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RESUMEN

Se evaluo la factibilidad de sintetizar nanoparticulas a partir del extracto acuoso de
salvado de trigo (EAST) mediante la técnica de desolvatacion/gelacion en frio. Para ello
se aplico un pre-tratamiento térmico de 68.5 °C al EAST en solucién, seguido de la
adicién de CaCl, y liofilizacion. Las micrografias de microscopia electronica de barrido
(MEB) mostraron nanoparticulas esféricas. El analisis quimico y de espectroscopia
infrarroja indicé la naturaleza proteica de las nanoesferas, ademas de estar estabilizadas
por interacciones electrostaticas proteina-calcio e inmersas en una matriz de
polisacéridos. Para corroborarlo, las proteinas del EAST se purificaron parcialmente
mediante cromatografia de exclusion por tamarfios (SEC), obteniéndose 6 fracciones con
masas moleculares 0.4—94 kDa. El analisis de proteina disuelta y de espectroscopia UV
e IR mostro la presencia de carbohidratos en las fracciones, y que dos de ellas estaban
compuestas por proteina, dos por una mezcla proteina-acido ferulico, otra por proteina
mas otros compuestos no identificados y la dltima por acido ferulico libre. Cada fraccién
SEC se sometid a desolvatacion/gelacion en frio. El analisis de MEB vy la electroforesis
SDS-PAGE, mostraron que la fraccion proteica 20—43 kDa es responsable de la
formacion de nanoesferas con didmetros entre 190—250 nm. Estas Gltimas también se
observaron en la muestra control, a la que no le fue afiadido Ca®*, por lo que se asumié
que el calcio no intervino en su formacion sino que se produjeron por efecto del
tratamiento térmico. La ausencia de Ca®" en las nanoesferas se verificd por
espectrometria de energia dispersiva de rayos Xx. Los resultados también mostraron que
las nanoparticulas se formaron por la integracion de nanoesferas de 30 nm de diametro,
visibles después de un tratamiento ultrasonico. El andlisis de la banda Amida | (1700-
1600 cm™) del espectro infrarrojo de las nanoparticulas mostré una disminucion del 46%
de hojas B y un incremento del 33% en la formacion de agregados, lo que indico
agregacion intermolecular a través de hojas B en las nanoparticulas. Con base en los
resultados y el alto contenido del amindacido cisteina reportado en las proteinas
identificadas en la fraccion 20—43 kDa, se propuso el siguiente mecanismo de
formacion de las nanoesferas. El tratamiento térmico indujo la formacion de agregados a

través de enlaces disulfuro e interacciones moleculares tipo hoja beta, creciendo hasta



alcanzar un didametro de 30 nm. Posteriormente se integraron mediante interacciones
fisicas (hidrofobicas, van der Waals, electrostticas) hasta formar los agregados

esféricos de mayor tamafio.

Palabras clave: nanoparticulas, salvado de trigo, cromatografia preparativa, tecnologia
de cereales, espectroscopia infrarroja, nanotecnologia de proteinas.
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ABSTRACT

The feasibility of synthesizing nanoparticles from the wheat bran aqueous extract
(EAST) was evaluated by the desolvation /cold gelation technique. For this, a thermal
pretreatment of 68.5 ° C was applied to the EAST in solution, followed by the addition
of CaCl2 and lyophilization. Scanning electron microscopy (SEM) micrographs showed
spherical nanoparticles. The chemical analysis and infrared spectroscopy indicated the
protein nature of nanospheres, in addition to being stabilized by protein-calcium
interactions and immersed in a polysaccharide matrix. To corroborate it, the EAST
proteins were partially purified by size exclusion chromatography (SEC), obtaining 6
fractions with molecular masses 0.4—94 kDa. The analysis of dissolved protein and UV
and IR spectroscopies showed the presence of carbohydrates in the fractions and that
two of them were composed of protein; two for a protein-ferulic acid mixture; another
for protein plus other unidentified compounds and the last one by free ferulic acid. Each
SEC fraction was subjected to desolvation /cold gelation. SEM analysis and SDS-PAGE
electrophoresis showed that the 20—43 kDa protein fraction is responsible for the
formation of nanospheres with diameters between 190—250 nm. The latter were also
observed in the control sample, to which Ca?* was not added, so it was assumed that
calcium did not intervene in its formation but that they were produced by the effect of
the heat treatment. The absence of Ca®* in the nanospheres was verified by x-ray
dispersive energy spectroscopy. The results also showed that the nanoparticles were
formed by the integration of nanospheres of 30 nm diameter, visible after an ultrasonic
treatment. The analysis of the Amide | band (1700—1600 cm™) of the infrared spectrum
of the nanoparticles showed a decrease of 46% of B-sheets and a 33% increase in
aggregate formation, which indicated intermolecular aggregation through p-sheets in the
nanoparticles. Based on the results and the high content of the amino acid cysteine

reported in the proteins identified in the 20—43 kDa fraction, the following mechanism
of nanosphere formation was proposed. The heat treatment induced the formation of
aggregates through disulfide bonds and B-sheet molecular interactions, growing to a
diameter of 30 nm. Subsequently they were integrated by physical interactions

(hydrophobic, van der Waals, electrostatic) to form the larger spherical aggregates.
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SINOPSIS

El salvado de trigo es un subproducto de la industria molinera (Beaugrand et al., 2004)
que actualmente es subutilizado, aun y cuando contiene entre 15 y 22% de proteina
(Zhang et al.,, 2011). En el salvado, las proteinas se encuentran localizadas
principalmente en las células de la capa aleurona, protegidas por la pared celular
(Jerkovic, 2010), por lo que no son facilmente digeribles, incluso por los animales. Las
albuminas y globulinas representan entre el 15-20% de la proteina total del grano de
trigo (Singh y Skerritt, 2001), de las cuales el 25% de las proteinas solubles en agua
(albuminas) se encuentran en la capa mas externa, una de las siete capas principales que
conforman el salvado de trigo (Jerkovic, 2010), lo que significa que no es necesario de
un procedimiento complejo de extraccion en el que se requiera el empleo de reactivos,
sino solo de agua. Es decir, las albiminas del salvado de trigo representan una fuente
importante de proteinas de bajo costo, a las cuales se les puede dar un valor agregado.
La composicién quimica y la diversidad estructural de las albouminas de salvado de trigo
las hace candidatos para aplicaciones nanotecnoldgicas en las industrias alimentaria y
farmacéutica (Balandran-Quintana et al., 2015).

Actualmente se elaboran nanoparticulas a partir de fuente animal y vegetal, asi como de
suero humano, las cuales tienen propiedades para encapsular y transportar farmacos y
compoeustos bioactivos (Gulseren et al., 2012; Zhang et al., 2012; Mehravar et al.,
2009). Para la elaboracion de dichos nanotransportadores se emplean proteinas con
grados de pureza de al menos 90%, lo cual puede aumentar los costos de produccion,
debido que se requieren de una mayor cantidad de operaciones unitarias para su
obtencion. Por otro lado, también son escasos los esfuerzos para desarrollar
nanoparticulas a partir de proteinas origen vegetal, a pesar de que en algunos casos estas
proteinas son mas asequibles en el sentido de que forman parte de la composicién de
residuos agroindustriales, ademas de ser mas aceptables para el consumidor. Entre los
pocos ejemplos se encuentran los aislados de proteina de soya (Zhang et al., 2012), las
gliadinas de trigo (Arangoa et al., 2001; Joye et al., 2015) y las zeinas del maiz (Gomez-
Estaca et al., 2012). Por otro lado, no existen reportes sobre la elaboracion de

nanoparticulas a partir de proteinas que no hayan sido aisladas o purificadas. En ese
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sentido, existen fuentes proteicas de origen vegetal que no han sido consideradas, como
las albiminas del salvado de trigo, a pesar tener propiedades funcionales aceptables para
su uso en la industria de los alimentos (Idris et al., 2003). La fraccion de albiminas del
salvado de trigo se caracteriza por un contenido importante de aminoacidos &cidos,
como el aspartico y el glutamico (Shewry et al., 2009), cuyos grupos carboxilicos
laterales desarrollan una carga negativa a pH mayor a 7.0. Esta caracteristica imparte las
propiedades de solubilidad en agua de las albiminas en el estado nativo (Pace et al.,
2004), asi como la susceptibilidad de formar nanoparticulas a través de un enfoque de
desolvatacion/gelacion en frio y las posibilidades de adsorcion de otras moléculas.
Ademas, las albuminas de salvado de trigo presentan una alta capacidad de enlaces
reversibles con moléculas hidrofdbicas, todo lo cual se considera ventajoso para la

elaboracion de nanoparticulas (Yedomon et al., 2013).

En el ARTICULO 1 de esta tesis se describe la formacion de nanoparticulas a partir de
extractos acuosos de salvado de trigo (EAST), mediante un enfoque de
gelacion/desolvatacion en frio. Este método consiste en precalentar una solucién
proteica, seguida de un enfriamiento hasta temperatura ambiente y ajuste de pH a basico;
finalmente, se adicionan iones divalentes como el Ca®* (Zhang et al., 2012). Dicho
proceso se considera como desolvatacion, ya que los iones calcio compiten por las
moléculas de agua. Esto resulta en la eliminacion de la capa de hidratacion de las
proteinas y consecuentemente, la carga de estas se vuelve negativa debido a la presencia
en exceso de iones calcio, favoreciendo las interacciones electrostaticas proteina-calcio.
El empleo de calcio como agente de desolvatacion y entrecruzante a la vez, evita el uso
de sustancias toxicas, tales como solventes organicos (acetona y etanol) y glutaraldehido
para la elaboracién de nanoparticulas (Konan et al., 2002; Langer et al., 2003; Giilseren
et al., 2012; Yedomon et al., 2013).

En una etapa preliminar de la investigacion se aplicé un tratamiento térmico de 68.5 °C
al EAST vy se evalud el efecto de diferentes concentraciones de CaCl, y el pH sobre el
tamafio de particula y el potencial-z de las estructuras resultantes, determinados
mediante dispersion dindmica de luz. Se determin6 que la concentracion de CaCl, en el

intervalo 0.25, 0.5, 0.75, 1.0 y 1.5 M y un pH de 8, eran las condiciones méas adecuadas
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para la obtencion de nanoparticulas. En este experimento, al agregar el CaCl, se
obtuvieron dos fases, sobrenadante y precipitado. El contenido proteico siempre fue
mayor en los precipitados, lo cual sugirié que la agregacion de proteinas fue inducida
por la desolvatacion. ElI tamafo de los aglomerados precipitados fue directamente
proporcional a la concentracion de CaCl; en el rango 0-0.5 M, mientras que el potencial-
z se comport6 de manera inversa; un efecto contrario se obtuvo en los sobrenadantes. En
un intervalo superior de concentraciones de CaCl, (1.0-1.5 M) se obtuvieron
aglomerados hasta tres veces mas grandes que las particulas de la muestra control. Esto
ultimo probablemente se debid a una disminucion en la repulsion entre particulas, y con
ello que la proximidad entre estas fuera mayor, lo que favorecid el entrecruzamiento
proteina-Ca®".

La similitud del tamafio de particula en la muestra control, tanto en el sobrenadante
como en el precipitado, demostré que la adicién de CaCl, favorecio la aglomeracion y
que el pre-acondicionamiento no tuvo un efecto sobre la misma. Por otro lado, el
diametro de particula se mantuvo constante en el rango 0.25-1.0 M de CaCl, y aumento
significativamente en 1.5 M, lo cual pudo deberse a la mayor concentracién de Ca** que
consecuentemente favorecid las interacciones intermoleculares. Por otro lado, la
disminucion progresiva del potencial-z con respecto al aumento de la concentracion del
CacCly, corresponde con lo discutido anteriormente para el rango de concentracion de
0.25-1.0 M de CaCl, en ambas fases. No obstante, la carga en las dos fases
(sobrenadante y precipitado) a la maxima concentracion evaluada, fue mayor, por lo que
no puede ser explicado en los términos antes discutidos, debido a que a tal
concentracion, el numero de cargas negativas restantes deberia ser mas baja, asi que el
potencial-z tendria que ser menos negativo. Es posible que este efecto haya sido
ocasionado por un evento desconocido que inhibié a los iones calcio para formar
interacciones con proteinas, pero resultd en particulas grandes.

