar agregados de proteinas, em tamanho nano ou micrométrico, e po-
de ser conduzida por processos fisicos, quimicos ou biolégicos (Donato et al., 2011; Totosaus
et al., 2002).

A gelificacéo pelo calor, a frio e por alta presséo é a que ocorre com o uso de métodos
fisicos. A gelificacdo proteica pelo calor pode ser seguida em duas etapas: 1) desnaturacdo
provocada por calor que gera a dissociacdo de ligagdes e o desdobramento da estrutura tercia-
ria; 2) associagdo e agregacao entre as moléculas gerando um gel macroscopico. A velocidade
da etapa 2 deve ser menor que a da etapa 1, para que a agregacdo seja ordenada e para que
ocorra a formagdo do gel. O aquecimento provoca a desnaturacao, os residuos hidrofobicos na
superficie sdo expostos na superficie da proteina e ocorre a troca das ligag¢des dissulfeto, o que
leva as interacOes hidrofobicas e faculta a agregacdo entre as proteinas (Andrade e Nasser,
2005; Totosaus et al., 2002; Mine, 1995).

O valor do pH afeta a cinética de agregacdo e a estrutura dos agregados, influencia a

carga liquida das proteinas, as for¢as repulsivas e atrativas entre as moléculas e a forca idnica,
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que determinam as interagdes eletrostaticas (Andrade e Nasser, 2005; Totosaus et al., 2002).
Geralmente, o gel obtido é transparente e as particulas sdo nanomeétricas quando ha repulsao
eletrostatica entre as moléculas. J& quando a repulsao eletrostatica é baixa, 0s géis sdo opacos
ou brancos e o tamanho de particula ¢ do tamanho micrométrico. A gelificacdo produz na-
noestruturas proteicas biodegradaveis, de grau alimenticio e cujas superficies podem ser mo-
dificadas permitindo que haja sitios de ligacdo para compostos bioativos (Schmitt et al., 2010;
Liu et al., 2008; Andrade e Nasser, 2005).

Geis e microcapsulas proteicos também podem ser formados pelo processo denomina-
do gelificacdo a frio, em que ocorre desnaturagdo térmica das proteinas, com formacéo de
agregados soluveis, e consequente gelificacdo pela alteracdo da forca i6nica, com adicdo de
sais a0 meio. fons como Ca®* auxiliam as interagdes entre os agregados (Chen e Subirade,
2007).

Apesar de o aquecimento ser a forma mais comum, alta pressdo também pode causar
desnaturacdo proteica. A deshaturagdo provocada pelo calor origina géis com interacdes hi-
drofobicas, principalmente, enquanto os géis formados por desnhaturacao por alta pressdo sdo
caracterizados por ligacoes dissulfidicas e de hidrogénio (Totosaus et al., 2002).

Processos quimicos também podem ser utilizados para formacdo de géis proteicos. A
alteracdo do meio, para provocar atracdo eletrostatica e agregacao das proteinas, pode ser con-
seguida pela adicdo de ions, que reduz a repulsdo eletrostatica, ou de acido, que causa desna-
turacdo e aproxima o pH do meio do ponto isoelétrico das proteinas (Totosaus et al., 2002).

A gelificacdo bioldgica pode ser induzida por enzimas. A enzima transglutaminase é
largamente utilizada para formacéo de gel reticulado. Essa enzima catalisa reacdo de transfe-
réncia de grupamentos acila entre as proteinas (Totosaus et al., 2002). Wang et al. (2013) pro-
duziram nanoestruturas de isolado proteico do soro com transglutaminase microbiana. Solu-
cOes proteicas, em pH 7,5, foram pré-aquecidas por 15 min a 80 °C. Depois do resfriamento
da solucéo proteica a temperatura ambiente, adicionou-se a transglutaminase e o sistema foi
incubado a 50 °C. Apo0s o término da reacéo e resfriamento, ajustou-se o pH para 7,0 e adici-
onou-se cloreto de sodio em diferentes concentracdes. Os autores verificaram formacédo de
nanoestruturas estaveis com tamanho de particula de 36 nm, aproximadamente.

A hidrolise de a-la atraves da acdo de protease serina de Bacillus licheniformes na pre-
senca de diferentes ions divalentes permitiu que os peptideos formados se autoassociassem,
originando nanotubos. Os nanotubos de a-la apresentaram potencial para ser utilizados como

agentes viscosantes e espessantes. Além disso, por possuirem cavidade com diametro de 20
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nm, podem ser utilizados como encapsuladores de compostos bioativos (Ipsen e Otte, 2007,
Graveland-Bikker e Kruif, 2006).

A formacdo de nanoestruturas, nanoparticulas, nanotubos, agregados, fibras e macro-
moléculas faz parte do estudo da quimica supramolecular. Esses materiais podem ser produzi-
dos a partir de processos de automontagem e auto-organizacgdo, que se baseiam na capacidade
das proteinas em se agregar e dar origem a estruturas maiores (Tischer e Tischer, 2012; Nigen
etal., 2010).

A compreensdo do mecanismo de associacao entre as proteinas e o controle das forcas
envolvidas na formacdo das estruturas supramoleculares é fundamental para adequacdo das
caracteristicas dessas estruturas as funcionalidades de interesse. As estruturas supramolecula-
res apresentam caracteristicas melhoradas quando comparadas as proteinas in natura. Entre os
potenciais de utilizacdo, a capacidade de carrear compostos bioativos é importante para de-
senvolvimento de produtos funcionais (Kurukji et al., 2016, Nigen et al., 2010).

Nigen et al. (2007) estudaram a associag¢@o entre proteinas de cargas opostas, a-la e li-
sozima, e verificaram a formacédo de heterodimeros via interacdes eletrostaticas. Esses hetero-
dimeros funcionaram como pontos de partida na formacdo de estruturas supramoleculares,
caracterizadas por particulas esféricas. Nigen et al. (2010) caracterizaram essas estruturas su-
pramoleculares e observaram que os agregados esféricos se associam até formar microesferas

maiores, formando as estruturas supramoleculares.
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ABSTRACT
The study of protein interactions has generated great interest in the food industry. Therefore,
research on new supramolecular structures shows promise. Supramolecular structures of the
whey proteins a-lactoalbumin and glycomacropeptide were produced under varying heat
treatments (25 to 75 °C) and acidic conditions (pH 3.5 to 6.5). Isothermal titration calorimetry
experiments showed protein interactions and demonstrated that this is an enthalpically driven
process. Supramolecular protein structures in agueous solutions were characterized by circular
dichroism and intrinsic fluorescence spectroscopy. Additional photon correlation spectrosco-
py experiments showed that the size distribution of the structures ranged from 4 to 3,545 nm
among the different conditions. At higher temperatures, lower pH increased particle size. The
foamability of the supramolecular protein structures was evaluated. Analysis of variance and
analysis of regression for foaming properties indicated that the two-factor interactions be-
tween pH and temperature exhibited a significant effect on the volume and stability of the

foam.

Keywords: Self-assembly; Heating; Acidification; Techno-functional properties; Calorime-

try.

Abbreviations: a-la, a-lactaloumin; GMP, glycomacropeptide; HCI, hydrochloric acid; DSC,
differential scanning calorimeter; ITC, isothermal titration calorimeter; CD, circular dichro-
ism; VI, volume increase; FS, foam stability, FE, foam expansion; EAI, emulsifying activity
index; SDS, sodium dodecyl sulfate; EAI, emulsifying activity index; ESI, emulsion stability

index.
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1. Introduction

Supramolecular structures are stable and well-defined chemical systems formed by mol-
ecules held together by non-covalent bonding interactions, such as electrostatic interactions,
metal-ligand bonds, dispersion forces/induced, dipole-induced dipole forces, hydrophobic
effects and topological bonds. The supramolecular structures are able to act in molecular
recognition, catalysis and transport processes and respond to external solicitations through
changes in their composition by displacing or shifting the chemical components of the solu-
tion (Lenh, 2007). This process provides materials with new functionalities with applications
in different areas, especially food science.

Systems able to produce spontaneously defined and functional self-assembled architec-
tures, such as proteins, are in the domain of supramolecular chemistry. Proteins are consid-
ered model biomaterials to produce new supramolecular structures. Therefore, controlling the
protein self-assembly process can generate a wide variety of particles, such as aggregates,
fibers, nanotubes and spherulites (Desfougéres et al., 2010).

In food systems, protein self-assembly is generally induced by heating and/or
acidification. Heating usually causes partial protein unfolding, exposing hydrophobic sites
hidden in the native protein. Under certain conditions, this exposure initiates self-assembly.
Thus, the final products can be used in food agents for encapsulating, gelling, thickening, etc.
Supramolecular structure formation is dependent on both the conformation of the proteins and
the physicochemical conditions of the system (Nigen et al., 2010; Semenova, 2007; Van der
Linden & Venema, 2007).

Among the physiochemical conditions, we emphasize: i) the pH value, which is
dependent upon other physicochemical variables, e.g., ionic strength (Erabit, Flick, & Alva-
rez, 2014; Nicolai et al., 2011); ii) the protein concentration, which enables interactions
among proteins and consequently the formation of gels (Erabit, Flick, & Alvarez, 2014); and
iii) the presence of other molecules that may affect protein aggregation (Erabit, Flick, & Alva-
rez, 2014). Therefore, understanding protein behavior as well as their structural properties in
multicomponent protein systems are prerequisites for developing new sets of proteins with
specific features (Nigen et al., 2010). In addition, studying the behavior of the supramolecular
structure formed by different proteins can also help control the final quality of different indus-
trial foodstuffs (Erabit, Flick, & Alvarez, 2014).

Therefore, better knowledge of protein behavior in solutions and their interactions with

food components, including other proteins, is required when proteins are used as food
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ingredients at the industrial scale. In particular, heat treatment, which is widely used in the
food industry, can cause protein aggregation and chemical modifications, consequently
modifying the properties and behavior of components in the final product (Pinto et al., 2014;
Liu & Zhong, 2013; Li et al., 2005).

Whey proteins are a class of proteins that can form aggregates during processing. The
conditions used to form these aggregates may produce soluble materials with defined chemi-
cal and physical properties, such as surface charge, hydrophobicity, size and shape. On the
other hand, these properties can act on the macroscopic properties of the final product, such as
viscosity, emulsification and stability (Ryan et al., 2013).

Macroscopic and microscopic properties of materials containing protein assemblies are
dependent on the size, structure and interactions of assemblies with the matrix material (Van
der Linden & Venema, 2007). Therefore, knowing the properties, particularly the size of the
aggregates, is paramount for food science research (Erabit, Flick, & Alvarez, 2014), as the
structure of the proteins will define their application in industry.

This study aimed to investigate the formation of supramolecular structures among the
whey proteins a-lactaloumin and glycomacropeptide using heating and acidification tech-
niques. The effect of the different experimental conditions on the conformations of the new
structures was examined by applying circular dichroism and fluorescence spectroscopy. The
size distribution was evaluated by photon correlation spectroscopy. Finally, we investigated

the foam-forming ability of the supramolecular structures and evaluated emulsion.

2. Materials and Methods
2.1. Materials

The reagents and proteins were used without further purification. The proteins a-
lactalbumin (a-1a) (94.9% purity) and glycomacropeptide (GMP) (95.6% purity) were provid-
ed by Davisco Foods (USA). Hydrochloric acid (HCI) was obtained from Merck (Germany).
Deionized water (Milli Q, Millipore, USA; p = 18.2 MQ-cm ) was used to prepare all aque-
ous solutions.

The individual aqueous dispersions of a-la (0.141 uM) and GMP (0.286 pM) were pre-
pared, taking into consideration the purity of the proteins. The supramolecular structures were
prepared from these suspensions by mixing defined volumes to achieve the same molar ratio

defined by stoichiometric coefficient measured by isothermal titration calorimetry.
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2.2. Differential scanning calorimetry
The thermal behavior of the proteins a-la and GMP was determined by differential
scanning calorimetry (DSC) measurements (MicroCal VP-DSC, England). Aliquots of 500
uL of protein aqueous solutions at 80 uM were placed in hermetically sealed aluminum cap-
sules. The cells were heated from 10 to 100 °C at a rate of 1 °C-min™*. An empty capsule was
used as a reference. Denaturation temperature (T4) and enthalpy change (AH) were obtained
from the thermograms.
DSC was important for determining the denaturation temperature of the proteins and
thus defining the heating temperatures, as the objective was to evaluate the formation of su-

pramolecular structures at higher and lower denaturation temperatures.

2.3. Isothermal titration calorimetry

Electrical and chemical equipment were calibrated. The change in enthalpy of the asso-
ciation of GMP and a-la was monitored by an isothermal titration calorimeter (ITC) VP-ITC
(MicroCal, England) at 25 °C with the aim of characterizing the interactions between these
proteins.

In these experiments, a stainless steel cell filled with a 2 mL o-la aqueous solution (28
HMM) was titrated with a GMP aqueous solution (250 uM). This titration was carried out by
sequential injections of 300 puL of GMP titrant solution at 300 second intervals for a total of
50 injections. In addition, GMP was titrated in water and these results were subtracted from
the protein titration data.

A mathematical model was used to make a nonlinear fit of the corrected heat data, re-

sulting in a titration curve from which values of the stoichiometry (N ), association constant

(K,), standard enthalpy change of interaction (AH ") and standard Gibbs free energy of inter-

action (AG") were determined by Equation 1. The standard entropy change (AS”) was ob-
tained from the relationship described by Equation 2:

AG = —RTInK, 1)

AG’ = AH —TAS’ (2)

2.4. Supramolecular protein structure preparation
In order to verify the influence of pH, time, and temperature on the formation of the su-
pramolecular protein structures, a 2° factorial experimental design with three center points

was used (Table 1). pH values lower and higher than the isoelectric points of the proteins
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were selected to study the behavior of supramolecular structures in environments with posi-
tive and negative net charges. The temperatures used were higher and lower than the dena-
turation temperature of a-la to examine the effect of the denatured protein on the formation of

the supramolecular structures.

Table 1. 2 factorial design to evaluate the influence of pH, time and temperature variables on

the protein supramolecular structures formation.

System pH Time (minutes) Temperature (°C)
1 3.5 20 25
2 6.5 20 25
3 3.5 40 25
4 6.5 40 25
5 35 20 75
6 6.5 20 75
7 3.5 40 75
8 6.5 40 75
9 5.0 30 50
10 5.0 30 50
11 5.0 30 50

Aqueous dispersions of a-la (0.141 pM) and GMP (0.286 uM) were prepared separately
and homogenized under moderate agitation at room temperature for 15 minutes in a magnetic
stirrer (TE 0851, Tecnal, Brazil). Exact volumes of each solution were mixed to reach the
stoichiometric ratio ( N ) established by ITC analysis. To prepare 1 mL of aqueous dispersion
of supramolecular structures, 254 uL of GMP dispersion (0.286 uM) was mixed with 746 pL
of a-la dispersion (0.141 uM). Thus, the final concentration of GMP was 0.0726 uM and the
final concentration of a-la was 0.105 M. The protein dispersion mixture was kept under gen-
tle agitation (TE 0851, Tecnal, Brazil) for 24 hours at 4 °C (SP-500 BOD, SP Labor, Brazil).

Afterward, the pH value of each system (HI 2221, Hanna, USA) was adjusted with HCI
0.1 mol-1" and underwent its respective heat treatment. The systems were placed in an ice
bath and stored at 4 °C.
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2.5. Circular dichroism

The secondary structures of the supramolecular structures were evaluated by circular di-
chroism (CD). CD spectra were obtained with a JascoJ-810 spectropolarimeter (Jasco Corpo-
ration, Japan) equipped with a Peltier temperature controller (PFD 425S, Jasco, Japan) cou-
pled to a thermostatic bath (AWC 100, Julabo, Germany). The spectra were obtained at 25 °C
using a 10 mm quartz cuvette (Hellma Analytics, Germany) at a wavelength range of 190 to
260 nm. Deionized water was used as a blank.

Each spectrum was obtained by averaging ten consecutive readings. Individual disper-
sions of a-la (0.105 uM) and GMP (0.0726 pM) without the heat treatment and acidification
were used as control. The mean residual ellipticity (MRE) was calculated using Equation 3,

®
MRE = —09bs
10nICp @)

where ©,, is the CD in milli-degrees, n the number of amino acid residues, | the cell path

length in centimeters and C,, the mole fraction.

2.6. Fluorescence spectroscopy

Fluorescence analyses were performed using a K2 spectrofluorometer (ISS, USA) to
evaluate conformational changes in the protein supramolecular structures. Samples were ana-
lyzed in 10 mm quartz cuvettes (Hellma Analytics, Germany) at 25 °C (9001, PolyScience,
USA). Fluorescence spectra were registered in the range of 290 to 450 nm. The excitation
wavelength was 280 nm, which can excite the tryptophan and tyrosine residues (Lakowicz,
2006). Individual dispersions of a-la (0.105 pM) and GMP (0.0726 puM) without heat treat-

ment and acidification were used as control.