Después de analizar el tamafio de particula y el potencial-z de las muestras en fresco
mediante dispersion dinamica de luz, las dos fases de cada muestra fueron congeladas y
posteriormente liofilizadas para su respectiva caracterizacion. Los polvos liofilizados
fueron analizados mediante microscopia electrénica de barrido (MEB), observandose la

presencia de nanoparticulas de forma esférica con diametros <100 nm en todo el rango
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de concentraciones de CaCl, evaluado. Estas nanoestructuras se observaron inmersas en
una matriz compuesta principalmente por polisacéridos, de acuerdo con el analisis
quimico. El didmetro de las esferas fue practicamente el mismo dentro del rango 0.25-
1.0 M de CaCl,. Sin embargo, a la maxima concentracion de CaCl, evaluada, el
didmetro de particula fue significativamente mayor debido a que se favorecidé un mayor
ndmero de interacciones intermoleculares. Estos resultados fueron similares a los
reportados por Zhang et al. (2012) quienes evaluaron el efecto del CaCl, sobre la
formacion de nanoparticulas de aislados de proteina de soya; los autores encontraron que
cuanto mayor es la concentracion de CaCl, mayor es el tamafio de las particulas y la
cantidad de precipitado resultante, independientemente del pH y la concentracion de
proteina. También, Glilseren et al. (2012) reportaron que un aumento de la concentracién
del agente de desolvatacion produjo nanoparticulas de mayor tamafio.

Con el fin de analizar la estructura interna de las esferas formadas, el polvo liofilizado
de la muestra adicionada con CaCl; 0.25 M fue resuspendido en agua y sonicado durante
5 min con la intencion de disgregar la matriz de polisacaridos (Czechowska-Biskup et
al., 2005). Posteriormente, la muestra fue visualizada mediante MEB en modo de
transmision. Si bien no fue posible observar la estructura interna de las esferas, este
analisis permitio ver las nanoparticulas de forma individual, las cuales formaron
estructuras con arreglo de tipo collar.

La presencia de minerales en el EAST tuvo un efecto negativo sobre la resolucion de las
imagenes MEB, el cual fue mayor a la concentracion 1.0 M. Este efecto pudo deberse a
la luminosidad producida por los electrones retrodispersados del Ca y otros minerales
como el P, Ky Mg (Talbot y White, 2013), lo que indica que estos pudieran formar
parte de las nanoestructuras.

Debido a que a la concentracion maxima de CaCl, (1.5 M) se observé mediante MEB la
formacion de lo que parecian ser cristales minerales, se realizé un andlisis de difraccion
de rayos-X en tres muestras seleccionadas (EAST, CaCl, 0.5 M y CaCl, 1.5 M). La
muestra EAST resulté amorfa, mientras que en la muestra CaCl, 0.5 M se detectd, por
indexacion, la presencia de Na,CO3-H,0, el cual probablemente se gener6 al reaccionar
el sodio presente en la muestra con el CO, atmosférico. A la concentracion 1.5 M de
CaCl, se encontro la formacion de cristales tales como sylvita (KCI), brushita
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(CaHPO4-2H,0), weddellita (CaC,04:2H,0) y fosfato de magnesio sodico
[Nas 13Mg1.44(PO4)3]. Lo anterior indica que a este nivel de concentracién de CaCl; la
nucleacion y crecimiento de cristales prevalecié sobre el ensamblaje que conduce a la
formacion de nanoparticulas. EI crecimiento de cristales es probablemente la explicacion
de por qué se detectdé una menor presencia de algunos minerales (Mg, P, K 'y Ca) en el
analisis de la composicion elemental realizado mediante espectroscopia de energia
dispersiva de rayos X (EED) y la explicaciéon de por qué el valor del potencial-z a esta
concentracion de sal se volvid mas negativo. Es posible que los minerales presentes
estuvieran més disponibles para el crecimiento de cristales que para el establecimiento
de las interacciones que llevan a la formacion de nanoparticulas, lo que resulté en un
menor nimero de cargas negativas neutralizadas sobre la superficie de las proteinas y asi
en un potencial-z mas negativo. Por lo tanto, el incremento en el tamafio de particula se
debi6 a la formacién de cristales y no a la aglomeracion de la matriz que contenia las
nanoparticulas.

Los resultados obtenidos en esta etapa de la investigacion no solo permitieron establecer
los limites de concentracion de CaCl, para la obtencion de nanoparticulas sino mostrar
el potencial que tienen los EAST como plataformas para la mineralizacion inducida de

una variedad de minerales.

ARTICULO 2. En el articulo 1 se describi6 la obtencién de nanoparticulas a partir del
EAST mediante el método de desolvatacion/gelacion en frio, las cuales fueron
aparentemente estabilizadas mediante interacciones electrostaticas calcio-proteina. En
este articulo, se muestra nueva evidencia que indica que los iones calcio no participaron
en la formacion de las nanoparticulas, demostrando que éstas se formaron antes de la
adicion de CaCl, y que incluso no todas las proteinas que conforman el EAST
estuvieron involucradas en la formacion de dichas nanoestructuras.

Se realizaron experimentos de desolvatacion/gelacion en frio con seis fracciones
resultantes de la separacion de los extractos de salvado de trigo mediante cromatografia
de exclusion por tamafio (SEC). Cada fraccion fue identificada de acuerdo al orden de
elucion como pk-1, pk-Int, pk-2, pk-3, pk-4 y pk-5. Cabe destacar que la fraccion pk-Int

no fue obtenida como un pico definido en el cromatograma, pero fue considerado como
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una fraccion debido a la cantidad importante de proteina que contenia. Las masas
moleculares relativas de las fracciones SEC resultaron entre 0.4-94 kDa. Estas
fracciones fueron liofilizadas y se les determiné el perfil de masas moleculares por SDS-
PAGE (electroforesis en gel de poliacrilamida con dodecilsulfato sddico). El rango de
masas moleculares (5-94 kDa) obtenida mediante electroforesis coincidid con el
encontrado en SEC. Rangos de masas moleculares similares ya han sido previamente
reportados en estudios con salvado de trigo (Jerkovic et al., 2010).

Previo a los experimentos de desolvatacion/gelacion en frio, a cada fraccion SEC se le
determind el contenido de proteina soluble (disueltas al 4%, peso-volumen) con el fin de
reproducir la relacién calcio:proteina que resulté en la formacion de nanoparticulas en
los experimentos descritos en el articulo 1. La concentracion de proteina oscilé entre
0.04-12.6 mg/mL. Cabe destacar que la concentracién de proteina en pk-4 fue muy baja
y en pk-5 no fue detectada. Es decir, la alta absorbancia registrada en el cromatograma
de SEC (Abs 280 nm) para estas dos fracciones, se debi6 principalmente a compuestos
fenolicos (Hromadkova et al., 2013), ya que el contenido de éstos es alto en el salvado
de trigo (De Brier et al., 2015). La presencia de dichos compuestos también fue
confirmada por los barridos espectrofotométricos realizados a cada fraccién en el rango
200-800 nm. De acuerdo con la evidencia obtenida, pk-Int y pk-2 resultaron estar
compuestas principalmente de proteina, pk-1 y pk-4 por una mezcla de proteina-acido
ferulico, pk-3 por proteina y otros compuestos no identificados, y pk-5 corresponde a
acido ferulico libre (Saulnier et al., 2008).

Posterior a la obtencidn y caracterizacion de las fracciones se procedid a realizar el
experimento de desolvatacion/gelacion en frio mediante la adicion de CaCl, bajo las
mismas condiciones empleadas en el experimento de desolvatacion con EAST.

El pre-acondicionamiento térmico de las muestras SEC generé un cambio de apariencia
en pk-2 y pk-3 en los primeros dos minutos de exposicion. En ambas fracciones se
formo un precipitado gelatinoso de color blanco, siendo mucho mas visible en pk-2. La
gran cantidad de precipitado en pk-2 resultd interesante de analizar, por lo que se
sometié una nueva muestra (pk-2) a tratamiento térmico y el precipitado formado fue
separado mediante centrifugacion. El sobrenadante fue recuperado, identificado como
pk-2CS (2) y desolvatado con CaCl, al igual que el resto de las fracciones. La apariencia
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del resto de las muestras no fue alterada por efecto del tratamiento térmico. Después de
la adicion de CaCl,, dos fases fueron rdpidamente detectadas en pk-2 y pk-3. En pk-1y
pk-Int se obtuvo un pequefio precipitado, no asi en pk-4 y pk-5. Las dos fases fueron
separadas mediante centrifugacion y posteriormente liofilizadas. Todas las fracciones
desolvatadas fueron caracterizadas mediante espectroscopia infrarroja con transformada
de Fourier (FTIR), EED, SDS-PAGE y MEB.

Los espectros FTIR mostraron las bandas caracteristicas de polisacaridos (region 1200-
800 cm™) en todas las fracciones. También se encontraron las bandas mas comdnmente
citadas en estudios estructurales de proteina (Pelton y McLean, 2000), es decir las
bandas Amida | (1600-1700 cm™), Amida 11 (1600-1500 cm™) y Amida 111 (1200-1300
cm™) (Haris y Severcan, 1999; Barth, 2007). Ademés, se encontré una banda de gran
amplitud en la regién de 3000-3600 cm™, la cual corresponde a los estiramientos del
enlace O-H (Elisa et al., 2006)

En general, tanto en los sobrenadantes como en los precipitados, se encontraron las
mismas bandas. Sin embargo, en los precipitados se observo un cambio en la forma y un
ligero desplazamiento (1050 a 1017 cm™) de la banda asignada a carbohidratos después
de la adicion de CaCl,. Existe la posibilidad de que los arabinoxilanos, &cido ferulico y
proteinas en cada una de las fracciones se encontraran formando complejos
carbohidrato-proteina mediante interacciones intermoleculares o entrecruzamientos a
través de sustituyentes de acido ferulico (Lapierre et al., 2001).

De forma particular, se obtuvieron los espectros IR del sobrenadante y el precipitado de
la muestra control de pk-2. Al igual que el resto de las fracciones, ambas presentaron
una banda en 1050 cm™, la cual puede ser asignada a arabinoxilanos (Robert et al.,
2005). Ademas, dos bandas, una en 988 y la otra en 946 cm™, estén relacionadas con el
grado de substitucion de arabinoxilanos (Robert et al., 2005), mismas que confirman la
presencia de este polisacarido. También se encontr6 en el espectro correspondiente a las
nanoparticulas (precipitado de la muestra control de pk-2), que las bandas Amida | y
Amida Il fueron mas intensas y definidas en comparacion con el resto de las fracciones.
También, en este mismo espectro se observd una disminucion importante en la
intensidad de la banda asignada a polisacaridos, lo que sugirié que las nanoparticulas

estdn compuestas principalmente de proteinas, a diferencia de las nanoparticulas
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obtenidas en el precipitado de la muestra desolvatada de pk-2, en la cual se obtuvo una
banda muy intensa asignada a carbohidratos. Esto sugirié que los polisacaridos presentes
en esta fraccion no estaban fuertemente unidos a la fraccion de proteinas involucradas en
la formacién de nanoparticulas, ya que estos no precipitaron con las nanoestructuras
formadas.

El analisis de composicion elemental revel6 la presencia de C, O, N, Na, P, S, Cl y Ca
en las fracciones. C y O fueron los elementos mas abundantes debido a los altos niveles
de materia organica. La deteccion de N confirmd la presencia de proteina en las
fracciones, especialmente en las nanoparticulas formadas, ya que en estas fue mayor.
Este elemento no tuvo mucha variacion entre los sobrenadantes y precipitados de pk-1,
pk-Int 0 pk-3, lo que sugiere que las proteinas en esas fracciones no estan involucradas
en la formacién de nanoparticulas, como fue evidente en las iméagenes obtenidas en
MEB para estas tres fracciones. La presencia de Na y P probablemente se debid, en
parte, a residuos del bufer usado en la separacion por SEC, mientras que el P también
podria provenir de fitatos presentes en el salvado de trigo (De Brier et al., 2015). EI S
puede corresponder a residuos de aminoacidos azufrados, tal como la cisteina. En tanto,
la presencia de Cl en los sobrenadantes y precipitados proviene seguramente del agente
de desolvatacion. El predominio del Ca en los precipitados de todas las fracciones, asi
como la ausencia de éste en sobrenadantes, confirmé que el calcio estuvo involucrado en
los precipitados formados después de la desolvatacidn en esas fracciones.