2.7. Particle size distribution

The particle size of the protein supramolecular structures was determined by Photon
Correlation Spectroscopy using a Zetasizer Nano S (Malvern Instrument, England) device.
The instrument is equipped with an He/Ne 4 mW laser that emits a 632.8 nm wavelength, a
measuring cell, avalanche photodiode detector and correlator. The samples were analyzed
without dilution at (25.0 £ 0.1) °C in a rectangular polystyrene cuvette. The scattered intensity
was measured under a detection angle of 173° relative to the source. Intensity autocorrelation

functions were analyzed by the CONTIN algorithm (integrated in the equipment software) to
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determine the size distribution. Each measurement represents an average obtained from at
least ten readings and lasted approximately 60 seconds. Readings hindered by intensity fluc-
tuations due to impure particles were discarded. Individual dispersions of a-la (0.105 puM) and

GMP (0.0726 uM) without heat treatment and acidification were used as control.

2.8. Foaming ability

To evaluate the foamability of protein supramolecular structures, 20 mL of the protein
suspension, in a molar ratio of 0.689:1 comprised of GMP (0.0726 uM):a-la (0.105 puM), was
placed in a 50 mL beaker and homogenized (IKA Ultra Turrax T25 digital, IKA, Germany)
for 72 seconds at 13,500 rpm. The total volume and foam volume were measured immediately
after homogenization. The percentage of volume increase was calculated by the expression:

VI (%)= (B;AA)xlOO% (4)
Where: VI = volume increase, A = protein suspension volume before agitation (mL), B =
protein suspension volume after agitation (mL).

After stirring, the samples were left to stand at room temperature to assess the foam sta-
bility of the protein supramolecular structures. The variation in foam volume was measured
immediately after agitation and at 5 minute intervals up to 30, 60 and 120 minutes. The foam
stability percentage ( FS ) was evaluated by Equation 5:

FS(%)= Vi 100% 6)
fo

Where V,,= foam volume formed at time 0; V,, = foam volume after time t (30, 60, and 120

minutes).

The foam expansion ability (FE) was determined and calculated according to Equation

Y
FE(%)= ﬂ x 100% (6)

Where V,,= foam volume formed; V, = liquid initial volume.

Individual dispersions of a-la (0.105 pM) and GMP (0.0726 uM) without the heat

treatment and acidification were used as controls.
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2.9. Emulsifying properties

To determine the emulsifying properties of the supramolecular protein structures, the
emulsifying activity index (EAI ) and emulsion stability index (ESI ) were determined ac-
cording to Pearce and Kinsella (1978) and Guo and Mu (2011), with some modifications.

The mixture containing 30 mL of protein dispersions, in a molar ratio of 0.689:1 com-
prised of GMP (0.0726 uM):a-la (0.105 uM) and 10 mL of soy oil was kept under agitation
(IKA Ultra Turrax T25 digital, IKA, Germany) for 1 min at 24,000 rpm. Aliquots of the
emulsion (50 pL) were pipetted from the bottom of the container at 0 and 10 min after ho-
mogenization and diluted 100-fold using 0.1% sodium dodecyl sulfate aqueous solution
(SDS). The absorbance of the diluted solution was measured at 500 nm (Cary 50, Varian,

Australia). Absorbance values, measured immediately after agitation stopped ( A,) and 10 min
(A,) after emulsion formation, were used to calculate EAI and ESI properties.

The emulsifying activity index (m®-g™") and emulsion stability index (min) were calcu-
lated according to Guo and Mu (2011), with Equations 7 and 8.

~ 2x2303x A, xD

EAI =
cxIx(1-¢)x1000

(7)

ESl =t ®)

— Mo
Where c is the initial protein concentration (g-mL™), ¢ is the volume fraction of oil used in
the emulsion (0.25), Dis the dilution factor used (100), t is 10 min and A,and A, are the di-
luted emulsion absorbances at times (0 and 10) min.

Individual dispersions of a-la (0.105 pM) and GMP (0.0726 uM) without heat treat-

ment and acidification were used as control.

2.10. Statistical analysis

The experimental data obtained for the techno-functional properties for all supramolecu-
lar structures formed (Table 1) were statistically analyzed using regression analysis (5% prob-
ability).
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3. Results and Discussion
3.1. Differential scanning calorimetry
Figure 1 shows the thermal behavior of the proteins with the objective of evaluating

the formation of supramolecular structures at higher and lower denaturation temperatures.
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Figure 1. Differential scanning calorimetry of proteins (a) GMP 80 uM and (b) a-la 80 uM;

red line represents curve fit.

There was no well-defined curve for GMP because it has no defined tertiary structure,
being characterized as an intrinsically unstructured peptide with no sulfide bonds (Neelima et
al., 2013; Martinez et al., 2009). The small peak observed at the beginning of the graph is due
probably to impurities in the sample presents.

The thermogram obtained for a-la is characterized by an endothermic process where

the peak curve for Cp vs. temperature was 62.71 °C, corresponding to the denaturation tem-
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perature of this protein. De Souza et al. (2009) found a higher value for a-la denaturation
temperature (65.04 °C) in a calorimetric study on whey protein isolate. In a study of thermal
properties of protein aggregates, Ju et al. (1999) observed that a-la denaturation occurs at a
temperature range of 59 to 71 °C and the endothermic peak occurs at 67.1 °C. These differ-
ences, although small, may result from changes in factors such as protein source, pH and ionic
strength. The value of the enthalpy change (AH) of the process was 46.18 + 0.25 kcal-mol ™.

3.2. Isothermal titration calorimetry

The effect of associating GMP with a-la was assessed by isothermal titration calorime-
try. The values of AH represent the enthalpy energy absorbed or released when GMP interacts
with a-la. The magnitude of AH reflects the contributions of four other processes:

Q) association/dissociation of ions with charged groups on the proteins
(AipH:);
(i) association of GMP with a-la (A \Howe_u1a )i
(i) changes in the solvation of the proteins (A, ,H,);

(iv)  rearrangement of the protein molecular structure (A, H

conf.rear. )

Thus:
AH® = A

int

H, +AnHowp_oia + AindH oA H

int int int" “conf.rear. (9)

The first contribution, A, ,H,, is associated with the interaction of ions in solution with

int

charged groups in the protein molecules, which is an exothermic process. The second contri-

bution, A, \Hswe_,1a» refers to the interaction between GMP-a-la. These interactions release

int

energy, contributing to an exothermic AH°. The third contribution, A, H,,,, refers to the

desolvation of the proteins, which is an endothermic process since it requires the interactions
of the water-GMP, GMP-ion, ion-a-la, and water-a-la to be broken. The fourth contribu-

tion,A. .H

int" "conf.rear. !

is associated with protein conformational change, which is endothermic as

the intramolecular interactions are broken.
The titration of GMP solution in a-la solution, already subtracted from the blank, pro-

duced the curve shown in Figure. 2.
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Figure 2. Isothermal titration calorimetry of GMP and a-la protein.

Values of AjH are initially exothermic and become increasingly less negative due to
the contributions of endothermic processes in accordance to Equation 9:

A Hgand A, H ¢ o - IN addition to the disruption of the interactions in the process

int" "sol int

A,H,, above, the protein-water and protein-ion interactions are also broken. These

int

interactions are quite intense, as they are characterized by hydrogen bonds and electrostatic
attractions, respectively. Furthermore, in the interaction between proteins GMP-a-la, the
proteins changes their conformation in such a way that the hydrophilic groups are exposed
and free to interact with the solution, as seen in the fluorimetry results. Increasing the GMP-a-
la molar ratio increases the contribution of the endothermic processes until these values are
similar to those of the enthalpy of the exothermic processes. The change in enthalpy then
becomes approximately zero, as shown in Figure 2.

As the population of a-la molecules becomes saturated with GMP, the thermal signal
gradually decreases. The curve of the heat integration according to the molar ratio between
the reactants was adjusted and the thermodynamic interaction parameters, such as
stoichiometric coefficient (N), the equilibrium constant (K), the standard enthalpy change of
interaction (AH "), standard free energy change of interaction (AG") and the standard entropic
change (AS”) were determined using the MicroCal VP-DSC software. Data are shown in
Table 2. The stoichiometric coefficient obtained was 0.689, thus the supramolecular structures
were produced by mixing dispersions of GMP (0.286 pM) and a-la (0.141 pM) in a molar
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ratio of 0.689:1 (GMP:a-la). Under these conditions, we observed that a-la and GMP have

strong interaction due to the value of AH" being -2.963-10* cal-mol™.

Table 2. Thermodynamic parameters of the a-la and GMP interaction, at 25 °C.

N 0.689

K (M™) 2.03 x 10°
AH? (kcal/mol) - 29.63
AS° (cal/mol-K) -61.40
TAS (kcal/mol) -18.31
AG® (kcal/mol) -11.32

Entropic contribution balancing occurs by two processes. The first is the conforma-
tional change of the proteins. This conformation change reduces the degree of translational
freedom of the species charged and therefore decreases the entropy of the system. The second
process is related to the GMP-a-la interaction. For GMP to interact with a-la, both proteins
need to release the solvation molecules (H,O and ions). This process releases the molecules
into the solution, increasing the configurational entropy of the system. In this case, the entro-
py is lower than zero (-61.40 cal/mol-K), thus the first factor prevails over the second factor.
Therefore, we conclude that interaction occurs between the proteins a-la and GMP and the
process is enthalpically driven.

3.3. Circular dichroism

Figure 3 shows the CD spectra of the native forms of a-la and GMP and the protein
supramolecular structures. The CD spectrum of native a-la is typical of well-defined a-helix-
rich proteins because of its negative peaks at approximately 222 nm and 208 nm (Figure 3a-
c). Native GMP, on the other hand, shows a minimum peak around 198 nm, thus
characterizing its secondary structure as a typical random coil.

Along with the calorimetry results, these CD spectra obtained here show that the su-
pramolecular structures are indeed formed in solution. The CD spectra obtained for all supra-
molecular complexes maintained the overall characteristics expected for an a-helix-rich pro-
tein structure, although the negative peak around 208 nm observed for native a-la was shifted
to around 205 nm, possibly due to the contribution of GMP in the system. We noted an in-

creased negative signal intensity around 205-208 nm in all supramolecular structures
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analyzed, suggesting that new regular secondary structures may have formed during supramo-
lecular structure assembly.

The treatments confirmed that increased temperature did not cause substantial changes
in the overall secondary structure pattern of the supramolecular complexes at pH 3.5. On the
other hand, this increase in temperature lead to a decrease in the negative molar ellipticity at
pH 6.5 (Figure 3a). This same behavior was observed by Faizullin et al. (2013), studying p-
casein at similar increasing temperature conditions. At 75 °C, the system at pH 3.5 had more
intense negative peaks than the system at pH 6.5, similar to results observed by Nagvi et al.
(2013) studying B-lactoglobulin, which displayed higher negative molar ellipticity at pH 2.0
compared to pH 7.0 and 9.0. These findings indicate that in the systems analyzed, lower pH
might favor the formation of secondary structures at increased temperatures.

Regarding time exposed to heat, we observed no prominent differences in the CD
spectra obtained for supramolecular structures at pH 3.5. However, at pH 6.5, longer heat ex-
posure at 75 °C decreased the negative molar ellipticity of the system, indicating possible loss
of regular secondary structures. These results differed from those of Moro et al. (2011), who
studied B-lactoglobulin at 85 °C. They observed that the negative CD spectra peaks increased
in intensity with longer heating times. Bobaly et al. (2014), on the other hand, observed in-
creased molar ellipticity values in CD spectra for lysozymes in acidic conditions, similar to
what we observed in our systems at pH 3.5 and 6.5, heated to 75 °C for 40 minutes (Figure
3b). Together, these data show that the acidic condition tested here seems to contribute to
maintain the overall content of the secondary structures with longer heat exposure.

For the supramolecular structure prepared at pH 5.0 at 50 °C for 30 minutes there was
a short decrease in the intensity of the negative band compared to the systems at 25 °C, indi-
cating the secondary structure of this system was altered with the change in pH and increased
temperature. Zhang and Zhong (2012) heated bovine serum albumin and verified that in-

creased temperature reduced the intensity of the negative peaks in CD spectra.
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Figure 3. CD spectra of the native proteins a-la (red) and GMP (black) and supramolecular

structures in different systems.
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3.4. Fluorescence spectroscopy

GMP does not present intrinsic fluorescence emission, as its primary sequence does
not contain fluorescent amino acid residues such as tyrosine, phenylalanine, and tryptophan
(Neelima et al., 2013). On the other hand, a-la has four tryptophan residues in its primary
structure at positions 26, 60, 104 and 118 and four tyrosine residues at positions 18, 36, 50
and 103 (Sgarbieri, 2005). Thus, possible changes in the chromophore environment during the
supramolecular structure formation could be monitored through intrinsic fluorescence spec-
troscopy.

While GMP did not exhibit the expected intrinsic fluorescence, the emission spectrum
of native a-la was characterized by a maximum emission at 338 nm, similar to Zhang et al.
2014. Intrinsic fluorescence spectra of the native proteins a-la and GMP and of the supramo-
lecular structures excited at 280 nm are shown in Figure 4.

In general, compared to the emission spectrum of native a-la, the maximum emission
peak of all systems analyzed shifted to shorter wavelengths (approximately 322 nm). In addi-
tion, an increase in peak emission intensity was observed. These findings indicate the sur-
rounding chemical environment of the chromophores became more apolar (Jindal & Naeem,
2013; Taheri-Kafrani et al., 2010; Zhang et al., 2009; Kafrani-Taheri et al., 2008), suggesting
that during the interaction between a-la and GMP molecules, the chromophores remain buried
deeper in the core structures composed of these molecules (Figures 4a and 4b). Furthermore,
we found that the systems formed at pH 6.5 presented higher fluorescence intensity (Figures
43, 4b and 4c), indicating this pH favors the interaction between the proteins a-la and GMP,
since the decrease in polarity may result from the chromophores being further hidden inside
the supramolecular structures. These results, together with those obtained by calorimetry and
circular dichroism, confirmed that the association between these proteins occurs in the condi-
tions analyzed.

Comparing the systems at pH 3.5 with to those at pH 6.5, increased temperature re-
duced fluorescence intensity and slightly shifted the maximum fluorescence emission intensi-
ty to higher wavelengths, indicating the chromophores neighborhood became more polar and
more exposed to the solvent. Zhang and Zhong (2012) also observed that heat decreased bo-
vine serum albumin fluorescence intensity. These findings show the tridimensional features of
the supramolecular structures formed might be different among the temperatures analyzed,
even though the overall content of secondary structures remained constant (Figures 3a and
4a).
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Figure 4. Emission spectra of chromophores of the native proteins o-la (red) and GMP
(black), and of the protein supramolecular structures in different systems.
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Regarding the heat exposure time, the supramolecular structures maintained at pH 6.5
presented higher fluorescence intensity when incubated for 40 minutes at 75 °C, although no
significant difference was observed among exposure times for the systems at pH 3.5 (Figure
4b). Moreover, the supramolecular structures formed at pH 6.5 showed more intense fluores-
cence emission peak than those formed at pH 3.5 (Figures 4a and 4b). This observation sug-
gests that the less acidic pH solution provides a more suitable environment for the structures
when they are exposed to higher temperatures for a longer time. Naqvi et al. (2013) studied
the intrinsic fluorescence of B-lactoglobulin and observed that at pH 9.0, the protein showed
higher fluorescence intensity than at pH 7.0, in accordance with our results.

Figure 4c shows that systems treated at 50 °C for 30 minutes with pH 5.0 showed less
intense emission spectra than systems with pH 6.5 and 3.5 treated at 25 °C for 20 minutes.
This indicated that the protein underwent conformational changes around the chromophores
due to heating, turning its neighborhood more polar when compared to 25 °C (Zhang et al.,
2014).

3.5. Particle size distribution

The size of the protein supramolecular structures was determined by analysis in a
Zetasizer device. The results of samples and controls (individual preparations of a-la and
GMP without acidification and without heat treatment) are shown in Table 3. The main popu-
lations defined here refer to those with the highest percentage in the particle volume distribu-

tion.
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Table 3. Particle size distribution of protein supramolecular structures

Mean size diameter (nm)

% volume distribution

a-la Peak 1 2 100
GMP Peak 1 350 77.4
Peak 2 64 14.2
Peak 3 5227 8.4
System 1 Peak 1 4 98.9
Peak 2 13 0.6
Peak 3 27 0.1
System 2 Peak 1 265 83.8
Peak 2 5151 8.6
Peak 3 60 7.6
System 3 Peak 1 4 97.9
Peak 2 11 19
System 4 Peak 1 266 82.2
Peak 2 4871 10.7
Peak 3 54 7.1
System 5 Peak 1 1311 98.9
Peak 2 5581 1.0
Peak 3 205 0.1
System 6 Peak 1 270 88.6
Peak 2 60 11.4
System 7 Peak 1 3545 80.6
Peak 2 1178 18.8
Peak 3 439 0.7
System 8 Peak 1 238 77.3
Peak 2 5262 11.9
Peak 3 70 10.8
System 9 Peak 1 1397 65.1
Peak 2 5300 34.9
System 10 Peak 1 1597 99.8
Peak 2 5536 0.2
System 11 Peak 1 1124 100.0

37



a-la is a compact globular protein, which has the dimensions of 2.5 x 3.7 X 3.2 nm in so-
lution (Fox & McSweeney, 1998). After particle size analysis, we found that a-la had a parti-
cle population of 2 nm in diameter, indicating no change in structure during homogenization.
On the other hand, the GMP solution had three different populations with sizes larger than the
protein particle. The value observed for the GMP main population (350 nm) may be caused
by the aggregate formation of these proteins, indicating that the aqueous medium (where the
solution has been prepared) is not the ideal vehicle for this protein. Furthermore, it is difficult
to analyze size distributions for pure proteins, since larger impurities, although fewer in num-
ber, mask the true size of the protein. In systems 2, 4, 5, 7, 8 and 10, particle populations with
larger sizes (1,178-5,581 nm) were observed. However, these populations were less common,
which suggests these values may be related to the presence of impurities in the samples.