Al comparar la composicién de los precipitados de la muestra control de pk-2 y del
precipitado de la muestra desolvatada de pk-2, se observaron diferencias importantes
con respecto al contenido de Na, P, Cl y Ca. Es decir, las nanoparticulas vistas en el
precipitado de la muestra control de pk-2 estan formadas principalmente por proteinas, a
diferencia de las nanoparticulas obtenidas en el precipitado desolvatado de pk-2, en el
cual se observo la presencia de estructuras coraloides, ademas de las nanoparticulas. El
aumento en el porcentaje de S en el precipitado de la muestra control de pk-2 soporta la
presencia de proteinas, mientras que la ausencia de Ca en esta corrobora que el Ca no
participd en la formacion de nanoparticulas.

La morfologia de las dos fases resultantes de cada fraccion fue contrastada con su

muestra control. Los analisis de MEB mostraron que la muestra control de pk-1 tuvo una
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superficie rugosa, mientras que la superficie del sobrenadante fue liso y el precipitado
presentd una morfologia coraloide. En el sobrenadante y precipitado de pk-Int y pk-3, se
encontré una morfologia similar a los de pk-1. Sin embargo, en la muestra control de pk-
3, se observo la presencia de estructuras esféricas y ovoides con tamafos entre 210 y
470 nm, respectivamente. Estas estructuras esféricas y ovoides, pudieron ser resultado
de la presencia de proteinas de masa molecular entre 20-31 kDa (SDS-PAGE), proteinas
de la misma masa estan presentes en la muestra pk-2CP, las cuales formaron las
nanoparticulas vistas en MEB. La forma de estas nanoestructuras puede deberse a la baja
concentracion de estas proteinas (Ge et al., 2011).

Por otro lado, en el sobrenadante de la muestra desolvatada de pk-2, se obtuvo la
formacion de particulas rocosas con didmetros entre 51-500 nm, mientras que en el
precipitado de esta misma muestra, se encontro la formacion de estructuras esféricas con
didmetros entre 190-250 nm acompafiadas de estructuras coraloides. Sin embargo, la
muestra control de pk-2, resultd positiva, ya que también se obtuvo la formacion de
nanoparticulas idénticas a las formadas en la muestra desolvatada (pk-2) con CaCl,
(precipitado). No obstante, en estas esferas no se observo la presencia de estructuras
coraloides como las vistas en el precipitado de pk-2. Debido a que en la muestra control
de pk-2 no se afiadi6 CaCl,, la evidencia sugiere que las nanoparticulas se formaron
antes de la adicion de CaCl; y que el acondicionamiento térmico fue el responsable de su
formacion. Esto ultimo se corrobord con las nuevas fases obtenidas luego de la
desolvatacion de pk-2CS (2). En la imagen (MEB) del precipitado de esta muestra (pk-
2P2), se observo una morfologia de tipo coral muy similar a la observada en los
precipitados de todas las fracciones evaluadas con excepcion del control pk-2. Esto
significa que el calcio no esta involucrado en la formacion de nanoparticulas, sino mas
bien en la precipitacion de estructuras coraloides, que de hecho podrian ser cristales
(Luna-Valdez et al., 2017).

En el ARTICULO 3 se analizaron los cambios conformacionales de las proteinas
involucradas en la formacién de nanoparticulas, generados por efecto de la temperatura.
Las nanoparticulas se obtuvieron mediante un tratamiento térmico de proteinas

(albiminas) de bajo peso molecular (25-44 kDa) derivadas del salvado de trigo, las
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cuales fueron liofilizadas y analizadas por MEB. Se obtuvieron nanoparticulas de forma
esférica con diametros entre 190-250 nm. A su vez, una porcion de polvo de estas
nanoparticulas fueron resuspendidas en agua deionizada y sonicadas durante 5 min, las
cuales posteriormente se analizaron por MEB en modo de transmision. Esto permitio
distinguir que las nanoesferas estan conformadas por nanoparticulas de menor tamafio
(30 nm de didmetro). De acuerdo a lo reportado en la literatura, existen diferencias
importantes con respecto a los agregados proteicos por efecto de la temperatura
(albumina de suero de bovino, B-lactoglobulina y aislados de proteina de suero) (Doi,
1993; Aymard et al., 1996; lkeda y Morris, 2002; Lovedey, et al., 2010; Oboroceanu et
al.,, 2010; Lovedey et al, 2012; Borzova et al., 2016), ya que para lograr dichos
agregados se requiere del empleo de sales (Na o CaCl,) y de tiempos de induccién
térmica muy prolongados (20 h) a temperaturas de al menos 80 °C. A diferencia de las
condiciones empleadas para la obtencidon de las nanoparticulas del presente trabajo,
donde solo fueron necesarias 3 h de induccion térmica a 68.5 °C sin el empleo de sales.

Se empled la espectroscopia infrarroja de transformada de Fourier (FTIR) para el
analisis de la region Amida | de las proteinas (1700-1600 cm™), ya que con esta técnica
es posible monitorear cambios sutiles en la conformacién de la cadena polipeptidica
debido a que es muy sensible a cambios en los enlaces de hidrogeno (van Stokkum et al.,
1995; Natalello et al., 2005) vy, por lo tanto, es util para analizar modificaciones en la
estructura secundaria causadas por efecto de la temperatura o el pH (Vicent et al., 1984).
El anélisis de la region Amida | permitié realizar una estimacion cuantitativa de las
diferentes estructuras secundarias (hélices-a, hojas-p, vueltas y al azar) de las proteinas.
Dicho anélisis se realizé aplicando la segunda derivada en la regién 1700-1600 cm™ del
espectro infrarrojo para resolver la banda en cuestion en dos o mas sefiales que no son
visibles en el espectro original y poder asi, identificar cada uno de los componentes de
las diferentes estructuras secundarias (Dong et al., 1992; Carbonaro y Nucara, 2010).
Para realizar lo anterior se asumio que la suma de las areas de las conformaciones de la
Amida |, estan relacionadas al total de la proteina dada (Byler y Susi, 1986; Kong y Yu,
2007). De dicho analisis resultd que las proteinas en forma nativa estdn compuestas

principalmente de conformaciones hojas-p con un 46%. El 18% son de giros-p y un 14%
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a hélices-a, mientras que 16% corresponde a conformaciones aleatorias y el 5% restante
a agregados.

El cambio en la estructura secundaria de las proteinas involucradas en la formacion de
nanoparticulas por efecto del tratamiento térmico fue evidente, ya que la conformacion
hojas-pB disminuy6 hasta 20% de la estructura secundaria. Estos resultados concuerdan
con lo reportado por Natalello et al. (2005), quienes reportaron una disminucién del 50%
en las conformaciones hojas-f después de someter la proteina a una temperatura de 64
°C asi como una disminucién simultanea en hélices-a. En nuestro caso, las hélices-o
permanecieron constantes.

Por otro lado, las conformaciones de giro-p representaron el 11%, lo que significé una
disminucion con respecto a las proteinas nativas. Las conformaciones aleatorias se
mantuvieron sin cambios. Ademas, el cambio conformacional de la estructura
secundaria fue acompafiada por una banda de gran amplitud e intensidad en 1619 cm™,
que representd el 38% y se debid a la formacion de agregados intermoleculares por
hojas-B de proteinas, inducidos por el tratamiento térmico (Haris y Severcan 1999,
Seshadri et al., 1999, Yan et al., 2004, Natalello et al., 2005).

La formacion de agregados por hojas-p intermoleculares puede deberse al hecho de que
el experimento se realizé a pH 8. Es decir, cuando se emplea un pH> pl de las proteinas,
la agregacion procede a través de la formacién de agregados ordenados relativamente
pequefios (oligémeros), los cuales se caracterizan por una cantidad considerable de
hojas-p intermoleculares, como se reveld por espectroscopia FTIR para BSA (Militello
et al., 2004).

Durante la estimacion cuantitativa de las estructuras secundarias de las proteinas, se tuvo
en cuenta que los cambios conformacionales en las proteinas no solamente pueden ser
debidos al efecto de la temperatura, sino también a la pérdida de la capa de hidratacién
después de la liofilizacion. Es decir, durante este proceso pueden producirse alteraciones
inducidas por la deshidratacion en las bandas caracteristicas del enlace amida. Sin
embargo, esto no excluye el uso de la espectroscopia FTIR para realizar dicha
estimacion (van de Weert et al., 2001). Incluso, los posibles cambios que pudieron

haberse generado en la estructura de las proteinas por efecto de la liofilizacion debieron
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haber sido minimos ya que la morfologia no fue afectada, de acuerdo a lo visto en las
imagenes de obtenidas en MEB (Griebenow y Klibanov, 1995).

Con base en los resultados obtenidos, ademas de informacion en la literatura, existe la
posibilidad de que las nanoparticulas hayan sido formadas por enlaces disulfuro, debido
a la aparicion de una banda de gran amplitud a 560 cm™ vista en el espectro infrarrojo, la
cual puede ser asignada a la formacién de enlaces disulfuro (Sadeghi et al., 2014). Para
soportar esto, las proteinas (20-43 kDa) que estuvieron involucradas en la formacion de
nanoparticulas son ricas en cisteina (Tabla 1, anexos), aminoacido que puede formar este
tipo de enlaces entre residuos vecinos (Doi, 1993). Dichas proteinas (albuminas del
salvado de trigo) han sido previamente identificadas mediante espectrometria de masas
por Chaquilla-Quilca et al. (2017) utilizando el método reportado por Huerta-Ocampo et
al. (2014). Es decir, durante el proceso de agregacion térmica, las proteinas
experimentan un desdoblamiento parcial de su estructura nativa, la cual genera cambios
en la estructura tridimensional debido a la ruptura de enlaces de hidrégeno y grupos
hidrofobos no polares, lo cual causa que los grupos hidrofébicos y los grupos SH libres
se vuelvan mas expuestos y puedan formar enlaces disulfuro intermoleculares e
interacciones hidrofébicas entre las cadenas proteicas desplegadas, resultando asi en la
formacion de agregados (Shimada et al., 1989; Vetri, Librizzi, Leone, & Militello,
2007).

Es probable que el mecanismo de agregacion de las nanoestructuras obtenidas en este
trabajo sea el mismo que el propuesto por Aymard et al. (1996). Dicho mecanismo
consiste de agregacion en dos etapas. En la primera se forman agregados de pequefias
particulas (globulos) mediante intercambio disulfuro, el cual surge de monomeros
desnaturalizados que consecuentemente se asocian en dimeros. En la segunda etapa, los
gldbulos resultantes se agregan para formar estructuras fractales. De acuerdo a lo antes
mencionado, es posible considerar dicho mecanismo, ya que aparentemente las
nanoesferas estan formadas por agregados méas pequefios (30 nm de diametro), que
podrian haberse formado por enlaces disulfuro (glébulos), los cuales a su vez forman
agregados de mayor tamafio por interacciones fisicas tales como las fuerzas de van der
Waals, enlaces de hidrogeno e interacciones hidrofdbicas o electrostaticas (Le Bon et al.,
1999)

24



La presencia de nanoesferas de 30 nm vistas en MEB, luego de resuspender las
nanoparticulas en agua y sonicarlas durante 5 min, inclinan a considerar que las
interacciones agregado-agregado corresponden efectivamente a interacciones fisicas, ya
que una parte de estas se desagregaron de las nanoparticulas de mayor tamafio por efecto
del ultrasonido (Hu et al., 2013) a diferencia de las nanoparticulas que no fueron

expuestas a este.
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The aqueous extracts of wheat bran are rich in carbohydrates and contain water soluble proteins with a
high content of Asp and Glu, which could enable the fabrication of nanoparticles through the cold-set
gelation/desolvation of the proteins, while carbohydrates would act as the matrix on which the nano-
particles are formed. In order to test this hypothesis, in this work it was assayed the desolvation of the
wheat bran aqueous extracts using CaCl; as desolvation agent. Aggregates between 3 and 5 pm were
formed immediately after addition of a range of CaClz concentrations, as detected by dynamic light
scattering. Scanning electron microscopy showed that such aggregates consisted of spherical nano-
particles with diameters between 20 and 100 nm, immersed into a matrix composed mainly by poly-
saccharides. This matrix was disrupted by ultra-sonication and individual nanoparticles, arranged in a
necklace fashion, were visible by scanning electron microscopy in transmission mode. This is the first
report on the formation of nanoparticles from an aqueous extract of wheat bran by a cold-set gelation/
desolvation approach.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

nanostructures (Foegeding & Davis, 2011; Kratz, 2014; Rohiwal
et al., 2015; Saglam, Venema, van der Linden, & de Vries, 2014).

An interesting application of food nanotechnology is the nano-
encapsulation of molecules sensitive to surroundings (Khare &
Vasisht, 2014). Proteins are perhaps the most important bio-
polymers for producing nanoparticles intended to nano-
encapsulation, not only because are biocompatible and
biodegradable but also because of a great chemical diversity that
permits a variety of non-covalent interactions, inter- and intra-
molecular, which enables the design of different types of

* Corresponding author.
E-mail address: rbalandran@ciad.mx (R.R. Balandran-Quintana).

http:/fdx.doi.org/10.1016/j.foodhyd.2016.07.034
0268-005X/© 2016 Elsevier Ltd. All rights reserved.

There are two main methods for preparing protein nano-
particles: coacervation/desolvation and emulsification. Coacerva-
tion is based on the conformational changes of the proteins when
exposed to desolvation agents, such as ethanol or acetone, which
leads to precipitation and concomitant formation of nanoparticles;
these nanoparticles can be stabilized by the addition of a cross-
linking agent, more commonly glutaraldehyde. In the emulsifica-
tion method the protein is emulsified in oil and the nanoparticles
are formed at the w/o interface; surfactants and crosslinking agents
are used to stabilize the emulsion and the nanoparticles, respec-
tively, whereas the oil phase has to be removed with organic sol-
vents (Arroyo-Maya, Herndndez-Sanchez, [iménez-Cruz, Camarillo-
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Cadena, & Herndndez-Arana, 2014; Lohcharoenkal, Wang, Chen, &
Rojanasakul, 2014).

A third strategy, although not extensively reported, consists in
adaptations to the cold-set protein gelation process. In this method
a protein solution is first preheated, then is cooled out to room
temperature, followed by adjustment of pH to basicity and, finally,
by addition of a divalent ion (for example Ca*). In a strict sense, the
cold-set gelation process for preparing protein nanoparticles is also
a desolvation one since the net charge of the protein becomes
negative due to the basic pH, permitting the calcium ions be elec-
trostatically attached by replacement of the solvation layer of water
that surrounds the protein surfaces. Under such condition, Ca®* act
as bridge between two protein molecules, eliminating the repulsive
forces. Although in the cold gelation the result is a bulky gel, it is
also possible to obtain nanoparticles through a precise control of
the process variables. One advantage of this method is that avoids
the use of glutaraldehyde (toxic) and organic solvents
(Hongsprabhas & Barbut, 1997; Ju & Kilara, 1998; Sadeghi,
Madadlou, & Yarmand, 2014; Zhang, Liang, Tian, Chen, &
Subirade, 2012).

Proteins from animal origin are by far the most studied to pre-
pare nanoparticles, however there are a few reports about pro-
ducing nanoparticles from plant proteins (Duclairoir, Orecchioni,
Depraetere, Osterstock, & Nakache, 2003; Joye, Nelis, &
McClements, 2015; Zhang et al, 2012). In this context, the pro-
teins contained in agroindustrial byproducts of vegetable origin are
interesting because of potential add value. Wheat bran (WB), i.e.
the outer set of layers of the wheat kernel obtained as byproduct
after milling, contains 14—20% (w/w) of total protein (Crundas &
Wrigley, 2004; Shewry et al., 2009; USDA, 2014). WB is almost
entirely used for animal feed but the proteins are not assimilated at
all (Donangelo & Eggum, 1985; Saunders, 1978) so these bio-
molecules are underutilized.

The water soluble protein fraction of WB, i.e. the albumin frac-
tion, is mainly localized in the outer layers (Jerkovic et al., 2010;
Shewry et al, 2009). Although its extraction is simple (Idris,
Babiker, & El Tinay, 2003; Jerkovic et al, 2010), the protein con-
centration in the powdered extracts is not high enough because of
the presence of carbohydrates, mainly dietary fiber (Chaquilla-
Quilca et al., 2016). Since a further purification would lead to low
yields, an innovative approach for using the extracts as a whole is to
take advantage of the coexistence of proteins and carbohydrates,
having these latter the role of scaffolds on which protein assemblies
could be formed. This concept has already been addressed in the
supramolecular assembly of peptides andfor proteins (Brown,
Aksay, Saville, & Hecht, 2002; Chaquilla-Quilca et al., 2016;
Thakur, Prashanthi, & Thundat, 2013).

In general, albumins are proteins characterized by a significant
content of the acidic amino acids Asp and Glu, whose carboxylate
side groups develop a negative charge at pH greater than 7.0. This
feature imparts the water solubility properties of albumins in the
native state (Pace, Trevino, Prabhakaran, & Scholtz, 2004) as well as
the susceptibility to form nanoparticles through a cold gelation
approach and the possibilities of electrostatic adsorption of other
molecules. In sight of their amino acid profile (Shewry et al., 2009),
the WB albumins could exhibit all these properties besides a high
capacity of reversible binding to hydrophobic molecules, all of
which is considered advantageous for the preparation of nano-
particles (Yedomon, Fessi, & Charcosset, 2013).

To the best of our knowledge, there are no reports dealing with
the preparation of nanoparticles from the proteins contained in
aqueous extracts of WB by desolvation and/or adaptations to the
cold gelation process. Thus, the objective of this investigation is to
synthesize nanoparticles from the aqueous WB extracts by the cold
gelation/desolvation method.
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2. Materials and methods
2.1. Materials

Wheat bran (Triticum aestivum L.) was purchased in a com-
mercial mill of Hermosillo, Sonora, Mexico. The proximate
composition, amino acid profile and neutral sugar composition
were analyzed according to the methods outlined in sections
2.3.1-2.33. All the reagents, unless otherwise specified, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Washing of WB
and extraction, as well as the preparation of solutions and reagents,
were performed with deionized water (18 MQ) obtained with a
Milli-Q system (Bedford, MA, USA).

2.2. Aqueous extraction of the wheat bran

Before the aqueous extraction, WB was sieved through a
40 mesh, washed by immersion in cold water and then dried at
40°C, as described in Campas-Rios et al. (2012). The extraction was
performed by mixing WB and cold water in a 1:10 ratio, w/v, into
50 mL conical tubes which were placed on a rotary wheel for 3 h at
4 °C. After this period, the aqueous extracts were filtered through
organza cloth in order to separate the larger particles; then the
extracts were collected and centrifuged for 20 min at 5,500g. The
supernatants were recovered, frozen at —40 °C and lyophilized on a
Labconco lyophilizer (Labconco®, MO, USA). The liophylized pow-
der, labeled as the aqueous extract of wheat bran (AEWB), was
stored at —40 <C for subsequent treatments or analysis.

2.3. Characterization of the AEWB

2.3.1. Proximate analysis and soluble protein

Total protein (Nx5.75), moisture, fat, dietary fiber and ash, were
quantified by methods 2001.11, 950.02, 920.39C, 985.29 and 942.05
of the AOAC (1990), respectively; the total carbohydrate content
was estimated by difference. The soluble protein was analyzed by
the Bradford method (Bradford, 1976).

2.3.2. Amino acid profile and moelecular mass of AEWB proteins
The amino acid profile was determined by hydrolysis of samples
at 110 °C with 6 N HCl, derivatization with o-ftalaldehyde and in-
jection in a HPLC chromatograph Varian 910 (Varian instrument
group, Walmut Creek, CA), equipped with a reverse phase column
C-18 (Rainin Instruments LLC, CA) and using a standard amino acid
kit, 0.1 mol/mL, from H Thermo Scientific (Rockford, IL), according
to Vdzquez-Ortiz, Caire, Higuera-Ciapara, and Herndndez (1995).
SDS-PAGE under non-reducing conditions was run to determine
the molecular mass profile of the AEWB proteins. Both, AEWB and
hydrolysates were dissolved in buffer pH 8 and subjected to SDS-
PAGE, 12% polyacrilamide, in a Mini Protean Tetra Cell (Bio-Rad
Laboratories Inc., Hercules, CA) at 80 mV for 3 h. All the chemicals
for the SDS-PAGE, including the standard molecular mass markers
and Coomassie blue for staining were from Bio-Rad. Gels were
documented in a Gel Doc™ XR + System, also from Bio-Rad.

2.3.3. Neutral sugar composition

For the neutral sugar analysis the AEWB was hydrolyzed with
1 M HCl at 100 °C for 150 min, followed by cleaning and filtering
through Sep-pak C18 cartridges (Waters Corp., USA) and GH Poly-
pro membranes, 0.45 um (Pall Corp., USA), respectively. After
filtering, the samples were dried under air flux and reconstituted
with HPLC grade water; this process was repeated twice to ensure
remove any remaining acid. The dry samples were reconstituted
with HPLC grade water in appropriate concentrations and filtered
through Acrodisc syringe filters, 0.45 um (Pall Corp., USA). Aliquots



J.G. Luna-Valdez et al. / Food Hydrocolloids 62 (2017) 165-173 167

were analyzed by HPAEC-PAD (Dionex, Sunnyvale, CA). The elution
times of samples were compared with those of standard sugars
(Sigma-Aldrich) and concentration was calculated from the peak
areas.

2.3.4. Elemental composition of the AEWB

The elemental composition of AEWB was analyzed by energy
dispersive X-ray spectrometry (EDS) on a JEOL |[SM-7600F electron
microscope (JEOL Ltd., Tokyo, Japan), equipped with a low angle
backscattered electron detector. Measurements were made within
80 s and the scanned average areas were of 1540 pm? for the
desolvated samples, 4465 um? for the AEWB and 42,120 um? for the
control, respectively. Data are reported as % atom.

2.3.5. Analysis of functional groups in AEWB

The analysis of functional groups was made by FTIR spectros-
copy at 25 °C on a ThermoNicolet Nexus 670 FT-IR spectrometer
(ThermoNicolet Analytical Instruments, Madison, WI) in pellets of
KBr containing the AEWB samples. Data were collected in the range
of 4000—400 cm~" with a resolution of 4 cm~" and each spectrum
was the result of 64 scans.

2.3.6. Morphology and particle size

The morphology and particle size of the AEWB was visualized by
scanning electron microscopy (SEM). Samples were placed on SEM
grids and coated with gold palladium on a pumped-rotary sputter
coater Q150R ES (Quorum Technologies Ltd., USA). SEM was carried
out on a JEOL JSM-7600F electron microscope (JEOL Ltd., Tokyo,
Japan) at 2.0 kV.

2.4. Desolvation of the AEWB with CaCl»

2.4.1. Preparation and pre-conditioning of an AEWB stock selution

The AEWB powder was dispersed in water in a w/v ratio that
ensured a protein concentration of 8 mg/mL in the resulting final
stock solution. This dispersion was sonicated for 20 min at room
temperature. In the preliminaries, the pH adjustment to 8.0 of a
stock solution resulted in a white precipitate, which could interfere
with the further pre-conditioning and desolvation steps. Because of
this, a slight modification to the conventional procedure was made:
the adjustment of pH to 8.0 (with 1.0 M NaOH) was done before the
thermal pre-conditioning and the precipitate was removed by
centrifugation. Then, the dispersion was centrifuged at 6,000g,
20 min, 10 *C. The supernatant, considered the stock solution, was
recovered and conditioned to 68.5 °C in water bath for 3 h in order
to facilitate the unfolding of the proteins; finally, it was cooled out
to 25 °C with running water and was analyzed for its content of
soluble protein.