The protein supramolecular structures formed at 25 °C for 20 and 40 minutes at pH 6.5
had a main population with a size of about 265 nm. On the other hand, the structures formed
at 25 °C for 20 and 40 minutes at pH 3.5 had approximate sizes of 4 nm for the main popula-
tion, indicating that the more acidic pH (3.5) at 25 °C does not cause the association between
the proteins.

The heat treatment at 75 °C in samples with pH 3.5 originated a main population with
particle sizes of 1311 and 3545 nm for the 20 and 40 minute treatment times. This result sug-
gests that a longer heating time induces the formation of larger aggregates, as reported by
Ryan et al. (2013). The main populations of systems at pH 6.5 formed by heating at 75 °C for
20 and 40 minutes had sizes of 270 and 238 nm. These values are similar to those observed
for systems with the same pH at 25 °C, indicating that at pH 6.5 the heat treatment does not
influence the size of supramolecular structures. For structures formed at 75 °C, more acidic
pH (3.5) causes the formation of larger particles than those formed by pH 6.5. Phan-Xuan et
al. (2011) obtained similar results for B-lactoglobulin microgels. They observed that when pH
increased, B-lactoglobulin microgel particle size decreased.

Furthermore, we observed that for systems at pH 3.5, heat treatment at 25 °C did not
cause protein aggregation, while heat treatment at 75 °C formed aggregates micrometers in
size. This result is in accordance with Le et al. (2008), who verified the larger size of casein
and whey protein aggregates with higher temperature. Dybowska (2011) also observed larger
whey protein concentrate particles after heat treatment. The systems formed by heat treatment

at 50 °C for 30 minutes and pH 5.0 had aggregates with main population particle sizes be-
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tween 1124 and 1597 nm. This indicates higher temperatures enable larger aggregates to
form, since the structures formed at 25 °C originated particles of at most 266 nm.

3.6. Foaming ability

To evaluate possible improvements in functional properties of supramolecular struc-
tures, foam ability was tested at 30, 60 and 120 minutes. Some systems did not remain stable
at 60 and 120 minutes, therefore only results for foam ability (VI, FS, FE) at 30 minutes were
examined by analysis of variance (ANOVA) and regression analysis. The individual effect of
each factor is measured by the mean coefficient of the main effect. The effect of two or more
factors is expressed as the coefficient in two-factor or three-factor interactions. ANOVA
showed that pH, time and temperature levels had no significant (p>0.05) effect on the proper-
ties studied. Only two-factor interactions (pH and temperature) exhibited a significant effect
on VI and FS properties, however, indicating that such factors do not work independently and
the effect of each factor depends on the level of other factors (Table 4, Figure 5). On the other

hand, for FE, the main effects or interactions were not significant.

Table 4. Summary of factory analysis of pH, time and, temperature on volume increase (V1)
and foam stability (FS)

Term Coefficient (B;) for VI P Coefficient (B;) for FS P
Constant 198.864 0.000 368.864 0.000
Main effect
A-pH -18.75 0.514 -39.375 0.428
B - tlme ** ** ** **
C - temperature -1.958 0.514 -2.920 0.16
2-Way Interactions
AB ** ** ** **
AC 0.417 0.011 0.692 0.019
BC ** ** ** **

**Not statistically significant (p > 0.05).
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FS (%)

Figure 5. (a) Three-dimensional response surface for volume increase (V1) as a function of
pH and temperature for supramolecular structures. (b) Three-dimensional response surface for

foam stability (FS) as a function of pH and temperature for supramolecular structures.

The supramolecular structure system that had the highest ability to increase foam vol-
ume was formed at high temperature and high pH (pH 6.5, 75 °C), as noted by Kuropatw et
al. (2009). These authors studied the impact of pH on the foam ability of whey protein-egg
proteins complex at high temperature found that increased pH leads to an increase in foam
volume. CD spectra of these supramolecular structures show that this treatment induced
changes in the secondary structure of proteins with a lower ellipticity value compared to other

treatments. Furthermore, these supramolecular structures had higher fluorescence intensity,
40



suggesting the neighborhood of the chromophores became more apolar and foam ability was
enhanced by increased protein hydrophobicity. These conformational changes lead to surface-
particles capable of strongly packing at the air/water interface and forming a viscoelastic net-
work. These results are in agreement with those reported by Kim et al. (2005), who studied
the functional properties of B-lactoglobulin at different pH and heated to 80 °C. They found
that the protein heated at pH 5.5 for 15 min showed the best foam ability. FS properties
improved when temperature increased and pH decreased. This may be explained by pH 3.5
being close to the isoelectric point of the proteins, which have low electrostatic interactions as
well as hydrophobic interactions at the air-water interface may be responsible for foam
stabilization (Kuropatwa et al., 2009). Furthermore, higher temperature positively influenced
foam stability due to partial protein unfolding, which in turn increases hydrophobicity, result-
ing in increased protein-protein interactions (Nicolai et al., 2011; Moro et al. 2011; Nicorescu
et al., 2010). Although pH 3.5 is closer to the isoelectric point, the supramolecular structures
formed at pH 6.5 were better able to increase foam volume at 75 °C, because the structures
formed at a higher pH presented smaller particle size. One of the most important factors for
foam formation is the protein adsorption rate, which depends on protein concentration, protein
size, protein structure and solution conditions (Moro et al., 2011; Martin et al., 2002). Thus,
disordered, smaller and more flexible proteins are better surface agents than ordered, larger
and rigid ones (Moro et al., 2011). The GMP solution slightly influenced volume increase and
foam expansion, suggesting that a-la is the protein responsible for foam ability (data not

shown).

3.7. Emulsifying properties

To evaluate the emulsifying properties of the protein supramolecular structures, the
emulsifying activity index (EAI) and emulsion stability index (ESI) were calculated by the
turbidimetric method. The results for EAl and ESI were examined by analysis of variance
(ANOVA) and regression analysis. ANOVA showed that pH, time and temperature levels had

no significant (p>0.05) effect on the properties studied.

4. Conclusions
Supramolecular structures can be formed by heating and acidifying aqueous solutions
of a-la and GMP. CD results showed changes in the secondary structure of protein

supramolecular structures compared to the native proteins. The fluorescence analysis
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indicated that the supramolecular structures have a more hydrophobic core to their
chromophores. The results of the particle size distribution show that the proteins are associat-
ed in different ways, depending on the heat treatment condition and association. Particle
diameter ranged from nanometers to micrometers. At high temperature and high pH, the foam
volume of the supramolecular structures increased. Furthermore, pH, time and temperature
levels had no significant effect on emulsifying properties. The formation of supramolecular
structures offers new opportunities to modify the functional properties of food. Heating and
acidifying conditions can be optimized to control the properties of the proteins and to improve
their performance in an increasing number of applications. In addition, the results allowed
better knowledge of the factors that can help predict the behavior of protein associations in

complex systems.
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ABSTRACT

Supramolecular structures of a-lactaloumin (o-la) and glycomacropeptide (GMP) were
formed under heat conditions (25 to 75 °C) and modification of pH level (3.5 to 6.5). The
protein structures stability was evaluated for 60 days based on the particle size and { potential
at 25°C and 4°C. Generally, only the supramolecular structures formed at pH 3.5 and different
thermal treatments did not present stability of particle size and zeta potential by 60 days.
Systems of supramolecular structures represented the average value of surface tension of
50.825 mN/m indicating absorbing efficiency of these systems in interface air solution. Imag-
es provided by the transmission electronic microscopy in general indicated that the supramo-
lecular structures are spherical in their morphology and are formed in clusters. The chosen
methodology without chemical reagents was productive in formation of the supramolecular
structures. Characterization of these structures showed its potential applicability in pharma-

ceutical and food industries.

Key-words: particle size; zeta potential; whey protein; surface tension; transmission electron-

ic microscopy.
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1. Introduction

Cheese whey protein constitutes approximately 20% of all milk proteins and is of high
nutritional value as well as technological importance due to its high solubility, foam
ability, gelling and emulsification properties. a-lactaloumin (a-la) is a globular protein that
constitutes 3.7% of all milk proteins (Lam & Nickerson, 2014). Glycomacropeptide (GMP) is
an intrinsically disorganized/unstructured peptide with high content of Pro, Glu, Ser and Cys
amino acids and low content of Trp, Tyr, Phe and Cys amino acids compared to other globu-
lar proteins.

The amphiphilic property of the proteins assists in their self-association to form su-
pramolecular structures which could be further used to produce new materials (Nigen et al.,
2010). Protein aggregation as well as cheese whey aggregation depends on environment con-
ditions (pH, temperature and ionic force), which can determine its characteristics, such as
shape and size, and modify its functions compared to native proteins (Erabit et al., 2014). The
pH value of a system determines distribution of protein surface charge enabling intra and in-
termolecular interactions and influences geometric configuration of the formed aggregate
(Kehoe and Foegeding, 2014). An increase in temperature can destabilize proteins thermody-
namically. As a result, reduction of activation energy, an increase in protein diffusion and
collision between them may occur (Ramos et al., 2014).

Development of aggregated proteins with well defined forms and physical and chemi-
cal properties (charge and hydrophobicity) can assist in improvement of technical functionali-
ty of proteins. Knowledge of the mechanisms of association between proteins is fundamental
to control properties in the formation of new supramolecular structures (Nigen et al., 2010).
Properties of the materials containing protein self-association depend on the structure, size
and type/kind of interaction between these proteins. Thus, understanding protein association
process will enable production of materials with new functions (van der Linden & Venema,
2007).

Furthermore, understanding the mechanism of association between proteins and more
complex systems, i.e. formed with more than one protein, is necessary to elaborate protein
structures with new functionalities (Nigen et al., 2010). Ingredients containing cheese whey
protein are widely used in food industry. They are byproducts of cheese industry and are
available in large quantities at low cost. These ingredients are also generally recognized as
safe (GRAS) and are of high nutritional value (Ramos et al., 2014).
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Development of technologies to produce supramolecular structures without using
chemical reagents can facilitate consumer acceptance of the products containing these protein
structures. This study addresses synthesis of supramolecular structures formed of a-la and
GMP (non-toxic biodegradable materials of nutritional quality) using dispersion of these
proteins in water. This research aimed to verify the stability of supramolecular structures of a-
la and GMP Dby particle size and { potential, and determine their morphology by transmission
electron microscopy. Furthermore, the ability of the structures to absorb air and oil at the in-
terface was characterized. These results are important to evaluate what kinds of formulations

(solution, emulsion, foamed products) and which conditions these structures may be used.

2. Materials and Methods
2.1 Materials

The proteins a-la and GMP were kindly provided by Davisco Foods (USA). Chloride
acid (HCI, Merck, Germany) was used without additional purification. Deionized water
(Milli Q, Millipore, USA; p = 18,2 MQ-cm ™) was used to prepare all the aqueous solutions.
Soy oil was purchased from a local supermarket.

2.2 Supramolecular protein structure preparation

First, aqueous dispersions of a-la and GMP of 2 mg-mL™ were prepared separately
followed by moderate agitation at 25 °C for 15 minutes. After, defined volumes of each
dispersion were mixed to reach stoichiometric molar proportion of 1:0.689 (u-la:GMP),
previously established through the analysis of isothermal titration calorimetry (Diniz et al.,
2014). 0.02% of sodium azide was added to the mixture of dispersed proteins to avoid micro-
bial contamination and was further maintained under moderate agitation (TE 0851, Tecnal,
Brasil) for 24 hours at 4 °C (SP-500 B.O.D., SP Labor, Brazil).

The formed supramolecular structures of a-la and GMP were prepared according to
the 2° factorial experimental design with three repetitions of central point (Table 1). The
heating and acidification conditions were selected to verify pH values lower and higher than
the isoelectric points of the proteins and temperatures values lower and higher than the dena-
turation temperature of a-la. The values of pH for each of the two systems were adjusted with
the solution of HCI 0,1 mol-L™* (HI 2221, Hanna, USA) and later they underwent thermal
treatment. After the thermal treatment, the systems were placed in an ice bath and stored at 4
°C.
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Table 1. 2° factorial experimental design used to prepare supramolecular protein structures.

System pH Time (min) Temperature (°C)
1 3,5 20 25
2 6,5 20 25
3 3,5 40 25
4 6,5 40 25
5 3,5 20 75
6 6,5 20 75
7 3,5 40 75
8 6,5 40 75
9 5,0 30 50

10 5,0 30 50
11 5,0 30 50

2.3 Stability of supramolecular protein structure as a function of time

The supramolecular protein structures of a-la and GMP under various conditions (pH,
temperature and heating time) were stored at 4 °C and 25 °C to determine their stability over a
period of time (60 days) followed by evaluation of particle size and { potential. The particle
size was analyzed through the photon correlation spectroscopy using Zetasizer Nano ZS
(Malvern Instrument, England) equipped with a laser of He/Ne 4 mW and wave length of
632.8 nm, a measuring cell, a detector of avalanche photodiode and a correlator. The meas-
urements were realized without dilution at (25.0 + 0.1) °C. Spreading intensity was measured
at the detection angle of 173° in relation to the source. The algorithm CONTIN (integrated
equipment software) was used to determine the size distribution and analyze the functions of
intensity autocorrelation. The analysis were realized in a polystyrene cuvette. Each
measurement represents the average result after 10 readings (readings compromised by
fluctuations of intensity were not used).

The Doppler micro-electrophoresis laser was used to measure  potential applying an
alternate electrical field and a disposable capillary cell (DTS 1060, Malvern Instruments, Eng-
land). Zetasizer Nano ZS (Malvern Instrument, England) was also implemented. { potential
was calculated using the Smoluchoski equation. All the measurements were realized in tripli-

cate.
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2.4 Surface tension

The surface tension of the systems containing supramolecular structures was measured
at 25°C using a tensiometer and the Wilhelmy plate method with a platinum plate (Dataphys-
ics, DCAT 11 EC, Germany). The tensiometer balance was internally calibrated by the SCAT
program, version 3.2.0.84. Each measurement represents the average result of successive
readings with the standard deviation of less or equal to 0.02 adjusted by the appropriate
software.

The readings of the surface tension implementing this method occur as a process of
verification of the plate’s weight variations at the time of the plate’s contact with the surface
of the liquid. The measurements are taken in the following steps: a liquid sample is added to a
washed and sterilized glass cube; the cube is later placed close to the plate suspended on the
arm of the balance; the cube is slowly moved resulting in a contact between the liquid and the
plate with O level of depth detected; after this, the cube is raised so that the plate immerses in
the liquid at the depth necessary to cover the plate completely; then the recipient plate is
gradually lowered to reach a position of 0 depth; at this moment the forces of surface tension
occur making it difficult to remove the plate and causing variations in the plate’s weight; this
becomes the variable measurement of this experiment. This way, the surface tension can be
determined using the following equation:

F

g =
[xcos0

where 7 is the surface tension (N-m™), ¥ the Wilhelmy force (N), /the length of the plate’s

wetted surface (m) and @ the angle of contact.

2.5 Density

The density of the systems of the protein supramolecular structures was determined at
25°C using an oscillating density meter (DMA 4500, Anton Paar, Austria) controlled thermo-
statically at £ 0.001 K. The instrument was connected to an automatic sampler (Xsample 122,
Anton Paar, Austria). Double distilled and deionized water and dry air were the referential
substances used to calibrate the instrument at the atmospheric pressure. The precision of the

density meter was + 1.0-10” g-cm™,
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2.6 Transmission electronic microscopy

The morphology of the supramolecular structures of a-la and GMP was observed
through the transmission electronic microscopy (TEM) using the microscope EM 109 (Zeiss,
Germany). The samples were prepared by dropping small volumes of the protein supramolec-
ular structures dispersions on a 300 mesh grid (Koch, EUA) coated with formvar film fol-
lowed by natural drying.

2.7 Statistical analysis
The data obtained from the experiments was statistically analyzed by MiniTab 16
software and using ANOVA, regression analysis (p < 0.05), and Tukey’s test (p < 0.05).

3. Results and Discussion
3.1 Stability of the protein supramolecular structures as a function of time

The stability of the supramolecular structures of a-la and GMP obtained under
different conditions was evaluated by the size distribution and  potential using the Zetasizer
equipment. Tables 2 and 4 demonstrate the average size of the supramolecular structures
stored for 60 days under the temperatures of 25 °C and 4 °C, respectively. The size distribu-
tion was used to evaluate whether the protein supramolecular structures would be broken by
sedimentation or aggregation over the storage time. The represented particle sizes were ob-
tained as main population distributed in the volume.

As observed on day 0 (Tables 2 and 4), smaller particle sizes (about 200 nm) of su-
pramolecular structures were obtained at pH 6.5 conditions (systems 2, 4, 6 and 8). At this pH
value, a-la (isoelectric point equal to 4.8, according with Ramos et al., 2014) and GMP
(isoelectric point equal to 3.3) are negatively charged, which favors the repulsion between the
protein molecules. Furthermore, at pH 6.5, the proteins are further away from their isoelectric
points, and this causes the formation of lower soluble aggregates (Kehoe and Foegeding,
2014).

At pH 3.5, a-la is positively charged and GMP is negatively charged. These conditions
(systems 1, 3, 5, and 7) favors the electrostatic attraction between the proteins, causing a
higher aggregation between them and the consequent increase in the average particle size,
which remained between 500-600 nm.

The supramolecular structures with higher particle sizes (approximately 1200 nm)

were obtained at pH 5.0. The systems produced in this pH (systems 9, 10, and 11) were turbid

52



even before the heating. The increased particle size and decreased solubility of supramolecu-
lar structures characterized these conditions as gelation process. The pH of 5.0 is very close to
the isoelectric point of the a-la it and this may have caused the aggregation between the mole-
cules of this protein, which is much larger compared to the GMP. Values of pH close to the
isoelectric point favor the formation of large amorphous aggregates (Phan-Xuan et al., 2011).
The electrostatic repulsion and a decrease charges in the system may have favored the weak-
ening of the binding of the structures with water, causing the turbidity of the systems, with the
formation of large aggregates.

Schmitt et al. (2014) studied the particle size of microgel using whey protein isolates
and verified that at the pH values of 5.5-8.0 the particle sizes varied between roughly 200 and
220 nm. This is similar to our results presented by the supramolecular structures formed at pH
6.5. However, these authors observed that at pH values of 4.0-5.5 the microgel particle size

was nearly of 2500 to 5500 nm.

Table 2. Average size measurements (nm) of the formed supramolecular structures of a-la
and GMP stored over the period of time at 25 °C.

Average size (nm)

Storage time

(days) 0 3 10 20 30 60
System 1 624.6°+20.8  616.4°+27.3 679.8°+294 6557°+29.7 636.2°+32.8 36.0°+1.9
System 2 263.9°+9.3 286.3°+7.3 2904°+6.8  217.8°+85  2108°+7.4  212.0°+9.2
System 3 637.6°+33.0  642.3°+68.4 656.5°+50.9 654.4°+422  425°+29  46.8°+2.1
System 4 277.2°+11.2  2541°%6.9  260.9°+94  2537°+7.0 196.0°+95 2154°+7.9
System 5 554.7°+64.3  572.9°+245 5184®+28.0 549.2°+348 4156°+250 4447270
System 6 246.3°+11.6  251.9°+8.6  249.4°+43 2452°+10.0 219.1°+7.3 200.4°+125
System 7 526.1°+26.8  536.9°+16.9 529.0°+18.1 5152°+26.6 502.3°+28.9 441.3°+26.0
System 8 261.9"+9.8 2483+ 4.6 2852°+10.2 280.2°+11.6 241.2°+7.4  283.4°+86
System 9 1254*+129.1  1225°+90.6 1211°+136.3 1357°+119.0 1379°+122.6 1540°+152.4
System 10 1207°+118.1  1210°+129.0 1228°+139.1 1502°+58.1 1562°+124.9 1511°+183.2
System 11 1296% + 1054  1290°+135.7 1250°+145.2 1526°+1455 1560°+174.9 1578°+175.0

Averages indicated by the same letter do not differ at 5% probability through Tukey test, in the same system.
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Table 3. Average measurements of { potential (mV) of the supramolecular structures stored

over the period of time at 25 °C.

 potential (mV)

Storage time

(days) 0 3 10 20 30 60
System 1 9.88%+£0.55  11.40°+1.04 12.90°+0.52 1350°+0.11 14.40°+1.00 16.10°+0.93
System 2 -29.00°+2.85 -29.70°+1.44 -30.90°+#1.73 -31.00°+1.83 -2530°+1.63 -29.30°+1.48
System 3 10.30°+0.0.75 11.80+0.66 13.20°+0.85 13.50*+0.29 14.60+1.01 15.90"+0.97
System 4 -29.30 +1.28 -30.40°+2.36 -20.40°+291 -25.00°+1.47 -27.30°+0.21 -26.70°+1.33
System 5 10.50*+0.50  11.20°+0.81 13.30"°+0.70 13.30™+0.90 14.00+0.78 14.60°%2.06
System 6 -30.80° +2.00 -31.40°+2.98 -31.90°+1.42 -26.20°+260 -27.60°+2.06 -25.00"+1.84
System 7 12.00°+0.34  1260°+0.26  12.60°+0.15 12.60°+1.31 13.20°+0.82 15.50°+1.05
System 8 -28.40°+1.25 -2950°+0.53 -30.40°+1.30 -30.20°+299 -28.80°+1.96 -27.60°+1.97
System 9 -15.10*+0.55 -14.80*°#0.31 -14.80*°#0.64 -15.10°+0.50 -15.20°+1.07 16.20* + 0.60
System 10 -1430*°+£0.66  -14.90°+1.17 -1530°#0.35 -14.90°+0.31 -1510°+0.40 -14.70°%0.87
System 11 -1490°+0.40 -1530"+0.31 -15.00"+0.29 -15.60"+0.20 -16.10"+0.15 -15.50" +0.68

Averages indicated by the same letter do not differ at 5% probability through Tukey test, in the same system.

Alterations of { potential can be used to evaluate the stability of protein systems. The

potential values of the supramolecular structures of a-la and GMP stored at 25 °C and 4 °C
were compared for 60 days (Tables 3 and 5). It was observed that the supramolecular
structures in systems 2, 4, 6, 8 (pH = 6.5), 9, 10 and 11 (pH = 5.0) had negative ( potential
values since the proteins were in an acid medium with pH higher than their isoelectric points.
The systems with pH 3.5 (1, 3, 5, and 7) showed positive  potential values, demonstrating
that a-la is larger quantity on the surface of supramolecular structures, since the pH 3.5 is
lower than the isoeletric point of this protein.

The supramolecular structures formed at pH 6.5 presented absolute { potential values
higher than -25 mV (Tables 3 and 5), which are similar to the ones verified by Ryan and
Foegeding (2015) for aggregated solubles of thermally treated whey protein isolates. The
supramolecular structures obtained at pH 3.5 and 5.0 presented ( potential values close to 10
mV and -15 mV, respectively (Tables 3 and 5). Schmitt et al. (2014) characterized microgel

formations of whey proteins at pH 4.5 and verified { potential values of approximately 10 mV
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similar to the supramolecular structures of a-la and GMP formed at pH 3.5. The same authors
also observed that at pH 5.5 the whey protein microgels showed £ potential of approximately -
15 mV, which is similar to the ones presented by the supramolecular structures formed at pH
5.0. Comparing the systems prepared at pH 5.0 and 6.5, it found that decreasing pH became
less negative { potential. A similar result was verified by Kehoe and Foegeding (2014) who
studied aggregates formed by p-lactoglobulin and B-casein at different pH values.

The higher absolute values of { potential presented by the supramolecular structures
formed at pH 6.5 (systems 2, 4, 6, and 8) suggest that these systems are more stable when
compared to the ones formed at pH 3.5 and 5.0. This can be explained by the fact that the
supramolecular structures at pH level of 6.5 are further away in pH values of the isoelectric
points of a-la and GMP. The mediums with pH close to the values of isoelectric points lead to
higher neutralization of the supramolecular structures’ charge (Schmitt et al., 2014). Besides,
the systems formed at pH 3.5 and 5.0 present less charges, which may favor the proteins
aggregation. Decrease of charges may be indicative that the protein aggregates were formed

through hydrophobic interactions, mainly.
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Table 4. Average size measurements (nm) of the formed supramolecular structures of a-la

and GMP stored over the period of time at 4 °C.

Average size (nm)

Storage time

(days) 0 3 10 20 30 60
System 1 643.3°+37.3  900.1°+30.8 1045“+60.8 1092°+645 936.6°+62.1  4.6°+0.9
System 2 276.3°+19.3  252.8°+18.9 227.2°+83 222.7°+153 2535°+237 228.6°%+285
System 3 686.7°£51.6  674.9°+684  45°+05 5.6 +0.8 5.6°+0.6 5.2°+0.5
System 4 261.2°+21.7  241.1°+18.6 243.6°+21.3 246.1°+84  231.4°+10.8 240.1%+13.2
System 5 556.6°+46.9  534.8°+37.9 540.2°+44.4 536.9°+389 491.6°+36.0 464.1°%+39.2
System 6 256.8°+29.6 266.0°+145 242.0°+6.7 2654°+11.8 221.1°+7.7 2249 +149
System 7 544.2°+ 285 5654 +227 7072°+347 678.7°+246 626.3™+27.2 400.3°+32.0
System 8 286.8°+13.1  261.9%+83 239.0°+136 211.5°*+16.1 223.4°+10.4 228.8™+12.2
System 9 1234°+116.5 1375°+107.9 1343°+61.2 1388°+957 1196°+1045 1141°+80.0
System 10 1268°+125.3  1407°+107.6 1406°+112.1 1294*°+84.8  1254°+92.7 1256°+117.4
System 11 1285°+88.7  1427°+80.5 1334°+131.5 1357°+69.7 1203*+101.0 1158°%115.2

Averages indicated by the same letter do not differ at 5% probability through Tukey test, in the same system.
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Table 5. Average measurements of ( potential (mV) of the supramolecular structures stored

over the period of time at 4 °C.

¢ potential (mV)

Storage time

(days) 0 3 10 20 30 60
System 1 9.95°+0.73  9.87°£0.32 7.92°+031 9.27°+041 9.37°+029 10.30°%1.62
System 2 -28.20°+0.45 -26.10°+2.10 -28.70°+1.86 -26.80°+1.64 -25.20°%2.00 -25.00%+1.18
System 3 9.97°+0.39  10.10°+0.46 8.87°+0.22 14.40°+1.08 9.54°+052  9.07°+0.37
System 4 -29.00°+1.65 -28.90°+0.87 -28.60°+0.91 -28.20°+0.90 -27.30°+1.21 -29.30°+1.78
System 5 10.20°+£0.11  10.50°+0.68 9.53*+123  9.10°+0.78  9.97°+0.63  10.00*+0.37
System 6 -26.70°+1.71  -29.50°+0.76 -29.00°+1.46 -25.00°+1.60 -28.60°+1.06 -26.50°+1.10
System 7 11.00°+0.76  11.60°+1.32 10.70°+0.94 1530°+0.53 12.30°+0.70 12.10°+1.03
System 8 -29.60° +0.64 -33.1°+0.55 -29.00°+0.52 -30.90°+0.75 -26.60°+0.67 -26.50°+0.86
System 9 -13.90°+0.62  -14.30°+0.92 -14.40°+0.55 -14.00°+0.17 -14.10°+0.25 13.90°+0.40
System 10 -14.00°+£0.49  -1450°+0.78 -14.40°+0.50 -14.20°+0.06 -13.50°+0.36 -13.60%+0.87
System 11 -13.80*+0.61  -14.20°+0.21 -14.30°%+0.46 -15.10°+0.26 -15.10°#0.65 -14.90°+0.92

Averages indicated by the same letter do not differ at 5% probability through Tukey test, in the same system.

The stability during 60 days of storage at 25 °C and 4 °C was evaluated using the

average size measurements and ( potential by the Tukey test with 5% probability (Tables 2-

5).

Under the storage temperature of 25 °C, it was observed that the supramolecular struc-

tures formed at pH 3.5 and thermal treatment at 25 °C for 20 min (system 1) and 40 min
(system 3) showed stable particle size for 30 and 20 days, respectively (Table 2). On the other
hand, the supramolecular structures formed at pH 3.5 heated at 75 °C for 20 min (system 5)
demonstrated size stability for 20 days, whereas the ones heated for 40 min (system 7)
exhibited significantly smaller sizes over 30 days of storage (Table 2). The systems 1 and 3
showed marked decrease particle size (approximately 40 nm), while the systems 5 and 7 de-
creased to about 400 nm. This indicates that heating at 75 ° C helps in stability of the particle
size, exposing amino acid and favoring hydrophobic interactions present in the supramolecu-

lar structures formed at pH 3.5.
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In relation to C potential measurements at storage temperature of 25 °C (Table 3), it
was verified that the systems formed at pH 3.5 (systems 1, 3, 5, and 7) showed a significant
increase in the magnitude of ¢ potential over 60 days as well as an increase in surface charges
of the proteins during storage. The dissociation of supramolecular structures and the
consequent decrease of the particle size over time may have caused the increase in the
potential, exposing the charged amino acids.

At the storage temperature of 4 °C, the supramolecular structures formed at pH 3.5 and
with thermal treatment of 25 °C for 20 min (system 1) did not represent stability of the
particle sizes since there was a significant increase in size in 30 days with a rapid reduction to
4.6 nm after 60 days (Table 4). On the other hand, the supramolecular structures formed at pH
3.5 and the thermal treatment of 25 °C for 40 min (system 3) exhibited stable particle sizes for
at least 3 days with a later reduction of the size to approximately 5 nm after 10 days of storage
(Table 4). This reduction in particle size of the systems 1 and 3 is due to the dissociation of
supramolecular structures, which could be observed visually by protein precipitation. At the
pH level of 3.5 and with thermal treatment of 75 °C when the system was heated for 20 min
(system 5), the particle sizes were stable for 60 days; when the system was heated for 40 min
(system 7), the particle sizes were stable for 3 days with a significant reduction in size after 60
days (Table 4). The systems formed under heat treatment at 75 °C (system 5 and 7), unlike the
systems 1 and 3 did not show complete dissociation of supramolecular structures. This
demonstrates that the highest temperature in the synthesis of structures favors the binding
between proteins, contributing to their stability. The systems at pH 3.5 prepared at both ther-
mal treatments represent stable { potential values during 60 days of storage at 4 °C (Table 5).
The fact that the  potential values remained stable despite complete dissociation of the pro-
teins indicates that the supramolecular structures are formed on its surface by individual pro-
teins without significant change of their structures. The proteins a-la and GMP are associated,
but maintains its surface charge characteristics.

At the storage temperature of 25 °C (Table 2), the supramolecular structures formed at
pH 6.5 with the thermal treatment of 25 °C/20 min (system 2) did not present stable particle
sizes; however, those formed at pH 6.5 and the thermal treatment of 25 °C/40 min (system 4)
exhibited stable particle sizes for 20 days. On the other hand, the supramolecular structures
formed at pH 6.5 and the thermal treatment of 75 °C (systems 6 and 8) maintained stable
particle sizes at least 30 days. This indicates that higher temperatures favor exposure charged

amino acids and/or hydrophobic interaction sites, facilitating the bond between the proteins
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and become these structures more stable. Besides, the supramolecular structures formed at pH
6.5 exhibited { potential stability for 60 days at 25 °C (Table 3), demonstrating that the
change in the particle size of these structures did not affect the amount of charge of proteins.

Stored at 4°C, the supramolecular structures formed at pH 6.5 and with thermal treat-
ment of 25 °C (systems 2 and 4) demonstrate stability of the particle size (Table 4) and (
potential (Table 5) during 60 days similar to the systems formed at pH 6.5 and the thermal
treatment of 75 °C for 20 min (system 6). Yet the supramolecular structures formed at pH 6.5
and the thermal treatment of 75 °C for 40 min (system 8) showed stable particle sizes for 3
days. For this system, there was a diminishing in { potential values in relation to the initial
value after 60 days of storage at 4 °C (Table 5).

The systems formed at pH 5.0 and with thermal treatment of 50 °C for 30 min (sys-
tems 9, 10, and 11) showed stable particle sizes and { potential values for 60 days when stored
at 25 °C and 4 °C (Tables 2-5). The structures formed under these conditions remained stable
since they are already in the form of protein aggregates. Giroux, Houde & Britten (2010), who
studied the stability of whey protein nanoparticles formed at pH values of 5.0-6.0, also

observed that the nanoparticles maintained particle sizes for 20 days.

3.2 Surface tension

Surface tension between the formed supramolecular structures of a-la and GMP was
determined by the Wilhelmy plate method and is presented in Figure 1. The factors (pH, time,
and temperature) used to form the supramolecular structures did not influence the values of
the surface tension (p > 0.05), and the average value was 50.825 mN-m™ represented by the
straight line in the graph. When compared to water (72 mN-m™) at room temperature, the sys-
tems present lower values of the surface tension. Typically, when added, most proteins de-
crease the interfacial tension in air-water and oil-water at roughly 15 to 20 mN-m™ of  satu-
rated monolayer coverage (Damadoram, 2005). The supramolecular structures of a-la and
GMP are able to reduce the interfacial tension air/water. Thus, they can be used to stabilize
foams in various formulations.