2.42. Desolvation treatments with CaClz

Desolvation of the pre-conditioned AEWB stock solution was
carried out into a series of 2 mL aliquots, adding to each one 200 uL
of 0.25, 0.5, 1.0 or 1.5 M CaCly, with no stirring. An aliquot con-
taining the protein solution, with no addition of CaClz, was evalu-
ated as control. After the addition of CaCl; the physical changes at
first sight were recorded immediately, each hour for 3 hand at 24 h.
When phase separation occurred, samples of the supernatants and
precipitates were analyzed for soluble protein, dynamic light
scattering and z potential (described in section 2.5.1). Finally, the
precipitates constituting the desolvated phases of each treatment
were recovered, frozen and lyophilized for their subsequent
characterization.

2.5. Characterization of the desolvated and lyophilized AEWB

2.5.1. Particle size distribution, z potential and soluble protein

The samples of supernatants and precipitates obtained after
desolvation (section 2.4.2), were diluted to a protein concentration
of 1 mg/mL, pH 8.0, in order to measure the particle size distribu-
tion by dynamic light scattering (DLS) as well as the z potential. The
measurements were made at 25 °C in a Zetasizer Nano ZS90
(Malvern Instruments Ltd., Malvern, UK). Soluble protein was
determined by Bradford.

2.5.2. Electron microscopy, SEM and STEM

The morphology and size of particles of the desolvated AEWB
corresponding to each treatment, were visualized by SEM in the
same way as described in section 2.3.6. In addition, samples of the
treatment 0.25 M CaCl; were analyzed by scanning transmission
electron microscopy (STEM). For this, 50 mg of powder were re-
suspended in 1 mL of water and sonicated for 5 min at 25 °C.
Then, 15 pL of this suspension were placed on a 200 mesh copper
grid, diameter 3 mm, coated with formvar. After air drying at room
temperature, the analysis was run in the STEM instrument at 30 kV.

2.5.3. Elemental composition
The elemental composition of the samples corresponding to
each treatment was analyzed by EDS as described in section 2.3.4.

2.5.4. Functional groups (FTIR)
Functional groups of the desolvated phases were analyzed by
FTIR spectroscopy as described in section 2.3.5.

2.5.5. X-ray diffraction

Because crystal-like structures were detected by SEM in the
treatment 1.5 M CaClz, samples of this treatment as well as 0.5 M
CaClz and AEWB were subjected to X-ray diffraction in order to
corroborate their amorphous or crystalline nature. The analysis was
made in a SIEMENS D5000 X-ray diffractometer. Measurements
were made in samples of 0.02 g, wavelength 1.54 A, 20 values from
3 to 70° and a time step of 12 s.

2.5.6. Statistical analysis

Experiments were performed by triplicate and the results dis-
played on tables represent the mean value + standard error. Means
analysis was performed by the Tukey's test (p < 0.05) in the NCSS
software (Number Cruncher Statistical Systems. Kaysville, Utah,
USA).

3. Results and discussion
3.1. Aqueous extraction of WB

Sieving and washing of WB by immersion in cold water are
important steps to remove starch granules and adherent endo-
sperm protein. SEM micrographs of representative samples show
that starch granules were mostly removed from WB after washing
(Fig. 1) as well as the polymeric glutenins, one of the two repre-
sentative groups of proteins of the endosperm with MW > 100 kDa
(Hurkman & Tanaka, 2007; Shewry et al., 2009) as seen in the SDS-
PAGE gel (Fig. 2). It is assumed that gliadins, the other group of
predominant endosperm proteins, as well as globulins and albu-
mins from endosperm, were removed, but this is difficult to assert
because their MW profile is similar to that of the WB albumins
(Jerkovic et al., 2010).

After aqueous extraction and lyophilization, a straw-colored
powder was obtained, yielding 7 g/100 g of WB. Because neither
isolation nor partial purification of the proteins was performed, it
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Fig. 1. SEM micrographs of wheat bran, before and after preparation for aqueous extraction. (A—B) before sieving and washing; (C—D) after sieving through 40 mesh; (E-F) after

washing and drying at 40 °C.
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66.2/
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Fig. 2. SDS-PAGE of the aqueous extract of wheat bran (AEWB). Electrophoresis was
run under non-reducing conditions in a 12% gel, at 80 mV. Line 1, MW standard; line 2,
AEWB.

would be inappropriate to speak of albumins, so it was labeled
AEWB.

3.1.1. Proximate analysis, amino acid profile and neutral sugar
composition of WB and AEWB

Table 1 shows the proximate composition and amino acid pro-
file of both WB and AEWB. The values found for WB are very similar
to the average values reported in the literature (Saunders, 1978;
USDA, 2014) but it was no possible to compare the AEWB
because of the lack of references. However, it is reported that the
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Table 1
Proximate analysis, amino acid profile and neutral sugar composition of WB and
AEWB.

Proximate analysis (g/100 g) Amino acid content (g/100 g

protein)
WB AEWB WB AEWB
Water 37+00 88+0.19 Asp 291:02 46x04
Protein (Nx5.7) 136 +084 228+059 Glu 158006 13205
Fat 84+032 630+017 Ser 3.15x02 315x£0.1
Ash 514+002 194+009 His 872+05 69+03
Total fiber 515+029 629+048 Gly 971+06 96+06
Total carbohydrates” 17.8 364 Arg 312:02 391:04
Neutral sugars (ug/mg) Ala 350+01 575+03
Ara 138 £ 007 068004 Tyr 68906 534:04
Gal 0.84 +£0.01 090+001 Met 343+04 228+02
Glc 423 +0.18 3.14+008 Val 466+02 424:03
Xyl 51+033 042+001 Phe 420+02 3.13+04
Ara/Xyl 03 1.6 lle 371+02 336:03
Leu 7.10+04 599 +04
Lys 15201 192:02

# Calculated by difference to 100.

content of albumins in the WB is about 20% relative to total protein
(Idris, et al., 2003; Jones & Gersdorff, 1923), so we can estimate a
protein extraction yield of 52%. The high content of ash and car-
bohydrates in the AEWB are due to the co-extraction of minerals
and soluble fiber, both present in the WB in significant quantities
(USDA, 2014).

Regarding the amino acid profile, Asp and Glu were present in
high concentrations in WB, especially Glu, which also has been
reported by other authors (Shewry et al., 2009). As expected, the
same was observed for AEWB since it is known that albumins have
major proportions of acidic amino acids, which favor the water
solubility (Pace et al., 2004). These amino acids could facilitate
protein-protein interactions by cross-linking through divalent cat-
ions like Ca?*, because of the negative charges developed by the
side carboxylate groups at pH greater than 7.0 (Nelson & Cox,
2008).

Also in Table 1 is shown the composition of neutral sugars.
Because of differences in extraction methods and degree of puri-
fication, is not appropriate to compare the percentage of each sugar
with data in literature. However, the important data is the Ara/Xyl
ratio since this value indicates the substitution degree of the xylan



J.G. Luna-Valdez et al. / Food Hydrocolloids 62 (2017) 165—173 169

Table 2
Elemental composition (% atom) of AEWB and samples subjected to treatments with
CaCly.

Element AEWB Ca(l; concentration (M)

0 (control) 0.25 05 1.0 1.5
C 40.42 4277 46.35 4211 4299 40.62
N 53 361 nd nd nd nd
o 43.39 4938 3525 3498 2735 40.18
Na nd* 1.05 1.38 2.09 142 1.67
Mg 0.77 0.14 0.5 0.53 1.29 0.23
P 3.54 0.68 5.28 6.22 7.62 4.17
s 027 0.08 0.55 0.47 038 0.31
cl 0.26 0.16 133 281 523 4.54
K 6.06 212 427 442 5.07 24
Ca nd nd 5.08 6.36 8.65 5.87

* nd = No detected.

backbone with Ara residues, which in turn depends on the
anatomical part of the wheat grain. The average value of the Ara/Xyl
ratio in the water extractable arabinoxylans of wheat endosperm is
0.5 (Saulnier, Sado, Branlard, Charmet, & Guillon, 2007) and this
ratio is very similar to that of the whole bran (0.6) as can be
calculated from the data reported by Maes and Delcour (2002).
Among the different layers of the bran, however, the Ara/Xyl ratio is
higher in the pericarp than in both the intermediate and aleurone
layers; the values for the latter are around 0.37 whereas in the
pericarp the ratio is 1.14 (Antoine et al., 2003). The high Ara/Xyl
ratio of 1.6 in AEWB indicates the presence of arabinoxylans coming
from the outer pericarp. The high content of glucose in AEWB is
surely due to the presence of f-glucans and starch that were into
the pericarp layers.

3.1.2. Elemental composition

The elemental composition of the AEWB indicates the elements
in WB that were extracted with water (Table 2), the most abundant
of which are C and O because of the high levels of organic material.
Mineral reserves in WB are in the globoid portion of the protein
bodies of the innermost layer or aleurone, mainly in the form of
phytin, the cationic salt of hexametaphosphoric acid (phytic acid).
The globoids contain P, K and Mg, but not Ca (Lott & Spitzer, 1980);
the latter, as well as Mn, Si and Sr, are in the outermost layers of
pericarp (Brier et al., 2015). It seems difficult that aleurone globoids
had been extracted by diffusion; however, it is possible that these
were released from cells which were broken during milling,
explaining thus the relatively high contents of P, K and Mg. The
absence of Ca in the AEWB indicates that this could form very stable
complexes with other components of the pericarp (Anglani, 1998)
so it was no removed.

Table 3
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Fig. 3. FTIR spectra of the aqueous extract of wheat bran (AEWB), before and after cold
gelationfdesolvation with 0.25, 0.5, 1.0 or 1.5 M CaCl,.

Due to system complexity, it is difficult to predict a certain
pattern on the elemental composition of the samples in response to
the treatments; however there are some aspects that draw atten-
tion in the context of the nanoparticle formation. One of them is
that no nitrogen was detected in any of the samples subjected to
desolvation, which is strange since the protein content in all of
them is high, as can be seen in Table 3. Possibly this is because the
proteins are in the center of the matrix, covered by a layer of
polysaccharides and/or other components, so that the X-rays were
not able to reach the amino acid residues and excite the electrons of
nitrogen. This idea is plausible because it has been reported that the
matrix has significant effects on the detection of nitrogen by SEM-
EDS (Gazulla, Rodrigo, Blasco, & Orduia, 2013); further studies are
needed in this regard.

Another interesting fact is the higher content of all the minerals
in the desolvated samples with respect to the control (i.e., the
suspension of AEWB which was subjected to the heat treatment but
not to desolvation), suggesting that these were co-precipitated and
form part of the complex in which the nanoparticles are embedded,
or even are part of the nanoparticles themselves. It is also

Soluble protein, average particle size and z potential, in the supernatants and precipitates of a dispersion of AEWB after desolvation with CaCls.

CaClz (M) Soluble protein {mg/mL) Average particle diameter (nm) Z potential (mV)
Supernatants

0 80+02° 914 + 3.8° ~116 £ 0.9°
0.25 6.7 £ 09" 875 + 532" -10.83 £ 0.5"
0.5 47 +19° 740 + 27.5° -7.7 +09°

1.0 14019 1025 + 31.6° -3.99 + 05°
15 13 +0.03¢ 3278 + 8.5° -434 + 08¢
Precipitates

0 - 1098 + 32° —127 £ 04°
0.25 19.7 +0.7° 3498 + 173° —11.7 + 0.65°
0.5 20.6 = 0.9° 3528 + 613° —11.15 £ 0.64°
1.0 173 £ 19 3327 + 385° 7.0+ 1.0°

15 174 + 08 5351 + 413¢% —-10.0 + 017"

“Superscripts in a same column indicate significant differences.

37



170 J.G. Luna-Valdez et al. / Food Hydrocolloids 62 (2017) 165—-173

1pm

X 5,000 x 150,000

B D

x 150,000

“108m f

,:"’
%' 100nm

« % 100,01

Fig. 4. SEM images of the particles obtained after subjecting the aqueous extract of wheat bran (AEWB) to cold gelation/desolvation with a range of CaCl, concentrations.

noteworthy the highest content of Mg, P, K and Ca in the treatment
1.0 M CaCl; (Table 3) and the abrupt decrease at 1.5 M. This is
probably due to that, in the former case, most of the minerals were
used in the nanoparticle formation; however, at the light of these
results there is no explanation for the decrease at 1.5 M.