Adsorption of proteins in interface reduces free energy of a system thus decreasing the
interfacial tension. A decrease in the surface tension by proteins is due to the fact that they are
adsorbed in air-solution interface. Protein adsorption process in gas-liquid interface involves
first spreading the protein solution to the interface and its further adsorption. Then, the ad-

sorbed proteins undergo conformational changes that expose their hydrophobic groups into
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the gas phase. The kinetics of deployment is controlled by activation energy necessary to
break the intermolecular interactions. Finally, the aggregates at the interface form a lattice
controlled by a chemical reaction and physico-chemical activity of the sidechains (Germain &
Aguilera, 2014).

The solutions of the supramolecular structures formed at pH 3.5 and 6.5 with different
thermal treatments (Systems 1 to 8) present the surface tension of 50.600 a 54.546 mN-m™. It
was observed that the supramolecular structures formed at pH 5.0 with the thermal treatment
of 50 °C for 30 min showed less surface tension when compared to other systems with the
average value of 46.177 mN/m. This decrease can be explained by the exposure of hydropho-
bic groups of these supramolecular structures according to the results published earlier (Diniz
et al., 2014). The higher the exposure of hydrophobic patches on the protein surface, the
greater the probability of adsorbing and retaining the air-solution interface (Damadoram,
2005; Foegeding et al., 2006). Tomczynska-Mleko et al. (2014) reviewed the surface tension
of whey protein isolates after being heated to 80 °C and treated under different pH conditions.
These authors found that at pH 2.0 to 4.0, the whey protein isolates showed lower surface
tension of approximately 43 mN/m. The increase in pH caused the increase in the value of

surface tension, and at pH 7.0, the surface tension was 51 mN/m.
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Figure 1. Surface tension for the systems of a-la and GMP supramolecular structures formed

under different conditions.
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3.4. Density

The density values for the systems of the supramolecular structures of a-la and GMP
were analyzed and only the time and temperature factors influenced this property significantly
(p < 0.05). Figure 2 represents this behavior. The density values vary between 997.53 and
997.80 kg-m™. These values were between the density of the o-la (997.65 kg-m™) and GMP
(1000.34 kg-m™), demonstrating that o-la and GMP molecules are indeed associated with

each other.

Figure 2. Density behavior of systems of a-la and GMP supramolecular structures formed
under different conditions.

3.5 Transmission electronic microscopy

The supramolecular structures of a-la and GMP formed under different conditions
were characterized by transmission electronic microscopy (Figures 4 and 5). The images
showed the association of proteins and their organization into spherical structures forming
clusters (bunches). These clusters are made up of spherical protein nanoparticles (Nigen et al.,
2010). Schmitt et al. (2014) observed that whey proteins have also taken spherical shapes to
form microgels. The larger supramolecular structures shown by the micrographs, as compared
to the average particle size obtained by the analysis in Zetasizer, may be due to
increased agglomeration which occurs when they are placed on a support, such as a grid, and
dried. In aqueous medium, wherein the measure is the Zetasizer, the protein particles are more
dispersed favoring their movement and preventing the assembly of the proteins. Anyway, it is
believed that the size rated by Zetasizer is clusters size.

The supramolecular structures formed at pH 3.5 compared to pH 6.5 are presented in

more well-defined clusters of juxtaposed protein nanospheres. This indicates that the more
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basic pH not favors self-organization of a-la and GMP proteins in clusters. Furthermore, it
was found that the supramolecular structures formed at pH 5.0 and thermally treated at 50°C
for 30 min showed higher agglomeration and denser clusters, which explains the micrometer
range of the average size of its particles, evaluated by the distribution size in Zetasizer. The
supramolecular structures formed at pH 6.5 and thermally treated at 75°C for 40 minutes
showed distinct morphology as amorphous and irregular aggregates similar to those observed
by Kehoe and Foegeding (2014) who characterized the p-lactoglobulin when heated at 80°C
for 20 min at pH 6.0. pH values closer to the isoelectric point of the protein, 3.5 and 5.0 in
this case, led to the formation of spherical structures (van der Linden & Venema, 2007).

Nigen et al. (2010) characterized the microspheres formed by a-la and lysozyme and
also verified that these proteins joined in clusters. However, they observed that the nano-
spheres formed clusters with the average size of 10 nm, while in this study, it was found that
the nanospheres were between 50 and 100 nm. Schmitt et al. (2010) produced whey protein
microgels under different conditions of pH and observed similar morphology to the
supramolecular structures of a-la and GMP where the proteins were associated into clusters
forming a hierarchically structured complex.

The cluster formation observed in Figures 3 and 4 can be explained by the mechanism
of aggregation and organization as was proposed by Nigen et al. (2010). According to these
authors, initially, the proteins form heterodimers by electrostatic forces, and these

heterodimers self-assembly to form clusters consisting of nanospheres.
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——200 nm———

—500 nm———

Figure 3. Transmission electron microscopy of supramolecular structures formed at pH 3.5
and 25 °C/40 min, mag. 30000x (a); pH 5.0 and 50 °C/30 min, mag. 12000x (b); pH 3.5 and
75 °C/40 min, mag. 85000x (c); pH 3.5 and 75 °C/20 min, mag. 30000x (d).
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Figure 4. Transmission electron microscopy of supramolecular structures formed at pH 6.5
and 25 °C/20 min, mag. 20000x (a); pH 6.5 and 25 °C/40 min mag. 85000x (b); pH 6.5 and
75 °C/20 min mag. 50000x (c); pH 6.5 and 75 °C/40 min mag. 20000x (d).

4. Conclusion

This work characterized the supramolecular structures of a-la and GMP under
different thermal conditions and pH level. Characterization studies can be useful for analysis
of viability of supramolecular structures in food and pharmaceutical formulations. For
example, the data can be used to determine the type of product and shelf-life. Particle sizes

obtained were 200 nm (systems at pH 6.5), 500-600 nm (systems at pH 3.5), and 1200 nm
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(systems at pH 5.0). Generally, the protein structures presented appropriate stability during
the storage time for 60 days.

The supramolecular structures of a-la and GMP obtained at pH 6.5 presented higher
charge density with zeta potential greater than -25 mV. The supramolecular structures of a-la
and GMP were capable of decreasing superficial, proving their possible use in foamed food
products. The proteins are associated into spherical  structures forming clusters and those
produced at pH 5.0 and 50 °C /30 min presented denser clusters.

The applied methodology, without use of chemical reagents, it is therefore possible
and promising application in the synthesis of supramolecular structures in food and pharma-

ceutical industry.
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CAPITULO IV. Estruturas supramoleculares de a-lactoalbumina e glicomacropeptideo

como matrizes carreadoras de quercetina e vitamina B,
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RESUMO

Este trabalho teve como objetivo preparar e caracterizar estruturas supramoleculares de o-
lactoalbumina (a-la) e glicomacropetideo (GMP) carreadoras de quercetina e vitamina B,. O
método de preparacdo utilizado se baseou em submeter dispersdes das proteinas a diferentes
condigdes de pH, aquecimento e tempo de aquecimento. A caracterizacdo das estruturas car-
readoras foi realizada por meio do tamanho de particula, do potencial £, da eficiéncia de en-
capsulacdo (EE) e da capacidade de ligacdo (CL). Para as estruturas supramoleculares conten-
do quercetina, o tamanho de particula variou entre 465,9 + 68,2 e 5596 + 269 nm, com EE
maxima de 98,64 + 4,56 % e CL maxima de 70,17 + 3,67 %. Para aquelas contendo vitamina
B,, os tamanhos de particula obtidos variaram entre 230,7 + 8,08 e 2064 = 316,9 nm, e 0s
valores de EE e de CL maximos foram 31,11 + 1,69 % e 4,97 + 0,34 %, respectivamente. Os
testes de estabilidade dos sistemas carreadores foram realizados armazenando-0s sob
temperatura de 4 °C e avaliando-se o tamanho de particulas e potencial {. Verificou-se que as
estruturas supramoleculares carreadoras de quercetina preparadas em pH 6,5 e tratamento
térmico de 25 e 75 °C apresentaram estabilidade por 60 dias. Por outro lado, em relacdo a
vitamina B,, 0s sistemas que apresentaram estabilidade por 60 dias foram aqueles preparados
em pH 3,5 e tratamento térmico de 25 e 75 °C.

Palavras-chave: encapsulacdo; proteinas do soro de leite; estabilidade; tamanho de particula,

potencial C.
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1. Introducéo

Os flavonoides constituem uma importante classe de polifendis, presentes em abun-
dancia entre os metabdlitos secundarios de vegetais (Simdes et al., 2004). Geralmente, a estru-
tura quimica dos flavonoides € derivada de fenilbenzopirona e sua propriedade farmacoldgica
estd relacionada a sua estrutura quimica (Kumar et al., 2015). Quercetina, 3, 5, 5, 37, 4'-
pentahidroxiflavona (Figura 1), um dos principais flavonoides presentes na natureza e o mais
presente na dieta humana, € constituida por dois anéis aromaticos ligados a um heterociclico
de oxigénio (Wang e Wang, 2015; Zhang et al., 2008). A quercetina apresenta diversas pro-
priedades farmacologicas, como anti-inflamatoria, antioxidante, antitumoral e antiviral (Ku-
mar et al., 2015; Wang e Wang, 2015; Patel et al., 2012; Zhang et al., 2008).

No entanto, a utilizacdo de quercetina, que é um composto lipossolivel, em formula-
¢Oes alimenticias ou farmacéuticas, é limitada devido a sua baixa solubilidade em meio aquo-
so e instabilidade nas condig¢des de processamento e armazenamento dos produtos, o que in-
terfere na sua biodisponibilidade (Wang e Wang, 2015; Ha et al., 2013; Zhang et al., 2008).

Figura 1. Estrutura quimica da quercetina (Fonte: Patel et al., 2012).

As vitaminas sdo micronutrientes essenciais a vida de todos os seres vivos. A vitamina
B, (Figura 2), também conhecida como riboflavina, € uma vitamina hidrossollvel que o ser
humano ndo consegue sintetizar e, portanto, deve ser consumida na dieta. E essencial para o
metabolismo celular porque atua como precursor de coenzimas carregadoras de elétrons em
reacOes de oxirreducdo (de Souza et al., 2005; Burgess et al., 2004).

A utilizacdo de vitamina B, em produtos alimenticios apresenta limitagGes por se tratar
de um composto sensivel e de baixa estabilidade em condi¢Ges adversas de temperatura, oxi-

génio, umidade e luz (Azevedo et al., 2014).
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Figura 2. Estrutura quimica da vitamina B, (Adaptado de de Souza et al., 2005).

Dessa maneira, € importante o desenvolvimento de estratégias para a utilizacdo desses
compostos bioativos em formulagdes alimenticias e farmacéuticas. Diversos autores tém de-
senvolvido sistemas carreadores para melhorar a solubilidade, estabilidade, biodisponibilidade
e liberacdo dos compostos bioativos (Kumar et al., 2015). Algumas matrizes proteicas carrea-
doras de quercetina ja foram estudadas, como albumina de soro bovino (Kurukji et al., 2016),
isolado proteico de soja (Wang e Wang, 2015), p-lactoglobulina (Ha et al., 2013) e zeina (Pa-
tel et al., 2012), com o objetivo de controlar a degradacdo e liberacdo desse composto bioati-
VO.

Azevedo et al. (2014) desenvolveram nanoparticulas de alginato e quitosana para en-
capsulacdo e liberagdo controlada de vitamina B;,. O’Neill et al. (2014) encapsularam eficien-
temente vitamina B, em microesferas de proteinas do soro de leite. Chen et al. (2010) realiza-
ram estudo in vitro de liberacdo de vitamina B, e comprovaram a eficiéncia de microesferas
de proteinas da soja e zeina em encapsular esse composto bioativo.

A auto-organizacdo de moléculas, como as proteinas, de forma a montar estruturas
supramoleculares ou nanoparticulas para carrear substancias bioativas, tem representado topi-
co importante de pesquisas nos ultimos anos (Li et al., 2015). Micro e nanoparticulas de libe-
racdo de compostos bioativos incorporadas aos alimentos representam uma importante manei-
ra de melhorar a saude através da alimentagdo (Wichchukit et al., 2013). Sistemas encapsula-
dores e de liberagcdo baseados em proteinas oferecem vantagens como melhoria de solubilida-
de e de estabilidade dos compostos bioativos (Chen et al., 2015).

As proteinas do leite, por serem gelificantes, apresentarem alta solubilidade e proprie-
dade de auto-associagéo e de se ligar a ions e pequenas moléculas, sdo consideradas veiculos
naturais de compostos bioativos. Além disso, sdo biocompativeis, biodegradaveis e capazes
de interagir com outras moléculas e formar estruturas supramoleculares que permitem a en-

capsulacdo e aumento da biodisponibilidade de biocompostos (Liu et al., 2016; Livney, 2010).
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Proteinas do soro do leite, como a-lactoalbumina (a-l1a) e glicomacropeptideo (GMP),
podem se autoassociar por procedimento simples e livre de reagentes tdxicos, baseado em
aquecimento e mudanca de pH, e dar origem a estruturas supramoleculares (Diniz e et al.,
2014). Essas estruturas sao apropriadas para protecdo de compostos bioativos de baixa estabi-
lidade (Abaee e Madadlou, 2016; Salvatore et al., 2011). A grande vantagem da utilizacdo de
proteinas do soro como carreadores de compostos bioativos é que esse tipo de material é de
grau alimenticio, seguro e de alto valor nutricional (Ramos et al., 2014).

Este trabalho estudou a interacdo de quercetina e vitamina B, com estruturas supramo-
leculares formadas pelas proteinas do soro de leite a-la e GMP. O objetivo foi verificar a uti-
lizacdo dessas estruturas supramoleculares como sistemas carreadores dos compostos bioati-
vos, ao se determinar a eficiéncia de encapsulacédo, capacidade de ligacdo, tamanho de parti-
cula e potencial . Além disso, investigou-se a estabilidade dos sistemas de estruturas supra-

moleculares pelo monitoramento do tamanho de particulas e potencial { por 60 dias.

2. Materiais e Métodos
2.1 Materiais

As proteinas a-lactoalbumina (a-la) e glicomacropeptideo (GMP) foram gentilmente
cedidas pela Davisco Foods (USA). O é&cido cloridrico (HCI, Merck, Alemanha), quercetina
(Sigma Aldrich, EUA) e vitamina B, (Vetec, Brasil) foram usados sem qualquer purificacdo
adicional. Agua deionizada (Milli Q, Millipore, USA; p = 18,2 MQ-cm ) foi utilizada para a

preparacdo de todas as solucdes aquosas.

2.2. Preparacéo das estruturas supramoleculares proteicas

Para formacdo das estruturas supramoleculares, foram preparadas solucdes aquosas in-
dividuais de a-la e de GMP na concentragdo de 2 mg-mL™. Essas solucdes ficaram sob agita-
¢cdo moderada, a temperatura ambiente, por 15 minutos, em agitador magnético (TE 0851,
Tecnal, Brasil). Em seguida, misturaram-se volumes determinados de cada solucdo para que
atingissem a razdo molar estequiométrica de 1:0,689 de a-la e de GMP, respectivamente, pre-
viamente estabelecida por analise de calorimetria por titulacdo isotérmica (Diniz et al., 2014).
Adicionou-se 0,02% de azida de sodio a mistura das dispersdes de proteinas, para evitar con-
taminacdo microbiana, e, posteriormente, a mistura foi mantida sob agitacdo (TE 0851, Tec-
nal, Brasil) por 24 horas a 4 °C em estufa incubadora para B.O.D. (SP-500 B.O.D., SP Labor,
Brasil).
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As estruturas supramoleculares formadas por o-la e GMP foram preparadas seguindo
um planejamento experimental fatorial 2%, com trés repetices no ponto central (Tabela 1). Os
valores de pH de cada um dos sistemas foram ajustados com solucdo de HCI 0,1 mol-I™ (HI
2221, Hanna, USA) e, em seguida, 0s mesmos foram submetidos aos respectivos tratamentos

térmicos.

Tabela 1. Delineamento fatorial 2° seguido para preparacdo das estruturas supramoleculares

proteicas.
Sistema pH Tempo (minutos) Temperatura (°C)
1 3,5 20 25
2 6,5 20 25
3 3,5 40 25
4 6,5 40 25
5 3,5 20 75
6 6,5 20 75
7 3,5 40 75
8 6,5 40 75
9 5,0 30 50
10 5,0 30 50
11 5,0 30 50

2.3. Curva de calibracéo de quercetina

A curva de calibragdo foi realizada a partir de uma solucdo estoque de quercetina com
concentracdo inicial de 8 mg-mL™ em etanol absoluto 98%, nas concentracdes de 5, 10, 25,
50, 100, 200, 400 e 800 pg-mL™. As amostras foram analisadas em triplicata em espectrofo-
tdmetro (Cary 50, Varian, Australia), utilizando-se 373 nm como comprimento de onda (Sou-
zaetal., 2014).

2.4. Encapsulacao de quercetina em estruturas supramoleculares proteicas

Para encapsulacdo de quercetina, as estruturas supramoleculares de a-la e GMP foram
preparadas como descrito no item 2.2, e, ao final do tratamento térmico, foram adicionados
diferentes volumes da solugdo estoque de quercetina, de modo que cada sistema de estruturas

supramoleculares de o-la e GMP apresentasse as concentracdes de 50, 100 e 200 pg-mL™ de
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quercetina. Esperou-se 5 min para que a interacdo ocorresse, e entdo as amostras foram colo-
cadas em banho de gelo para que a reagdo terminasse. As amostras foram preparadas em tri-

plicata.

2.5. Curva de calibracéo de vitamina B,

A curva de calibracdo de vitamina B, foi realizada a partir de uma solucdo estoque
com concentracdo inicial de 0,06 mg-mL™ em agua (Azevedo et al., 2014). As concentragdes
utilizadas para elaboracdo da curva de calibracao foram 0,15; 0,3; 0,6; 1,2; 3; 6; 12; 15; 20;
22; 27 e 35 ug-mL™. As amostras foram analisadas em triplicata em espectrofotdmetro (Cary
50, Varian, Australia), em comprimento de onda de 440 nm.

2.6. Encapsulacao de vitamina B, em estruturas supramoleculares proteicas

Para encapsular a vitamina B,, as estruturas supramoleculares de o-la e GMP foram
preparadas como descrito no item 2.2, e antes de serem submetidas ao tratamento térmico,
adicionou-se diferentes volumes da solucdo estoque de vitamina B, de modo que cada siste-
ma de estruturas supramoleculares apresentasse as concentracdes de 20, 25 e 30 ug-mL™. As
amostras foram preparadas em triplicata. Ap6s o tratamento térmico, as estruturas supramole-

culares com vitamina B, foram colocadas em banho de gelo para interromper a reacao.

2.7. Eficiéncia de encapsulacéao (%)

Para a determinacdo da eficiéncia de encapsulacdo (EE) da quercetina e vitamina B,
1500 pL de cada amostra foram retirados e colocados em tudos eppendorf, com massas previ-
amente determinadas. Em seguida, os tubos foram centrifugados a 10000 g a 4 °C por 30 min.
em uma centrifuga refrigerada (Mikro 200R, Hettich, Alemanha). Apds a centrifugacdo, reti-
rou-se 1000 pL de cada amostra, que foram diluidos e analisados em espectrofotdmetro (Cary
50, Varian, Australia). A quantificacdo da quercetina foi conduzida em comprimento de onda
de 373 nm e a da vitamina B, em comprimento de onda de 440 nm. Ambas as analises espec-
trofotométricas foram realizadas em triplicatas. A partir dos valores de absorvancia determi-
nados para cada amostra, foram calculadas as concentracGes de quercetina e vitamina B, dos
sobrenadantes, utilizando-se a equacdo da reta da curva de calibracdo de cada substancia. Pos-
teriormente, calculou-se a eficiéncia de encapsulacdo EE (%) utilizando a equacdo (1), con-
forme Azevedo et al. (2014).
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EE(%) = (Wtotal - VVlivre) 100/Wtotal (l)

em que EE (%) ¢ a eficiéncia de encapsulacdo, Wi € 0 total de quercetina ou vitamina B,
adicionado as estruturas supramoleculares proteicas e Wiiyre € 0 total de quercetina ou vitamina

B, livre determinado no sobrenadante.

2.8. Determinacao da capacidade de ligacéo (CL)

A maior parte do sobrenadante do eppendorf foi retirada cuidadosamente com auxilio
de micropipeta e o decantado foi levado a estufa de secagem (Th- 501-100, Thoth, Brasil) a
50 °C até a evaporacao total do sobrenadante restante no eppendorf. Calculou-se a capacidade
ligagdo (CL) para a quercetina e para a vitamina B,, utilizando-se a equagéo (2), de acordo
com Azevedo et al. (2014):

CL(%) = (Wtotal - VVliwe) 100/M/s (2)

em que Wiota € O total de quercetina ou vitamina B, adicionado as estruturas supramolecula-
res, Wiivre € 0 total de quercetina ou vitamina B, livre encontrado no sobrenadante e Ws € a
massa total das estruturas supramoleculares, obtida subtraindo-se o peso final do peso inicial
do eppendorf.

2.9. Distribuicdo do tamanho das particulas

O tamanho médio das particulas das estruturas supramoleculares formadas por a-la e
GMP carreadoras de quercetina e vitamina B, foi investigado por espectroscopia de correla-
cdo de fotons, através do Zetasizer Nano (ZS, Malvern Instrument, Inglaterra). O aparelho é
equipado com um laser de He/Ne 4 mW, que emite em comprimento de onda de 632,8 nm;
uma célula medidora; um detector do tipo fotodiodo de avalanche; e um correlacionador. As
amostras foram analisadas, sem diluicéo, a (25,0 £ 0,1) °C e em cubeta retangular de poliesti-
reno. A intensidade espalhada foi medida sob um &ngulo de deteccdo de 173° em relagdo a
fonte. Funcdes de autocorrelagéo de intensidade foram analisadas por algoritmo CONTIN
(integrado ao software do equipamento) para determinacdo da distribuicdo de tamanhos. Cada

medida obtida representa uma média de pelo menos dez leituras.
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2.10. Potencial ¢

As determinacgdes de potencial { das estruturas supramoleculares formadas por a-la e
GMP carreadoras de quercetina e vitamina B, foram realizadas a 25 °C em um Zetasizer Na-
no (ZS Malvern Instrument, Inglaterra), equipado com um laser de He/Ne 4 mW, utilizando a

técnica microeletroforese laser Doppler.

2.11. Estabilidade durante a estocagem

A estabilidade ao longo do tempo (1, 3, 10, 20, 30 e 60 dias) das estruturas supramole-
culares formadas por a-la e GMP carreadoras de quercetina e vitamina B, foi avaliada verifi-
cando-se 0 tamanho e o potencial {, utilizando-se Zetasizer Nano (ZS Malvern Instrument,
Inglaterra). Por se tratar de uma substancia fotossensivel, as amostras com vitamina B, foram

protegidas com papel aluminio.

2.12. Analise estatistica

Os dados experimentais de estabilidade das estruturas supramoleculares foram avaliados
estatisticamente pelo software Statistical Analysis System (SAS®), versdo 9.1 (SAS Institute
Inc., Cary, NC, USA), licenciado pela Universidade Federal de Vicosa, utilizando ANOVA e
teste de média de Tukey (5% de probabilidade).

3. Resultados e Discusséo
3.1. Curva de calibracéo de quercetina
A curva de calibracdo de quercetina foi determinada a partir de uma solugéo estoque
com concentracio de 8 mg-mL™ em etanol absoluto. As amostras foram analisadas por espec-
trofotometria (Cary 50, Varian, Australia), utilizando o comprimento de onda de 373 nm.
Verificou-se a linearidade da curva (Figura 3), com coeficiente de correlacdo de
0,9996, e a equacéo de reta obtida (3) relaciona o valor da absorvancia com a concentracdo de

quercetina:
Y =0,0759-X + 0,0012 (3)

em que Y é a absorvancia a 373 nm e X é a concentracéo de quercetina (ug-mL™).
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Figura 3. Curva de calibracdo da quercetina em etanol absoluto, absorvancia determinada a

373 nm.

3.2. Curva de calibracéo da vitamina B,

A curva de calibracdo da vitamina B, foi determinada a partir de uma solucdo estoque
com concentracdo de 0,06 mg-mL™ em 4gua, utilizando-se espectrofotémetro (Cary 50, Vari-
an, Australia), e comprimento de onda de 440 nm.

A curva obtida apresentou linearidade (Figura 4), com coeficiente de correlacdo de
0,9993, e a equacdo da reta obtida (4) relaciona o valor da absorvancia com a concentracdo de

vitamina By:
Y =0,0291-X + 0,0072 (4)

em que Y é a absorvancia a 440 nm e X é a concentracdo de vitamina B, (ug-mL™).

76



1,0000
0,9000
0,8000
0,7000
0,6000
0,5000
0,4000
0,3000
0,2000
0,1000

Absorvincia

e

4
0,0000 ¢
0,00 500

15,00 20,00

30,00 3500

Concentragdo de vitamina B, (ng-mL")

Figura 4. Curva de calibracdo de vitamina B, em &gua, absorvancia determinada a 440 nm.

3.3. Encapsulacéo de quercetina

A eficiéncia de encapsulacdo (EE) corresponde a quantidade (%) do composto presen-

te no sistema de estruturas supramoleculares formadas por a-la e GMP. A capacidade de liga-

cdo (CL) e a capacidade em % do composto ativo em ser ligado as particulas do sistema. A

Tabela 2 apresenta os resultados da analise de tamanho, de potencial , dos valores da EE (%)

e da CL (%) das estruturas supramoleculares formadas por o-la e GMP carreadoras de querce-

tina, em diferentes concentracdes. A distribuicdo de tamanho de particula foi representada

como a populacdo com a maior porcentagem em distribuicao de volume.

Tabela 2. Diametro, potencial ¢, eficiéncia de encapsulacdo (%) e capacidade de ligacdo (%)

das estruturas supramoleculares de a-la e GMP carreadoras de quercetina, em diferentes con-

centracoes.
Sistema Concentracéo de Diametro (nm) Potencial ¢ (mV) Eficiéncia de en- Capacidade de
quercetina (pg.mL™) capsulacéo (%) ligacéo (%)
1 50 1126% + 37,3 19,3 +0,3 88,50%+ 3,7 66,16°+ 2,9
1 100 1414° +58,0 18,7°+ 0,7 93,85°+ 3,3 58,65" + 2,0
1 200 1508° + 148,9 20,0°+0,4 95,92°+ 3,0 33,64°+2,0
2 50 1116+ 125,5 -23,00+0,5 91,65%+ 3,4 22,84°+0,9
2 100 2306° + 201,8 -23,8°+0,3 93,86°+ 1,7 25,81"+1,0
2 200 2084° + 169,0 -19,8°+0,8 95,93+ 3,7 57,56°+ 1,7
3 50 1105%+ 109,0 185°+ 0,4 90,97°+ 2,9 15,35%+ 1,0
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1549° + 137,5
1437° £ 80,5
566,7° + 65,9
821,3%+ 97,4
2582° + 146,8
465,9° + 68,2
528,0* + 55,7
1539° + 106,6
748,4% + 84,9
1487° + 141,2
1478° + 70,5
790,2% + 49,1
1202 + 40,6
2553° + 108,9
802,0* + 152,9
1228° + 99,5
1197° + 1144
5230% + 208,1
4674° + 258,7
5259° + 44,5
4575% + 115,7
4861° + 2432
5596° + 269,0
5181% + 285,5
4976° + 288,7

5358% + 226,9

20,5 +0,7
224°+1,5
-26,7° £0,5
-24,9°+0,7
-26,9°+0,9
17,8°+0,9
16,8+ 0,7
18,0°+ 0,6
-28,9%+1,0
-29,9°+0,9
-29,6°+0,7
18,0°+0,4
21,2°+0,6
20,2°+0,5
32,3+ 1,1
-30,9°+0,7
-31,0°+0,4
-12,2°+0,3
-11,0°+0,3
-9,3°+0,3
-10,4*+0,5
-9,7%+0,2
-8,4° 0,3
-10,4*+ 0,3
-9,0° £ 0,4

-10,18+£0,2

93,90% + 3,89
96,22%+ 2,34
93,11%+ 1,76
97,16% + 3,47
96,82% + 4,59
85,83 + 3,79
92,65% + 4,02
97,88" + 4,25
94,02°+ 3,21
93,18" + 2,96
95,42% + 4,56
81,75°+ 3,9
93,21°+38
94,38" + 4,6
94,92%+35
93,73 +39
96,23+ 2,8
94,64% 3,7
97,18%+4,9
98,40°+5,0
96,27+ 4,8
96,94+ 3,8
98,64 + 4,6
93,49+ 39
96,82°+ 4,7

98,52%+ 4,3

32,70°+18
57,72°+25
70,17° £3,7
32,80 %23
60,50 + 4,3
8,16°+ 1,0
17,38°+1,0
51,36°+ 2,6
14,10+ 0,9
19,95 + 1,6
4431°+21
13,76+ 1,1
31,47°+1,9
33,42°+23
7,78°+0,6
17,38%+1,6
64,97° 27
6,68°+0,7
11,28°+0,7
15,97°+ 1,5
7,53 +0,8
9,87+ 1,0
16,65°+ 1,3
6,70°+0,8
13,19°+ 1,5

15,73+ 2,0

Médias indicadas pela mesma letra ndo diferem entre si a 5% de probabilidade pelo teste Tukey, no mesmo sis-

tema.

As estruturas supramoleculares formadas por a-la e GMP apresentaram eficiéncia de

encapsulacdo minima de 81,75% (sistema 8) e maxima de 98,52% (sistema 11). Esses valores
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de EE foram similares aos encontrados por Pool et al. (2012), que verificaram EE de 79,84 %
de quercetina em nanoparticulas de PLGA - poly (lactic-co-glycolic acid), com tamanhos de
399,67 nm; e por Souza et al. (2014), que encontraram EE maior que 95% de quercetina em
nanoparticulas de lecitina/quitosana, cujos tamanhos variaram entre 117,7 e 172,06 nm. Ha et
al. (2013) verificaram a eficiéncia de encapsulacéo de quercetina em nanoparticulas de quito-
sana-acido linoleico/p-lactoglobulina, com tamanhos médios entre 250 e 350 nm, e obtiveram
valores menores que 60%. As estruturas supramoleculares formadas por a-la e GMP podem
ser consideradas moléculas carreadoras eficientes de quercetina, apesar de 0s seus tamanhos
de particula serem maiores (Tabela 2), quando comparados aos trabalhos citados anteriormen-
te.

A elevada eficiéncia de encapsulacdo obtida foi possivel porque a maior parte da quer-
cetina se associou as moléculas proteicas por interacfes hidrofobicas, enquanto o restante
permaneceu na fase aquosa. As interacdes hidrofobicas ocorreram entre 0os componentes hi-
drofébicos das moléculas carreadoras, como residuos de aminoécidos hidrofdébicos das protei-
nas a-la e GMP, e os componentes hidrofobicos da substancia bioativa, como os anéis de poli-
fenois da quercetina. Porém, a ocorréncia de ligacdes de hidrogénio entre as estruturas supra-
moleculares e a quercetina ndo deve ser descartada (Wang e Wang, 2015; Ha et al., 2013;
Pool et al., 2012)

N&o houve diferenca significativa (p < 0,05) dos valores de EE entre as diferentes
concentracdes de quercetina, exceto para os sistemas 5 e 7, preparados em pH 3,5 e com tra-
tamento térmico de 75 °C/40 min. Para estes sistemas, verificou-se maior EE para a concen-
tracdo de 200 pg.mL™ de quercetina. O pH 3,5 esta entre os pontos isoelétricos da a-la (4,8,
segundo Ramos et al., 2014) e GMP (3,3). Essa condi¢do causa a atracdo eletrostatica entre as
proteinas, enquanto o aquecimento a 75 °C promove abertura das estruturas proteicas, com
exposicao de sitios hidrofdbicos. Isso pode ter favorecido o aparecimento de novos sitios para
ligagéo de quercetina, e consequentemente, maior eficiéncia de encapsulacéo.

Os valores de capacidade de ligagédo variaram entre 6,68 e 70,17%. Nao foi observado
um padréo na capacidade de ligagéo da quercetina. Apesar disso, as estruturas supramolecula-
res sdo consideradas sistemas carreadores de quercetina eficientes. Souza et al. (2014) verifi-
caram capacidade de ligacdo menor que 3% da quercetina em nanoparticulas de leciti-
na/quitosano.

Os tamanhos dos sistemas de estruturas supramoleculares formados por a-la e GMP

foram demonstrados em estudo anterior (capitulo I11). Verificou-se que os tamanhos de parti-
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culas de todos os sistemas aumentaram quando adicionados de quercetina, indicando que
houve interacdo entre as moléculas de quercetina e as estruturas supramoleculares. Pool et al.
(2012) também verificaram um aumento do tamanho de particulas de nanoestruturas de
PLGA ao encapsular os flavonoides quercetina e catequina.