3.1.3. Functional groups by FTIR

In Fig. 3 are observed the IR spectra of the AEWB subjected to
desolvation in the whole range of CaCl, concentrations. Spectra
show the characteristic bands of proteins and polysaccharides,
which are the major components of AEWB. The region between 800
and 1200 cm™" corresponds to polysaccharides (Robert, Marquis,
Barron, Guillon, & Saulnier, 2005) whereas those at 1200—1400
(amide I11); 1500 (amide II); 1600 (amide I), and 3300 cm™"' (amide
A) are representative of proteins (Barth, 2007). The broad band in
the 3000-3600 cm~' region is assigned to the OH groups
(Sweeting, 1998).

3.2. Desolvation of the AEWB

After adding CaClz in the whole range of concentrations, sam-
ples quickly changed from opaque amber to a cloudy appearance
and two phases were discernible: a precipitate and a turbid su-
pernatant. The higher the concentration of CaCl, added, the denser
the precipitate and the less turbid the supernatant. Within the
following 3 h the two phases were better defined. At the end of the
24 h period the precipitates were beige, while the supernatants
looked clear yellow.

3.3. Characterization of the desolvated AEWB samples

3.3.1. Particle size and z potential

In Table 3 are presented the protein content, the average size of
particles and the zeta potential of the precipitates and supernatants
resulting from the desolvation with CaCl; (before lyophilization). As
can be seen, the protein content was much higher in the pre-
cipitates than in the supernatants, a clear demonstration that
protein aggregation was induced by desolvation. Regarding the
particle size, there was a step-down decrease in the average size of
the particles that remained in the supernatants in the range of
0—0.5 mM CaCl, whereas beyond this point the inverse occurred.
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The rationale for this is as follows.

According to the zeta potential, the supernatant particles with
the most net negative charge are those of the control (Table 3), so
that there is some electrostatic repulsion, although this is not
enough to avoid formation of agglomerates due to the establish-
ment of no electrostatic interactions such as hydrophobic, van der
Waals, etc. The calcium ions that remained in supernatants (after
the addition of increasing concentrations of CaCly to the AEWB)
neutralized the negative charges to some degree but the net charge
was still negative so that repulsion prevailed. Since the system
would be more thermodynamically favorable because of the in-
crease in entropy (Fiorucci & Zacharias, 2010), the agglomerates
formed by non-electrostatic attractions were taken apart to allow a
greater exposed surface and, consequently, the average particle size
decreased slightly; this effect became more pronounced at a con-
centration of 0.5 M CaCl,. However, at 1.0 and 1.5 M CaCl,, the
concentration of the remaining calcium ions was so high that the
net charge became significantly less negative, as indicated by the
zeta potential; in such conditions, the minor repulsion between
particles allowed a closer proximity and the formation of cross
linking with Ca®*, resulting in agglomerates up to three times
larger than the particles of the control.

The almost equal particle size of both supernatant and precipi-
tate from control (Table 3), corroborates that the addition of CaCl,
triggered the agglomeration and that the pre-conditioning had a no
significant effect on it. The diameter of particles was maintained
constant in the range 0.25—-1.0 M CaCl; and raised significantly at
1.5 M, which could be due to the higher concentration of Ca?* that
favored the intermolecular interactions. These results are similar to
those of Zhang et al. (2012), who evaluated the effect of the CaClz on
the formation of nanoparticles from isolated soy protein; the au-
thors found that the higher the concentration of CaClz the larger the
particles and the precipitates, regardless the pH and protein con-
centration. Also Giilseren, Fang, and Corredig (2012) reported that
increasing concentrations of the desolvation agent (ethanol in that
study) resulted in increasing sizes of nanoparticles.

The decreasing z potential (less negative) in the present study
corresponds well with this reasoning in the range 0.25—1.0 M CaCl,,
but the abrupt rise at 1.5 M (more negative) is not explained in
these terms because at such concentration the number of
remaining negative charges would be lower, so the z potential must
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be less negative. An unknown event took place at this concentra-
tion, which inhibited the Ca?* to form interactions with proteins
but resulted in large particles.

3.3.2. Morphology of the particles in the desolvated AEWB

Particles of the AEWB powder (Fig. 4A) and the control treat-
ment (Fig 4B) had a smooth surface. Because of this, the highest
possible resolution was achieved at a 5,000x magnification and it
was not possible to see their internal structure. However, it is
observed that the addition of CaCl; had a noticeable effect on the
microstructure, because even at the lowest concentration of 0.25 M,
particles approximately spherical with diameters between 20 and
100 nm were formed; these are bound together or embedded in
what appears to be a matrix (Fig. 4C). Something very similar is
observed at the 0.5 M concentration but with a lower resolution at
the same magnification (150,000x) (Fig. 4D). This blurring may be
due to the bright produced by backscattered electrons of Ca and
other minerals like P, K and Mg (Talbot & White, 2013) and indicates
that these could form part of the nanostructures. Such effect was
greater at 1.0 M, since the image with highest resolution was ob-
tained at a magnification 3 times lower, i.e. 50,000x (Fig 4E). Here,
agglomerates of particles are also observed, however the definition
of these is not as clear as in 0.25 M besides prevailing the matrix
phase.

At an even higher concentration of CaCl, 1.5 M, some structures
in the micrographs were observed, which seem to be mineral
crystals (Fig. 4F) and could indicate that at such concentration of
salt the nucleation and crystal growth prevails over the assembly
that leads to the nanoparticle formation. The X ray diffraction
analysis showed that the AEWB was amorphous (Fig. 5A), whereas
in the sample 0.5 M it was detected by indexation some
NazCOs-H20 (Fig. 5B) which probably came from the reaction of the
sodium present in the sample, with atmospheric COz. By the other
hand, in the sample 1.5 M there were found crystal formations of
sylvite (KCl), brushite CaHPO4-2H20, wedellite (CaC204-2H20), and
sodium magnesium phosphate [Nag13Mg1.44(P0O4)3] (Fig. 5C).

The crystal growth is a probably explanation for the abrupt
decrease in the content of Mg, P, K and Ca at 1.5 M after the
maximum reached at 1.0 M as well as for the corresponding more
negative z potential at this concentration (Table 3). The rationale is
that minerals were more available for crystal growth than for the
establishment of the molecular interactions that leads to nano-
particle formation, resulting in a minor number of neutralized

Fig. 6. STEM image of the aqueous extract of wheat bran (AEWB) subjected to cold
gelation/desolvation with 0.25 M CaCl,.
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negative charges on the protein surface and so in a more negative z
potential. By the other hand, the increase in the particle size was
surely due to the crystal formation rather than to agglomeration of
the matrix that contains the nanoparticles. We consider this result
very interesting because not only permits to establish the threshold
of CaCl; but shows the potential of the AEWB as scaffolds for the
induced mineralization of a variety of minerals, a subject which we
have already begun to investigate in the laboratory.

When a sample of the desolvated phase corresponding to the
0.25 M CaCly treatment was analyzed by STEM, spherical nano-
particles with diameter <100 nm were visualized, arranged in like
pearl necklaces segments (Fig. 6). This is an evidence that the
nanoparticles were imbibed in a polysaccharide matrix, since has
been reported the effect of the ultrasound in the degradation of
polysaccharides such as starch and chitosan (Czechowska-Biskup,
Rokita, Lotfy, Ulanski, & Rosiak, 2005), as well as of glucuronoar-
abinoxylans from WB (Hollmann, Elbegzaya, Pawelzik, &
Lindhauer, 2009). Interactions between particles of different seg-
ments are observed, establishing more complex associations. This is
interesting because it indicates the possibility of formation of
three-dimensional networks. Because of the nanometer size of in-
dividual particles, such three-dimensional structures may be
transparent, which is a desirable feature in the manufacturing of
food products and/or pharmaceuticals.

4. Conclusions

Spherical nanoparticles with sizes between 20 and 100 nm were
obtained by subjecting the aqueous extracts of wheat bran to
desolvation with CaCl,, through the adaption of a cold gelation/
desolvation process. The nanoparticles appeared embedded in a
matrix, which was disturbed by ultrasound exposing thus indi-
vidual nanoparticles; these were observed to form interactions
leading to necklace like structures. At 1.5 M CaCl,, the growth of
several kinds of crystals prevailed over the nanoparticle formation.
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ABSTRACT

Spherical nanoparticles from protein-rich aqueous extracts of wheat bran have been
previously obtained through adaptations to the cold gelation/desolvation method.
Presumably, nanoparticles were formed by proteins, stabilized by calcium bridges and
immersed into a matrix of polysaccharides, but it was not demonstrated. In the present
work, cold gelation/desolvation experiments were performed with fractions resulting
from the separation of the wheat bran extracts by size exclusion chromatography.
Desolvated or undesolvated fractions were characterized by dispersive energy
spectroscopy, scanning electron microscopy, SDS-PAGE electrophoresis and infrared
spectroscopy. Nanoparticles of spherical shape with diameters between 190 and 250 nm
were formed from a protein fraction whose relative molecular masses were between 20
and 43 kDa. The protein nature of the nanospheres was demonstrated, but new evidence
suggests that calcium does not participate in their formation, but rather these are formed

by effect of mild heat treatment before the addition of CaCl..

Keywords: nanostructures; cold gelation; preparative chromatography; cereal

technology; protein nanotechnology.
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1. INTRODUCTION

The development of protein nanoparticles is a growing field with applications in the
pharmaceutical and food industries." Proteins are GRAS (generally recognized as safe)
substances and their functional properties of emulsion, foaming and gelling capacities,
permit their incorporation into food and pharmaceuticals.” The chemical diversity of
proteins favors a variety of molecular interactions such as hydrophobic, electrostatic,
hydrogen bonding, van der Waals, steric repulsion and disulfide bridges. The latter
govern protein conformation and aggregation but also drive the self-assembly to
fabricate nanoparticles with uniform shape and size.’

Among the methods used to make protein nanoparticles are emulsification* and heat-
induced gelation.” In the former, the protein is emulsified in oil by applying vigorous
shearing force and the nanoparticles are formed at the oil/water interface. Surfactants are
used to stabilize the emulsion and a cross-linker agent is added to control the size of the
nanoparticles.’ Heat-induced gelation is a multistep mechanism based on the disruption
of the native structure of proteins when are exposed to temperatures higher than that
necessary for denaturation’. In heat-induced gelation the gel structure is driven by
polymerization of the denatured proteins, which leads to an increase in viscosity. As the
aggregation process continues, it becomes necessary to apply mechanical shear force to
limit the growth of large agglomerates.”

Another strategy to fabricate protein nanoparticles, not commonly employed, is the
adaptation of the cold gelation/desolvation method.” In this process, a protein solution is
heated at temperatures below that of denaturation, followed by cooling to room
temperature and adjustment of pH to basicity. Finally, the protein solution is subjected to

desolvation through addition of divalent ions, usually Ca*".*” Heat treatment and basic
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pH make proteins to expose their negatively charged groups, favoring formation of
intra- and intermolecular Ca** bridges by electrostatic interactions. Thus, the repulsion
forces between proteins are eliminated and subsequent aggregation occurs.”** At a fixed
pH value, particle size can be controlled via the concentration of Ca?*.* The advantages
of this method, compared to those of emulsification and heat-induced gelation, is that the
use of organic solvents and shear forces are avoided.>*?

Most of the reports on obtaining protein nanoparticles by the heat-induced gelation,
emulsification, and desolvation methods involve proteins derived from whey."*** Few

efforts have been directed to develop nanoparticles based on plant proteins, even though

these are more affordable and acceptable to consumers. Among the few examples are the

11,15 16-17

soy protein isolates, " wheat flour gluten, zein™® and wheat bran (WB) proteins.” In
this context, spherical nanoparticles after cold gelation/desolvation of an aqueous extract
of WB have been reported.” The nanospheres had diameters between 20 and 100 nm and
were embedded within a matrix, so their composition and mechanism of formation were
difficult to discern. Nanoparticle formation and stabilization was attributed to proteins
and Ca*", respectively, but the complex nature of the WB extracts raises the question of
whether other components were involved. In the present study, size exclusion
chromatography (SEC) was used to purify the proteins of aqueous WB extracts. Then,

cold gelation/desolvation assays were conducted with the SEC fractions to elucidate if

proteins were involved in nanoparticle formation.
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2. MATERIALS AND METHODS

2.1. Materials

The WB (Triticum aestivum L.) was purchased at a commercial mill in Hermosillo,
Sonora, México. All chemicals, unless otherwise noted, were from Sigma-Aldrich
(Sigma-Aldrich, St. Louis, MO, USA). Washing and extraction of WB, as well as
reagent preparations, were performed with deionized water (18 MQ) obtained from a

Milli-System (Bedford, MA, USA).

2.2. Aqueous extraction of WB

Prior to aqueous extraction, WB was rapidly washed by immersion in cold water and
then dried at 40 °C as previously described.”® Aqueous extraction was performed
according to the procedure reported in literature.” Briefly, WB was mixed with water
(1:10 w/v) and extracted for 3 h at 4 °C. The extracts were filtered and the resulting
filtrate was centrifuged for 20 min; supernatant was frozen at -40 °C and lyophilized
(Labconco®, Kansas, MO, USA). The lyophilized powder was labeled as aqueous

extract of WB (AEWB) and stored at -40 °C until subsequent treatments or analysis.

2.3. Size exclusion chromatography (SEC)

2.3.1. Column preparation
The AEWB was subject to further purification by SEC using a XK 16/70 preparative
column, packed with 140 ml of Superdex 75 pg (GE Healthcare Bio-Sciences AB,

Uppsala, Sweden). The column was equilibrated by passing 7.7 bed volumes of a buffer
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prepared with 50 mM sodium phosphate plus 150 mM NaCl, pH 7.2. Flow rate was
maintained at 8 ml/min, using a peristaltic pump FH 100 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Column efficiency was tested according to instructions of the
fabricant by eluting 0.7 ml of 1% acetone and collecting fractions of 0.75 ml;
absorbance at 280 nm of each fraction was measured in a UV-Vis Cary 60
spectrophotometer (Agilent Technologies Inc, Headquarters, Santa Clara, CA, USA). By
plotting Absygo nm VS. elution volume, a peak with a symmetric factor of 1.23 was
obtained, which was within the range of optimal efficiency. The zero volume of the
column (Vo) was 42.75 ml and was determined with Dextran blue 2000 (GE Healthcare

Biosciences AB, Uppsala, Sweden).

2.3.2. Preparation and separation of the AEWB by SEC

AEWB was dissolved (1:10 w/v ratio) in 50 mM sodium phosphate, 150 mM NacCl
buffer, pH 7.2, sonicated for 15 min and centrifuged at 3,000xg for 5 min. The
supernatant was vacuum filtered (0.45 pm). Then, soluble protein content of filtrate was
estimated by the Bradford method (1976) and adjusted to 3 mg/ml by dilution with the
phosphate buffer. Thus, the sample was ready to be injected into the column. The
maximum sample volume to be injected in order to obtain the highest possible yield
without compromising efficiency was 2.1 ml (1.5% of the column geometric volume).
For injections, a 3 ml syringe was used, avoiding the formation of air bubbles.

A typical SEC run consisted in injecting the AEWB and eluting with 50 mM sodium
phosphate, 150 mM NaCl buffer, pH 7.2, 1 ml/min elution rate. Volumes of 0.75 ml
were collected and the absorbance of each one was measured at 280 nm in the Cary 60

spectrophotometer. Each peak obtained in the chromatogram of elution volume versus
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Abs;s0 nm, Was considered a SEC fraction. The relative molecular weight of each SEC
fraction was calculated by using a standard curve constructed with proteins of known
molecular weight (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Twenty highly
reproducible SEC runs were performed and the eluates corresponding to each SEC
fraction were collected, pooled out and labeled according to their elution order as pk-
1...pk-n. The pooled SEC fractions were dialyzed in cellulose membranes (14 kDa
MWCO) immersed in deionized water (18 MQ cm™) for 24 h with three exchanges. The
dialysis process was done to eliminate salts from the buffer and was monitored by
measuring electrical conductivity and pH. SEC fractions were lyophilized and stored at -

40 °C after taking a sample of each one for UV spectroscopy (section 2.6).

2.4. Desolvation experiments with CaCl,

Lyophilized SEC fractions were individually dissolved in deionized water (4% wi/v).
Solutions were adjusted to pH 8.0 with 1 M NaOH and then centrifuged at 5,000xg for 5
min at 4 °C. Supernatants were recovered and their soluble protein content was
estimated.” Subsequently, supernatants were heated for 3 h in a water bath at 68.5 °C
and cooled under a stream of water to 25 °C. A volume of 0.25 ml of each solution was
individually desolvated using the necessary volume of 0.25 M CaCl; to reach a 0.00353
mmol CaCl,/mg protein ratio (Table 1). When two phases (supernatant and precipitate)
were formed after the addition of CaCl,, these were best separated and recovered after
centrifugation at 5,000xg. Then both were frozen out, lyophilized and stored at -40 °C
until further analysis. Control samples of each fraction with no addition of CaCl, were

also run. When precipitation occurred in some control fractions after the thermal
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treatment, the supernatant was recovered by centrifugation at 3,000xg for 3 min,

analyzed by SDS-PAGE as described in section 2.5 and subjected to desolvation.

2.5. Molecular mass profile (SDS-PAGE)

Proteins from AEWB and SEC fractions were resolved in 12% SDS-PAGE
polyacrylamide gel electrophoresis under reducing conditions.”* Samples containing 15
ug of protein were loaded to gels in a Mini-Protean Tetra Cell (Bio Rad Laboratories
Inc., Hercules, CA, USA) at constant voltage of 80 V and 14 mA. Gels were stained
with Coomassie Brilliant Blue (G-250). Broad range markers (Bio Rad Laboratories
Inc., Hercules, CA, USA) included myosin (200 kDa), B-galactosidase (116.2 kDa),
phosphorylase b (97.4 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 kDa),
carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa), lysozyme (14.4 kDa) and
aprotinin (6.5 kDa). The protein migration patterns were compared with the broad range
molecular weight standards from Bio-Rad and analyzed using the Image Lab program

(Bio-Rad, Hercules, CA, USA) of the Molecular Imager Gel Doc XR+.

2.6. UV spectroscopy of SEC fractions and Fourier Transform Infrared

Spectrometry (FTIR) of desolvated SEC fractions

In order to assist in the identification of proteins and polysaccharides in SEC fractions
and desolvated samples, UV spectroscopy and FTIR spectrometry were carried out.
Before lyophilizing, samples of the SEC fractions were scanned in the UV spectral

region in the Cary 60 spectrophotometer in order to identify characteristics absorbances.
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Additionally, lyophilized precipitates and supernatants of desolvated samples were
analyzed by FTIR. The latter was made with 50 mg of powder and data were collected in
the range of 4,000—400 cm™ with a resolution of 2 cm™; each spectrum was the result of
32 scans. A Nicolet FT-IR iS50 spectrophotometer (Thermo Fisher Scientific Inc.,

Waltham, MA, USA) was used.

2.7. Elemental composition

Elemental composition of desolvated SEC fractions was analyzed by X-ray dispersive
energy spectroscopy (EDS).” Analysis was made in a JEOL JSM-7600F electron
microscope (JEOL Ltd., Tokyo, Japan), equipped with a low-angle backscattered
electron detector. Measurements were performed at 80 s with average scanned areas of

39,600 um?. Data were reported as atomic %.

2.8. Morphology and particle size

Morphology and particle size of lyophilized supernatants and precipitates of treatment
and control samples were visualized by scanning electron microscopy (SEM). Each
sample was placed on the sample holder and then coated with palladium-gold in a
Q150R ES rotary pump ion-jet coater (Quorum Technologies Ltd., USA). SEM was
performed on a JEOL JSM-7600F electron microscope (JEOL Ltd., Tokyo, Japan) at 2.0

kV.
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3. RESULTS AND DISCUSSION

3.1. Size exclusion chromatography

Six fractions were obtained from the SEC purification of AEWB (Figure 1A). Peaks on
the chromatogram were identified according to their elution order as pk-1, pk-Int, pk-2,
pk-3, pk-4 and pk-5. The soluble protein content of the lyophilized and reconstituted
SEC fractions (4% wi/v) ranged 0.04—12.6 mg/ml, with relative molecular masses
0.4—94 kDa as seen in Table 2. The pk-Int fraction (Figure 1A) was considered as an
independent fraction because of the significant amounts of protein detected (4.78 mg/ml)
in the reconstituted lyophilisate.

Absorbance at 280 nm in the SEC fractions could be due not only to proteins, which is
more evident in fractions with low or no protein content, like pk-4 and pk-5 (Table 2).
Phenolic acids, from which ferulic acid is the most abundant in WB, are found in the
external layers”** frequently esterified with hemicelluloses, mainly arabinoxylans.?* To
discriminate between protein and phenolic compounds, UV spectroscopy is used.”
Typical shapes of esterified ferulic acid in the 320—340 nm region are seen in the pk-1
and pk-4 UV spectra (Figure 1B), whereas the single peak centered at 280 nm in the
other SEC fractions is assigned to protein or free phenolic compounds; in absence of
protein, the strong absorbance at 280 nm in pk-5 may be assigned to free ferulic acid.”
It is worth to note that there could also be phenolic compounds in pk-3, besides proteins,
since the more intense absorbance at 280 nm compared to that of pk-2 does not match its
protein content (Table 2). Thus, according to literature reports, protein determination
and UV spectral analysis, it is suggested that pk-Int and pk-2 are composed of protein,

although the presence of carbohydrates is not ruled out; pk-1 and pk-4 are a mix of
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esterified ferulic acid and protein; pk-3 is protein plus free phenolic compounds and pk-

5 may be composed of free ferulic acid.”

3.2. Desolvation experiment with the SEC fractions

Figure 2A shows the aspect of prepared SEC samples prior the thermal treatment; in all
cases clear solutions were seen. Within the first 2 min of thermal conditioning (Figure
2B) both pk-2 and its control became white and gelatinous. This observation was
interesting because the temperature was not enough to favor gelation in comparison to
that reported for WB proteins®® so it was considered worth to investigate it. To do this,
the experiment was repeated with a fresh sample of pk-2 (control) and after the thermal
treatment at 68.5 °C the formation of a white precipitate occurred again, which was
separated from the supernatant by centrifuging at 3,000xg for 3 min and was identified
as pk-2CP. The supernatant was identified as pk-2CS and a sample of it was taken and
identified as pk-2CS (2) in order to be desolvated as the rest of the SEC fractions.
Aliquots of both pk-2CP and pk-2CS were subjected to SDS-PAGE as described in
section 2.5 and the remainders were lyophilized and characterized like the precipitates of
all samples. The aspect of the rest of samples was unaltered by effect of the thermal
treatment and it was maintained during the following 3 h in all cases, except pk-3 and its
control, which presented a very small fraction of precipitate with the same color and
consistency as pk-2.

After the addition of 0.25 M CaCl; two discernible phases were quickly detected in pk-2
and pk-3 (Figure 2C) but not in pk-1, pk-Int, pk-4 or pk-5. The pk-2CS (2) sample also

formed two discernible phases after addition of CaCl, (not shown), which were
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identified pk-2S2 and pk-2P2 (i.e. supernatant and precipitate) and were lyophilized and

characterized like the rest of samples.

3.3. SDS-PAGE of AEWB and SEC fractions

A typical SDS-PAGE gel of AEWB and SEC fractions is shown in Figure 3A. The
molecular mass profile of AEWB was in the range 5—94 kDa, which matches well that
obtained by SEC. The sum of the bands of pk-1, pk-Int, pk-2 and pk-3 equals that of the
AEWB. No bands arose in pk-5 lane whereas two <14 kDa faint lines were observed in
pk-4, which is in accordance with the results of protein analysis (Table 2). The most
intense bands in pk-2 are between 20—30 kDa, while in pk-3 the most intense ones are
between 6—11 kDa. By the other hand, pk-Int had a range of molecular masses between
5—78 kDa.

Figure 3B shows the SDS-PAGE gels of the pk-2 fraction, the supernatant pk-2CS and
the precipitate pk-2CP. An extra lane was loaded with AEWB in order to show
reproducibility in the mass profile. If comparing the intensity of bands in pk-2, pk-2CS
and pk-2CP, it is evident that the precipitated proteins after the thermal treatment were
those of 20—43 kDa, contained in pk-2, since bands lower than 21 kDa remained in the

supernatant (pk-2CS).