Entre os sistemas de estruturas supramoleculares obtidos em pH 3,5, aqueles prepara-
dos sob 25 °C (sistemas 1 e 3) apresentaram tamanhos de particula entre 1105 + 109,0 e 1549
+ 137,5 nm. Por outro lado, os tamanhos de particula para os sistemas 5 e 7, preparados sob
aquecimento térmico de 75 °C, variaram entre 465,9 + 68,2 e 2553 £ 108,9 nm. A maior tem-
peratura de aquecimento pode ter sido responsavel pela modificacdo das estruturas terciarias
das proteinas e consequente exposicao de residuos de aminoacidos hidrofébicos, contribuindo
com uma maior interacdo da quercetina com as proteinas e com 0 aumento do tamanho de
particula do sistema. Os sistemas de estruturas supramoleculares obtidos em pH 3,5 (sistemas
1, 3, 5 e 7) apresentaram valores positivos de potencial {, que variaram entre 16,8 £ 0,7 e 22,4
+ 1,5. Os valores positivos do potencial ¢ indicam que a a-la estd em maior quantidade na
superficie das estruturas supramoleculares, uma vez que o pH 3,5 encontra-se abaixo do seu
ponto isoelétrico.

Entre as estruturas supramoleculares formadas em pH 6,5, aquelas formadas com
aquecimento térmico de 25 °C apresentaram tamanhos de particula entre 566,7 + 65,9 e 2582
+ 146,8 nm, e aquelas formadas sob 75 °C apresentaram tamanhos de particula entre 748,4 +
84,9 e 1487 + 141,2 nm. Diferentemente do que ocorreu para 0s sistemas em pH 3,5, as estru-
turas supramoleculares preparadas em pH 6,5 tiveram maior exposicao dos sitios hidrofobicos
em temperatura menor, de 25 °C. Isso explica 0 maior tamanho de particula para essa tempe-
ratura. Ha et al. (2013) obtiveram resultado similar ao estudar a encapsulacdo de quercetina
em nanoparticulas de quitosana/acido linoleico/p-lactoglobulina. Esses autores verificaram
gue a diminuicdo de temperatura de preparo das nanoparticulas de 20 para 5 °C promoveu um
aumento da hidrofobicidade da superficie da B-lactoglobulina.

As estruturas supramoleculares de pH 6,5 apresentaram valores negativos para poten-
cial , uma vez que esse pH € maior que o ponto isoelétrico da a-la e do GMP. Entre as condi-
cOes testadas, o pH 6,5 resultou em sistemas de estruturas supramoleculares mais estaveis,
uma vez que nesse pH os valores de potencial £ foram maiores. Os sistemas de estruturas su-
pramoleculares preparados com tratamento térmico de 75 °C (sistemas 6 e 8) apresentaram

boa estabilidade, com valores de potencial { de -30 mV aproximadamente (Silva et al., 2011,
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Liu et al., 2007). O alto valor de potencial { garante a repulsdo eletrostatica entre as molécu-
las, promovendo a estabilidade do sistema.

E importante lembrar que a variagdo existente entre os tamanhos de particula e poten-
cial  em sistemas preparados com 0 mesmo pH e mesma temperatura pode ser devida a dife-
renca de tempo de tratamento. Os sistemas proteicos possuem moléculas dindmicas, que sob
determinadas condi¢gdes podem apresentar diferentes caracteristicas estruturais, como por
exemplo a exposicdo de grupamentos hidrofobicos ou a ionizagdo de grupos quimicos.

Os sistemas preparados em pH 5,0 sob aquecimento de 50 °C/30 min (sistemas 9 a 11)
apresentaram tamanhos de particula entre 4575 + 115,7 e 5596 + 269,0 nm. Nessas condi¢des
de tratamento, o processo de gelificacdo, em que ha diminuicdo da solubilidade das molécu-
las, além da adicdo de quercetina, que interage com as proteinas, sdo 0s responsaveis pelos
altos valores de tamanho de particula observados.

O potencial ¢ desses sistemas variaram entre -8,4 + 0,3 e -12,2 £ 0,3 mV. Os valores
foram negativos porque as proteinas em pH 5,0 estdo acima de seus pontos isoelétricos. A
baixa repulsao eletrostatica entre as moléculas, representada por valores baixos de potencial ¢,
é resultado da agregacdo e diminuicdo da solubilidade das estruturas supramoleculares. Ku-
mar et al. (2015) encontraram valores similares de potencial ¢ (-11,8 + 0,42 a -12,9 £ 0,35

mV) para nanoparticulas formadas por Poly ¢ caprolactone encapsuladoras de quercetina.

3.4. Encapsulacédo de vitamina B;

A Tabela 3 mostra os valores de tamanho de particula, de potencial {, da EE (%) e da
CL (%) das estruturas supramoleculares formadas por a-la e GMP, com diferentes concentra-
cOes de vitamina B,. A distribui¢do de tamanho de particula foi representada como a popula-

¢cdo com a maior porcentagem em distribuicdo de volume.
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Tabela 3. Diametro, potencial ¢, eficiéncia de encapsulacdo (%) e capacidade de ligacéo (%)

das estruturas supramoleculares de a-la e GMP carreadoras de vitamina B,, em diferentes

concentragoes.

Sistema

Concentracéo de

Diametro (nm)

Potencial { (mV)

Eficiéncia de

Capacidade de

vitamina B encapsulacao (%) ligacdo (%)

(ug-mL™)
1 20 12647 + 167,2 11,8°+0,3 2,58°+0,23 0,28% + 0,05
1 25 2064° + 316,9 9,89+ 0,6 2,70°+0,21 0,38%+ 0,06
1 30 1756 + 241,4 9,75°+0,3 5,40° + 0,60 2,15°+0,21
2 20 371,8°+ 17,26 -39,3%+ 1,4 1,47 + 0,09 0,24+ 0,08
2 25 392,4% + 44,74 -37,8°+2,6 2,59" 0,15 1,09° 0,23
2 30 292,5° + 23,47 -34,6°+ 3,3 3,35°+0,13 0,83" £ 0,09
3 20 1041% + 108,8 11,2°+0,7 2,79*+0,11 0,38+ 0,04
3 25 964,7% + 269,9 10,9°+ 1,1 3,89" £ 0,16 0,41% 0,04
3 30 1205% + 242,6 9,34°+0,3 8,88° + 0,54 1,79° £0,12
4 20 285,3 + 34,73 -41,8°+0,3 2,41°+0,10 0,22% + 0,04
4 25 376,8" £ 38,03 -35,8°+0,5 2,70* £ 0,32 1,13°+0,13
4 30 311,5®° + 17,71 -35,6°+ 0,6 7,20° +0,37 0,19* £ 0,02
5 20 998,9° + 95,84 12,9%+0,5 7,67%+0,45 0,56% + 0,04
5 25 1234 + 105,9 13,6* £ 0,07 9,25" + 0,54 0,95° + 0,07
5 30 1305" + 1254 12,8°+0,2 3,75°+ 0,26 0,76° + 0,06
6 20 276,4° + 12,92 -32,1%+0,7 3,31+ 0,29 0,26% + 0,02
6 25 435,0° + 56,92 -325°+1,1 11,93° + 0,64 1,00° £ 0,08
6 30 335,7% + 28,77 -375°+12 20,09°+ 1,03 4,97°+0,34
7 20 1219% + 109,4 14,3 + 0,07 2,18%+0,11 0,17%+ 0,02
7 25 1064° + 144,0 14,1*°+0,5 12,41 +0,78 1,16° + 0,09
7 30 1208% + 116,1 12,5°+0,8 7,10° £ 0,45 1,14° 0,10
8 20 230,7° + 8,08 -34,8°+0,9 18,81%+ 1,10 2,14+ 0,13
8 25 252,3%+ 16,27 -30,5"+ 1,0 25,51° 1,21 0,64° + 0,05
8 30 359,1° + 30,08 34,3+ 1,1 31,11°+ 1,69 0,83" + 0,05
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9 20 740,2° + 34,31 -12,9°+0,7 6,14 + 0,41 0,35+ 0,01
9 25 800,2° + 18,93 -12,9°+0,3 9,07° £ 0,57 0,68" + 0,03
9 30 547,3°+ 10,91 -13,1°+0,2 10,50° + 0,07 0,28°+ 0,02
10 20 847,5% + 20,48 -11,8°+0,3 4,67*+0,23 0,24°+0,01
10 25 762,3" + 33,56 -12,1* £ 0,2 5,92° + 0,43 0,59° + 0,04
10 30 520,4° + 23,91 -12,4°+0,2 9,12°+0,38 0,85° + 0,06
11 20 878,6° + 34,78 -12,1°+0,5 4,03*+ 0,36 0,36%+ 0,02
11 25 703,4° + 18,25 -12,7°+0,5 9,92" + 0,44 0,59% + 0,04
11 30 616,4° + 15,99 12,9+ 0,4 11,05° +0,75 1,23°+0,19

Médias indicadas pela mesma letra ndo diferem entre si a 5% de probabilidade pelo teste Tukey, no mesmo sis-
tema.

As estruturas supramoleculares formadas por a-la e GMP apresentaram, para a vitami-
na B,, EE entre 1,47 e 31,11% e CL entre 0,17 e 4,97%. Da mesma forma que a quercetina, as
estruturas supramoleculares de a-la e GMP ndo apresentaram um padrdo de comportamento
para a CL de vitamina B,. Apesar disso, os resultados podem ser considerados satisfatorios ao
se comparar com outros estudos. Hasanvand et al. (2015) produziram nanoparticulas de ami-
do, com tamanhos de particula entre 14,2 + 2,88 e 34,1 + 6,35 nm, e verificaram valores de
CL menores que 1,55 *+ 0,08 % para vitamina D3. Azevedo et al. (2014) encapsularam vitami-
na B, em nanoparticulas de alginato e quitosana, com tamanho de particula de 104,0 + 67,2
nm, e obtiveram EE de 55 % e CL de 2 %, aproximadamente. O’Neill et al. (2014) produzi-
ram microesferas de proteinas do soro de leite encapsuladoras de vitamina B, e verificaram
EE méaxima de 65 %, aproximadamente.

Os sistemas carreadores de vitamina B, preparados em pH 3,5 e 6,5 (sistemas 1 a 8)
apresentaram aumento de tamanho de particula, quando comparados aos mesmos sistemas
sem vitamina B, (Capitulo 3). Por outro lado, realizando a mesma comparacao, 0s sistemas de
estruturas supramoleculares formados em pH 5,0 (sistemas 9 a 11) com vitamina B, apresen-
taram diminuicdo do tamanho de particulas. Isso indica que a vitamina B, se associa as molé-
culas proteicas, contribuindo com carga eletrostatica positiva, impedindo a agregacgéo e dimi-
nuicdo de solubilidade das estruturas supramoleculares que ocorre nesse pH. Os sistemas 9,
10 e 11 apresentaram valores negativos de potencial {, uma vez que em pH 5,0 tanto a a-la
quanto o GMP estédo carregados negativamente, por estarem acima dos seus pontos isoelétri-

COos.
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As estruturas supramoleculares de o-la e GMP carreadoras de vitamina B, formadas
em pH 3,5 apresentaram tamanhos de particula maiores que 1000 nm e potencial ¢ positivo,
indicando que a a-la, cujo ponto isoelétrico é maior que 3,5, contribui mais fortemente para a
carga na superficie das estruturas supramoleculares.

Os sistemas de estruturas supramoleculares carreadores de vitamina B, preparados em
pH 6,5 (sistemas 2, 4, 6 e 8) apresentaram valores negativos de potencial , uma vez que as
proteinas o-la e GMP, nesse pH, estdo acima de seus pontos isoelétricos. Com valores absolu-
tos de potencial ¢ acima de -30 mV, esses sistemas apresentaram cargas elétricas responsaveis
por manter a repulsdo entre as moléculas, garantindo a estabilidade do sistema (Liu et al.,
2007) e o menor tamanho de particula (230,7 + 8,08 a 435,0 £+ 56,92 nm). Além disso, altos
valores de potencial ¢ indicam que existem cargas disponiveis para ligagdo com as moléculas
de vitamina B,, promovendo boa eficiéncia de encapsulacdo. As estruturas supramoleculares
dos sistemas 6 e 8 (tratamento térmico de 75 °C) apresentaram maiores valores de EE%, entre
3,31 +£0,29 e 31,11 + 1,69. Nesse pH, a vitamina B, catidnica, se liga as estruturas supramo-
leculares carregadas negativamente (Kurukji et al., 2016; Azevedo et al., 2014). A principal
interacdo da vitamina B, com as moléculas proteicas € do tipo eletrostatica, porém acredita-se
que existam também interaces do tipo van der Waals e ligacGes de hidrogénio (Azevedo et
al., 2014). O’Neill et al. (2014), ao encapsular vitamina B, em microesferas de proteinas do
soro de leite, verificaram que a vitamina B, também pode se ligar as proteinas através de inte-
racdes hidrofdbicas. Dessa maneira, a maior EE da vitamina B, nas estruturas supramolecula-
res dos sistemas 6 e 8 pode ser devida a exposicao de sitios hidrofobicos das proteinas apds o
aquecimento de 75 °C, contribuindo para a interacdo hidrofébica com o anel hidrofébico da
estrutura da vitamina B,, além das interacGes eletrostaticas. Além disso, a forca das interaces
hidrofobicas aumenta com o aumento da temperatura, contribuindo para a EE na temperatura
de 75 °C.

Comparando-se os valores de EE e CL para a quercetina e para a vitamina B, pode-se
afirmar que as estruturas supramoleculares formadas por a-la e GMP s&o melhores carreado-
ras de quercetina. Isso indica que essas estruturas supramoleculares interagem melhor com
compostos hidrofobicos, provavelmente porque os residuos de aminoacidos hidrofébicos es-
tdo em maior quantidade ou estdo mais expostos, de forma a encapsular mais eficientemente

compostos bioativos lipossoliveis.
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3.5 Estabilidade durante a estocagem

A estabilidade das estruturas pode ser avaliada pela distribuicdo do tamanho das particu-
las, pelo estado de agregacdo e pelo arranjo espacial durante um periodo de tempo (Dickin-
son, 2003). O potencial { representa a carga na superficie das particulas e indica a estabilidade
das estruturas através da repulsdo eletrostatica entre as particulas suspensas. Dessa forma, a
estabilidade das estruturas supramoleculares formadas por a-la e GMP com quercetina e vi-
tamina B, foi avaliada medindo-se a alteracdo do tamanho de particula e o potencial { desses
sistemas.

Os sistemas com estruturas supramoleculares com quercetina a 50 pg-mL™ e com 20
ng-mL™* de vitamina B foram os sistemas selecionados para verificagdo da estabilidade duran-
te a estocagem. Essas concentragdes foram escolhidas por apresentarem melhor homogenei-
dade (avaliada macroscopicamente) ap0s o primeiro dia.

A Tabela 4 apresenta os valores medidos de tamanho e potencial { para as estruturas su-
pramoleculares de a-la e GMP carreadoras de quercetina a50 pg-mL™, durante o armazena-
mento por 60 dias, sob 4 °C. A distribuicdo de tamanho de particula foi representada como a
populacdo com a maior porcentagem em distribuicdo de volume.

Os tamanhos de particula dos sistemas de estruturas supramoleculares carreadoras de
quercetina preparados em pH 3,5 (sistemas 1, 3, 5 e 7) apresentaram estabilidade por no ma-
ximo 30 dias. Houve agregacdo entre as particulas durante o tempo de armazenamento, pro-
vocando o aumento do tamanho médio das particulas. Esses sistemas apresentaram estabilida-
de dos valores de potencial { durante os 60 dias de armazenamento, exceto o sistema 7. 1sso
demonstra que apesar da agregacdo entre as moléculas, as proteinas mantiveram a natureza da
associacao entre elas, conservando a carga total nas superficies das estruturas supramolecula-
res de o-la e GMP.

Entre as estruturas supramoleculares carreadoras de quercetina formadas em pH 6,5,
apenas 0s sistemas 2 (tratamento térmico de 25 °C/20 min) e 8 (tratamento térmico de 75
°C/40 min) apresentaram estabilidade de tamanho de particula por 60 dias. Os sistemas 4 (tra-
tamento térmico de 25 °C/40 min) e 6 (tratamento térmico de 75 °C/20 min) apresentaram
oscilacBes de seus tamanhos de particula durante os 60 dias de armazenamento, ou seja, ob-
servou-se tanto aumento quanto diminui¢do dos tamanhos de particula. Em relacéo aos valo-
res de potencial , verificou-se que apenas o sistema 6 ndo manteve estabilidade por 60 dias,

sugerindo que as proteinas, ao se agregarem (4343 + 336,0 nm), se organizaram de forma
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distinta, modificando as caracteristicas de carga eletrostatica nas superficies das estruturas
supramoleculares.

As estruturas supramoleculares carreadoras de quercetina preparadas em pH 5,0, apds 3
dias, apresentaram diminuicéo significativa (p < 0,05) do tamanho de particulas. Dessa ma-
neira, observou-se que os agregados de estruturas supramoleculares formados durante o pro-
cesso de gelificacdo sdo desfeitos. Os valores de potencial { destes sistemas se mantiveram
estaveis por apenas 20 dias, indicando que a carga eletrostatica das superficies das estruturas
supramoleculares foi alterada ao longo dos 60 dias de armazenamento. Isso ocorreu possivel-
mente devido a mudanca na organizagdo das proteinas a-la e GMP ao formar as estruturas
supramoleculares de menor tamanho.

Souza et al. (2014) também estudaram quercetina encapsulada em nanoparticulas de
lecitina e quitosana através de analise de tamanho de particula e observaram que houve estabi-
lidade de tamanho por 90 dias a 4 °C. Wang e Wang (2015) investigaram a capacidade de
nanoparticulas de isolado proteico de soja em encapsular a quercetina, assim como de manter
a estabilidade de sua atividade antioxidante. Esses autores comprovaram que as nanoparticu-
las sdo mais eficientes em manter a atividade antioxidante da quercetina, quando comparadas
ao isolado proteico de soja in natura. Patel et al. (2012) verificaram que a quercetina teve sua
estabilidade frente a luz e pH alcalino aumentada quando encapsulada em sistema coloidal de
zeina.

A Tabela 5 apresenta os valores medidos de tamanho e potencial  para as estruturas su-
pramoleculares de o-la e GMP carreadoras de vitamina B;a20 pg-mL™, durante o armazena-
mento por 60 dias, sob 4 °C. A distribuicdo de tamanho de particula foi representada como a
populagdo com a maior porcentagem em distribuicdo de volume.

Entre as estruturas supramoleculares carreadoras de vitamina B, formadas em pH 3,5
(sistemas 1, 3, 5 e 7), apenas o sistema 3 (tratamento térmico de 25 °C/40 min) ndo apresen-
tou estabilidade de tamanho de particula por 60 dias. Os valores de potencial  desses sistemas
se mantiveram estaveis por 60 dias, mostrando que a organizacao entre as proteinas manteve

as caracteristicas de carga na superficie das estruturas supramoleculares.
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Tabela 4. Estabilidade das estruturas supramoleculares formadas por a-la e GMP com quercetina a 50 ug-mL™ avaliada por didmetro de particu-

la (nm) e potencial { (mV).

Tempo de arma- 0 3 10 20 30 60
zenamento (dias)
Diametro Potencial ¢ Diametro (nm) Potencial ¢ Diametro (nm) Potencial {  Diametro (hm)  Potencial { Diametro (nm) Potencial ¢ Diametro (nm)  Potencial
(nm) (mV) (mV) (mV) (mV) (mV) (mV)

Sistema 1 1126°+37,3 19,3%+0,3  1219°+260,1 17,6°+£0,3 12912561 185 +0,4 1319°°+1009 184®+0,8 1584 +1413  18,6™+0,6  1713°+1059 183™+0,6
Sistema 2 1116°+ 1255 -230°+05  1228*+252,4 -264°+1,2  1316°+189,5 -263°+1,7 1213°+151,7 -248"+05 1171°+162,0 -256"+09  1356°+136,0 -235°+1,3
Sistema 3 1105°+109,0 185°+04  1268%+84,4 189%+0,2  1636°+1144  191%+05 2102°+1786 197°+03  1395%+1105 19,0°+04 1545 +1346 19,1°+04
Sistema 4 566,7+£659 -26,7°+055  1013°+80,8 -26,2°+0,7  3335°%#589 -257°+1,0 5575°+60,1 -27,6°+13  1314°%+1179  -27,9°%+16 2153°+306 -262°+15
Sistema 5 4659°+£68,2 17,8°+£09  4469°+64,7 18,0°+16  1627°+381  17,9%+19  1723°+250 20,1°+04  1411°+1205 19,0°+2,0 855,8°+78,3  18,8°+0,8
Sistema 6 748,4°+£184,9 -289°+10 59870°+8120 -29,7°+11 2085°+4935 -308°+15 3476°+253 -30,3°+08  4351"+214  -29,3°+21  4343°£3360 -8,36°+0,6
Sistema 7 790,2* £49,07 18,0°+0,4  570,0°+65,1 195°+0,6  850,6°+89,0 19,8°+0,8 8423°+103,1 202*+05 1360°+1325  19,6°+14  1587°+190,7 20,8°%1,1
Sistema 8 1228°+99,5 -30,9°+0,7  1688°+983 316°+22  1494%+1033 -30,4°+04 1434 +108,8 -305°+0,6 1434 +1528  -315°+04  1459"+131,6 -32,8*°+08
Sistema 9 5230°+208,1 -112°+03 968,1°+1333  -106°+04 1191™+1396 -10,3°+0,3 1487°+1218 -10,7°%0,3 1037° +99,5 -95°+06  1284°+126,7 -13,1°#03
Sistema10  4575°+1157 -104®+05  5455"+538,6 9,7°+02  1239°+#1194  -10,8°+04  1235°+108,9 -102®+0,2  1080°+ 158,6 -9,8°+02  1201°#192,7  -9,3°+0,3
Sistema 11 5181%+2855 -104*%0,3  4789°+450,9 -104%+£0,1  9787°%£59,0  -96®+03  1296°+1487 -9,6°%05 1382° + 98,1 -9,4°+0,3 1590°+119,8  -9,3°+0,1

Médias indicadas pela mesma letra ndo diferem entre si a 5 % de probabilidade, no mesmo sistema.
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O sistema 2, preparado em pH 6,5 e aquecimento térmico de 25 °C/20 min, apresentou
estabilidade de particula por 30 dias. Aos 60 dias, observou-se aumento do tamanho de parti-
cula, indicando maior agregacgdo entre as moléculas proteicas. Os outros sistemas preparados
em pH 6,5 (sistemas 4, 6 e 8) apresentaram tamanhos de particula estaveis por 60 dias. Por
outro lado, esses sistemas mantiveram os valores de potencial { estaveis por no maximo 20
dias. Isso indica que apesar de 0s sistemas conseguirem manter os tamanhos de particula, as
proteinas se associaram de maneira distinta ao longo do tempo, interferindo na carga eletros-
tatica das estruturas supramoleculares. A capacidade que as estruturas supramoleculares apre-
sentaram de modificar suas cargas eletrostaticas é especialmente importante para encapsula-
c¢do de vitamina B,, que se liga as proteinas principalmente por interacdes eletrostaticas.

Os sistemas formados em pH 5,0 e tratamento térmico de 50 °C por 30 min (sistemas
9 a 11) ndo apresentaram estabilidade de tamanho de particula. Nessas condicdes, as estrutu-
ras supramoleculares sofreram aumento do tamanho de particula, mas mantiveram os valores
do potencial  estaveis por 60 dias.

Azevedo et al. (2014) também estudaram a encapsulagdo de vitamina B, em nanopar-
ticulas de alginato e quitosana e verificaram que esse sistema apresentou estabilidade de ta-
manho de particula por cinco meses.

Na industria de alimentos e farmacéutica existem restri¢cbes de utilizacdo de compostos
lipossollveis, como a quercetina em formulagfes aquosas (Zhang et al., 2008), e de vitami-
nas, por serem pouco estaveis sob condicdes adversas de temperatura, oxigénio, luz e umida-
de (Azevedo et al., 2014). As estruturas supramoleculares formadas por a-la e GMP mostra-
ram-se eficientes como sistemas carreadores desses compostos bioativos. As condi¢des de
sintese desses sistemas podem ser otimizadas para melhoria da encapsulacdo e estabilidade
dessas estruturas, assim como para adequabilidade a cada tipo de produto.
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Tabela 5. Estabilidade das estruturas supramoleculares formadas por a-la e GMP com vitamina B a 20 pg-mL™ avaliada por didmetro de particu-

la (nm) e potencial { (mV).

Tempo de arma-
zenamento (dias)

10

20

30

60

Diametro Potencial ¢ Diametro (nm) Potencial ¢ Diametro (nm) Potencial {  Diametro (hm)  Potencial { Diametro (nm) Potencial ¢ Diametro (nm)  Potencial
(nm) (mV) (mV) (mV) (mV) (mV) (mV)

Sistema 1 1264°+167,2 11,8°+03  1290°+117,4 11,4°+03 1191°+694  115°+05  1284°+107,9 12,0°%02  1212°+124,4 11,1°+0,2 1236°+ 1180 11,3°+1,0
Sistema 2 371,8°+£17,3 -39,3°+14  331,7°+22,0 -389%+22  308,9*°+208 -354®+05 3056°+394 -322°+28  3526°+168 -262°+2,1 8835°+741  -8,0°+0,1
Sistema 3 1041°+108,8 11,2°+0,7 1172 + 96,8 11,4°+0,9  1208°+931  10,7+05  1331™+414 10906  1595°+139,1 10,2+ 1,0 1402 +99,1  104%°+04
Sistema 4 2853°+347 -41,8+03 3050°+168  -39,1%+28 3868°+392 -340°+22 2957°+348 -380™+21 3721%£382  -324°+24 286,8°+231  -20,9°%3,0
Sistema 5 998,9°+958 12905 9744 +34,6 131%+0,4  1126°+1248  133%+0,1 8818%+870 131%+03  1072*+921 12,82+0,0  939,7%+502  13,1%+02
Sistema 6 2764°+129 -32,1€+0,7  238,3*+76,2 -39,3°+1,3  3733%+483  -362"+22 2624°+272 -331*+19  3556%°+211 234921  366,2°+782 -299°+16
Sistema 7 1219°+109,4 14,32+0,1 1038 + 46,3 145°+0,3 1124°+815  146°+0,1  1226°+106,6 14,4°+04 1105° + 98,7 15,2°+0,0 1113°+944  148%+0,1
Sistema 8 230,7°+80,8 -348°+0,9  190,9*°+157 374°+15  250,3°+21,3 -379°%25 208,0°+326 -293°+28  222,6%+282 -237°+0,7  2450°+276 -16,1°+06
Sistema 9 740,2°+343 -129°+07  1083°%67,5 -12,1°+0,3 1297 +109,2 -122°+0,2 1431°+1186 -124°+0,1  1203°+70,6 -12,8°+0,5 1371°+724  -12,%#03
Sistema 10 847,5°+205 -11,8°+03  1121°+102,1 -12,6°+0,1 1149 +816  -122°+0,3  1322™+598 -124°+02  1230™+70,6 -12,6°+0,3 1331°+70,4  -12,9%+09
Sistema 11 878,6°+348 -12,1°+0,5 670" + 58,8 -124°+0,1  1316°+97,6  -126°+0,6  1339°+#964  -12,7°+0,2 1309° + 70,6 -12,6°+0,3 1352°+70,4  -12,8%+0,2

Médias indicadas pela mesma letra ndo diferem entre si a 5 % de probabilidade, no mesmo sistema.
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4. Concluséo

Neste trabalho, estruturas supramoleculares formadas por a-la e GMP, carreadoras de quer-
cetina e vitamina B, foram preparadas pelo método de autoassociacéo proteica, variando-se pH,
temperatura e tempo de aquecimento. A interacdo entre 0s componentes bioativos, quercetina e
vitamina B, e as estruturas supramoleculares ocorreu com sucesso.

A quercetina, composto lipossolluvel, apresentou altos valores para eficiéncia de encapsula-
cdo e capacidade de ligacdo, comprovando que o carreamento dessa substancia ocorre eficiente-
mente em todas as condicGes de tratamento testadas. As estruturas supramoleculares também
apresentaram capacidade em carrear a vitamina B,, composto hidrossoltvel, porém com valores
de eficiéncia de encapsulacdo e capacidade de ligagdo menores. Isso indica que, nas estruturas
supramoleculares de a-la e GMP, existem residuos de aminoacidos hidrofébicos em maior quan-
tidade do que residuos de aminoacidos carregados, uma vez que a principal interacdo da querceti-
na € do tipo hidrofdbica e da vitamina B, € do tipo eletrostética. Os sistemas de estruturas supra-
moleculares carreadores de quercetina ou vitamina B, podem ser estaveis por 60 dias, em relacdo
aos valores de tamanho de particula e potencial C.

Os resultados obtidos neste estudo podem ser Uteis para desenvolvimento de sistemas efe-
tivos na encapsulagdo de substancias lipossoluveis e hidrossoltveis em formulagGes alimenticias
ou farmacéuticas, contribuindo para sua disponibilidade. Esse tipo de produto é importante por-
que geralmente os compostos bioativos, como flavonoides e vitaminas, sdo muito sensiveis a
condicdes adversas de temperatura, luz e oxigénio. Além disso, as estruturas supramoleculares
carreadoras foram desenvolvidas a partir de proteinas de grau alimenticio, com alto valor nutrici-
onal, e utilizando método de preparacdo simples, sem reagentes quimicos toxicos. Dessa maneira,
as estruturas supramoleculares de a-la e GMP podem ser utilizadas para carrear e proteger com-
postos bioativos, aumentando a funcionalidade e o valor nutricional, sem adicionar altos custos

ao produto.
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CONCLUSAO GERAL

Este trabalho avaliou a formacdo e caracterizagdo de estruturas supramoleculares das pro-
teinas do soro de leite a-la e GMP, nas escalas nano e micrométricas, e suas propriedades técni-
co-funcionais como agentes de formacéo e estabilizantes de espuma e emulsdes, assim como sua
capacidade em carrear 0s compostos bioativos. O desenvolvimento de estruturas supramolecula-
res de proteinas do soro de leite é vantajoso por utilizar matéria-prima de baixo custo e de facil
acesso, ja que é derivada da producéo de queijo. Além disso, as proteinas do soro, por possuirem
alto valor nutricional e serem reconhecidas como GRAS, auxiliam na utilizacdo e aceitacdo des-
sas estruturas supramoleculares em produtos alimenticios ou farmacéuticos. O método de prepa-
racao utilizado é um método simples, de baixo custo, livre de toxicidade, e que exige apenas a
modificacdo das variaveis pH, temperatura e tempo de aquecimento, ndo sendo necessaria a utili-
zacdo de reagentes e equipamentos sofisticados. Os resultados mostraram que as estruturas su-
pramoleculares apresentaram caracteristicas distintas nas diferentes condicOes testadas. Isso de-
monstra que é possivel controlar as propriedades das estruturas ao se modificar as variaveis pH,
temperatura e tempo de aquecimento. Dessa forma, pode-se ajustar esses materiais as aplicagdes
de interesse. As estruturas supramoleculares foram eficientes em diminuir a tensdo superficial,
demonstrando ser Uteis na estabilizagdo de emulsdes e produtos com espuma. Materiais que se-
jam capazes de encapsular e realizar liberacdo controlada de compostos bioativos tém sido alvo
de interesse das industrias de alimentos e farmacéutica. Muitas vezes esses componentes bioati-
VoS sdo instaveis nas condices de processamento e armazenamento dos produtos. As estruturas
supramoleculares foram capazes de carrear a quercetina, composto bioativo lipossoluvel, e a vi-
tamina B,, composto bioativo hidrossoltvel. A eficiéncia de encapsulacdo da quercetina teve
como valor maximo 98,64%, e a vitamina B,, 31,11%. Isso demonstra que as estruturas supramo-
leculares formadas apresentam sitios de ligacao hidrofdbicos em maior quantidade ou mais aces-
siveis. A capacidade de carrear compostos bioativos faz com que as estruturas supramoleculares
sejam de grande utilidade para a industria de alimentos, que acompanha nos Gltimos anos o inte-

resse crescente dos consumidores por alimentos funcionais, que promovam ou melhorem a saude.
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APENDICE A - Atividades desenvolvidas durante o doutorado

O doutorado teve inicio no primeiro semestre de 2012. Durante esse tempo, a Universida-
de Federal do Pard (UFPA) e a Universidade Federal de Vicosa (UFV) participaram do Programa
Nacional de Cooperacdo Académica (PROCAD). Esse programa promoveu a interacdo cientifica
entre as duas instituicBes, sendo possivel o aprendizado de metodologias e protocolos importan-
tes para o desenvolvimento das atividades do projeto de doutorado.

Pelo PROCAD, um estudo sobre dados de equilibrio de sistemas aquosos bifasicos foi de-
senvolvido. Esse tipo de sistema é importante por fornecer alternativa para separacdo de biocom-
postos sensiveis, aplicando-se uma técnica de baixo custo, em que o componente principal é a
agua. Este trabalho deu origem a publicacdo “Measurements and Modeling of Liquid—Liquid
Equilibrium of Polyethylene Glycol 400, Sodium Phosphate, or Sodium Citrate Aqueous Two-
Phase Systems at (298.2, 308.2, and 318.2) K” (dx.doi.org/10.1021/je400190f) no Journal of
Chemical & Engineering Data.

Foi implantada metodologia para quantificacdo de terc butil hidroquinona (TBHQ), que €
um antioxidante utilizado em éleos vegetais. Essa metodologia utiliza Cromatografia Liquida de
Alta Eficiéncia e foi desenvolvida no Laboratério de Medidas Fisicas (LAMEFI) da UFPA, coor-
denado pelos professores Luiza Helena Meller da Silva e Antonio Manuel da Cruz Rodrigues.

Pelas atividades do projeto de doutorado, publicou-se o artigo “Production, characteriza-
tion and foamability of a-lactalbumin/glycomacropeptide supramolecular structures” (doi:
10.1016/j.foodres.2014.05.079) no Food Research International. As analises realizadas no douto-

rado deram origem a mais dois manuscritos, submetidos no ano de 2016.
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