3.4.FTIR

In Figure S1 and Figure S2 (Supporting Information), IR spectra of supernatants and
precipitates after desolvation of pk-1, pk-Int, pk-2 and pk-3 are shown. Those of pk-4
and pk-5 are seen in Figure S3. Spectra showed characteristic bands of proteins and

polysaccharides in the 1700—1500 cm™ and 1200—800 cm™ regions, respectively,”"?®
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which supports that discussed in the UV spectral analysis (section 3.1). The band
centered at 1050 cm™ and those around 1165 cm™ and 895 cm™ are assigned to C-OH
bending, glycosidic linkages and S-(1—4) linkages, respectively, and are characteristic
of arabinoxylans; it is not easy to distinguish ferulic acid from proteins by FTIR as both
components absorb in the same region.”® The most evident difference between IR
spectra of supernatants and precipitates is the change in shape of the 1050 cm™ band and
its shift to 1017 cm™. The latter can be attributed to the formation of carbohydrate-
protein complexes through intermolecular interactions or cross-linking through ferulic
acid substituents, as it is reported.”’ All these components are present in the SEC
fractions (section 3.1) so the addition of Ca™ ions could have been resulted in
carbohydrate-protein complexes through electrostatic interactions, which were reflected

in shifts of the band assigned to polysaccharides.

3.5. Particle morphology and size

In order to observe nanoparticle formation, lyophilized supernatants and precipitates of
desolvated SEC fractions were analyzed. Figure 4 shows SEM micrographs of
supernatants and precipitates of pk-1, pk-Int and pk-3 obtained after desolvation with
calcium, as well as their non-solvated controls. The pk-1 control (Figure 4A) had a
rough surface, that of supernatant was smooth (Figure 4B) and the precipitate presented
a coralloid morphology (Figure 4C).

Morphologies of control, supernatant and precipitate of pk-Int (Figure 4D-F) and pk-3
(Figure 4G-1) showed a similar pattern to that of pk-1, excepting that spherical and

ovoid shapes with sizes between 210 and 470 nm can be seen in the pk-3 control (Figure
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4G). The formation of these nanostructures may be due to proteins of molecular mass
between 20-31 kDa (Figure 3A). Proteins of the same mass are present in pk-2CP, which
formed the nanoparticles obtained. The shape of these nanostructures may be due to the
low concentration of these proteins® present in this fraction.

Figure 5 shows the particle morphology of supernatants and precipitates of pk-2, pk-2
control, and pk-2CS (2). The formation of rock-like particles with dimensions ranging
51—500 nm is observed in the supernatant of pk-2 (Figure 5A) whereas in the precipitate
(Figure 5B) spherical structures with diameters ranging 190—250 nm are seen, besides
some coral-like structures at the right of the image. In the precipitate of pk-2 control (pk-
2CP) spherical structures (Figure 5D) identic to those in the pk-2 precipitate (Figure 5B)
were formed, but not the coralloid structures observed at the right of Figure 5B. Since
pk-2CP comes from a control sample it is suggested that the nanoparticles were formed
prior the addition of CaCl, and that the thermal conditioning was responsible for their
formation. The latter is corroborated with the images shown in Figure 5E and Figure 5F
which correspond to the supernatant (pk-2S2) and precipitate (pk-2P2) of the pk-2CS (2)
sample, respectively (section 3.2). It can be seen in the precipitate (Figure 5F) a coral-
like morphology very similar to that of precipitates of all the evaluated fractions,
excepting pk-2CP (Figure 5D). This confirm that added calcium is not involved in the
formation of nanoparticles but rather in the precipitation of coralloid structures, which

indeed could be crystals.’

3.6. Elemental composition of desolvated SEC fractions
The elemental composition of supernatants and precipitates of SEC fractions subject to

desolvation with CaCl, are presented in Table S1, Table S2 and Table S3 (Supporting
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Information). Because of the organic origin of the samples, C and O were the most
abundant elements. The presence of N is due to the protein content.

The N content of pk-3 was higher than that of pk-1 or pk-Int in both, control,
supernatant or precipitate (Table S1 of Supporting Information). This result does not
agree with the lowest protein concentration in pk-3, according to the Bradford analysis
(Table 2). However, since EDS is a surface-analyzing method, penetration of x-rays is of
just a few nanometers® so it is suggested that proteins in pk-3 are in the surface and
hence more exposed to x-rays than in pk-1 or pk-Int. It is also interesting that in pk-1,
pk-Int or pk-3 the N content was not very different between their respective supernatants
and precipitates, which suggest that proteins in these fractions are not involved in
particle formation as was evident in Figure 4.

The absence of Ca in supernatants of pk-1, pk-Int and pk-3 (Table S1) confirms its
involving in the precipitates formed after desolvation in these fractions. Na and P are
probably due in part to remainders of phosphate buffer used in the SEC separation,
whereas P could also come from phytates present in the WB. The presence of S may
correspond to amino acid residues such as cysteine, whereas Cl in supernatants and
precipitates surely comes from CaCl, (the desolvation agent) since it was not detected in
controls.

Elemental composition of supernatant and precipitate of pk-2 control after thermal
treatment, as well as that of pk-2 and pk-2 (2) after desolvation, is shown in Table S2
(Supporting Information). Within a same sample it is observed that the highest N content
was in the precipitate and the supernatant of the pk-2 control, in which the formation of
spherical particles apparently free of coralloid structures was observed by SEM (Figure

5D). If comparing the composition of the precipitates from pk-2 control and pk-2, an
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evident difference in Na, P, Cl and Ca contents is seen. That is, the nanoparticles in the
pk-2 control precipitate are formed mainly by proteins, unlike those obtained in the
precipitate of desolvated pk-2, where the presence of coralloid structures was observed
in addition to nanoparticles (Figure 5B). A higher content of S is also seen, which
supports the presence of protein. The absence of Ca in the precipitate of the control
sample corroborates that Ca does not participate in the formation of nanoparticles.
Meanwhile, the elemental composition of pk-2P2 shows a higher content of Na, P and
Ca.

It is also observed in Table S2 that after desolvation and further precipitation protein is
still dissolved in the supernatant of pk-2 as suggested by the N content. However, the
latter is much higher in the pk-2 precipitate, which indicates that the nanoparticles seen
by SEM in Figure 5B are largely made up of protein. The contents of P and Ca in pk-2
and pk-2 (2) precipitates indicate that the coral-like structures seen at the right of Figure
5B and those in Figure 5F could be a form of calcium phosphate precipitated by

saturation of precursor ions once the addition of CaCls.

CONCLUSIONS

Nanoparticles of spherical shape with sizes between 190 and 250 nm were obtained after
thermal conditioning of a SEC fraction which contained proteins with molecular mass
between 20—43 kDa estimated by SDS-PAGE. The evidence suggests that Ca did not
participate in the formation of nanoparticles, because these were formed prior to the
addition of CaCl, by effect of the heat treatment. Further research is required to establish

the mechanism by which the nanoparticles were formed.
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SUPPORTING INFORMATION
In supporting information file are the FTIR spectra of the desolvated SEC fractions as

well tables describing their elemental composition.
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Figure 1. Size exclusion chromatography (SEC) of an aqueous extract of wheat bran
(AEWB) through a column packed with Superdex 70. Protein load: 6.3 mg; flow-rate: 1

ml/min (A); UV spectra of each SEC fraction (B).
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Figure 2. Images of the AEWB SEC fractions solutions and their respective controls.

Before thermal treatment (A); after thermal treatment (B); after desolvation with CaCl,
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Figure 3. SDS-PAGE, under denaturing and reducing conditions of: AEWB and

fractions (A); AEWB, pk-2 fraction, pk-2CS and pk-2CP (B).
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Figure 4. SEM images of the structures obtained after subjecting the pk-1, pk-Int and
pk-3 SEC fractions of AEWB to desolvation with CaCl,. pk-1 [control (A), supernatant
(B), precipitate (C)]; pk-Int [control (D), supernatant (E), precipitate (F)]; pk-3 [control

(G), supernatant (H), precipitate (1)].
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Figure 5. SEM images of the morphology of supernatants and precipitates after thermal
conditioning and subjecting the p-k2 SEC fraction to desolvation with CaCl,. pk-2

desolvated with CaCl; (A-B); pk-2CS (C); pk-2CP (D); pk-2S2 and pk-2P2 (E-F).
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Table 1. Protein to CaCl, ratios in each SEC fraction of AEWB subjected

to desolvation.

SEC fraction ~ Volume  Soluble protein  CaCl; mmol CaCl,/mg
and controls (ml) (mg/ml) (mmoles)  protein

pk-1 control 0.250 7.74 0 0

pk-1 0.250 7.74 0.00683 0.00353

pk-Int control  0.250 4.78 0 0

pk-Int 0.250 4.78 0.00422 0.00353

pk-2 control 0.250 7.08 0 0

pk-2 0.250 7.08 0.00625 0.00353

pk-3 control 0.250 3.54 0 0

pk-3 0.250 3.54 0.00312 0.00353




Table 2. Molecular weight distribution of the aqueous extract of wheat bran (AEWB),

fractioned by size exclusion chromatography (SEC).

Peak Peak start Peak end Elution volume  Protein Relative molecular
label (ml) (ml) (ml) (mg/ml) mass (kDa)

pk-1 41.25 49.5 45 7.74 117-73

pk-2 69.75 75.75 72.75 12.6 22-16

pk-Int 51 64.5 57.75 4.78 67-30

pk-3 82.5 90.75 85.5 3.54 11-7

pk-4 96.75 120 105.75 0.04 5-1

pk-5 129.75 144.75 137.25 nd? <1

2nd = no detected
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Figure S1. FTIR spectra of supernatants after cold gelation/desolvation of the AEWB

SEC fractions with 0.25 M CaCls,.
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Figure S2. FTIR spectra of precipitates after cold gelation/desolvation of the AEWB

SEC fractions with 0.25 M CaCls,.

71



110 5 I pk-4
100 - pk-5

90-:
80—-
70—-
60——

50

Transmittance (%)

40
30 -

20

! I ! | M I ! I ' | ! | ! |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure S3. FTIR spectra of pk-4 and pk-5 SEC fractions after cold gelation/desolvation

with 0.25 M CaCl,.
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Table S1. Elemental composition (atomic %) of supernatants and precipitates of the

SEC fractions pk-1, pk-Int, and pk-3 subject to desolvation with CaCl, after thermal

conditioning.

Controls® Supernatants Precipitates
Element

pk-1  pk-Int  pk-3 pk-1 pk-Int  pk-3 pk-1 pk-Int  pk-3
C 58.4  50.1 53.2 449 55.8 51.6 67.0 38.2 43.3
N 5.6 11 195 423 7.1 10.9 12 5.3 10.8
@) 322 310 23.8 39.6 294 30.0 16.2 419 35.8
Na 24 41 14 729 44 4.1 11 4.7 3.1
P 1.1 2.7 1.0 253 1.6 1.7 5.7 4.4 34
S 00 01 08 nd® nd 0.3 Nd nd 0.2
Cl nd nd Nd 1.2 14 11 11 11 0.4
Ca nd 0.5 0.1 nd nd nd 86 36 2.6

& pk-1, pk-Int, and pk-3 controls did not form two phases after thermal treatment
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Table S2. Elemental composition (atomic %) of supernatants and precipitates of the pk-

2 SEC fraction of AEWB and pk-2 (2) after desolvation with CaCl,.

Eleme pk-2 control pk-2 pk-2 (2)*

nt Supernatant  Precipitate Supernatant ~ Precipitate pk-2S2  pk-2P2
C 49.0 52.8 59.1 474 53.2 38.5

N 9.1 19.0 3.9 141 4.5 nd

O 334 25.5 28.6 27.0 30.9 414
Na 51 15 5.3 2.2 6.3 4.98

P 2.8 0.7 1.7 3.8 3.2 7.32

S 0.2 0.4 nd" nd nd nd

Cl nd Nd 1.3 1.2 1.6 11

Ca nd nd nd 3.9 nd 6.6

& pk-2 to which the precipitate formed after thermal treatment was removed (section 2.4)

b hd = no detected
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Table S3. Elemental composition of pk-4 and pk-5 SEC fractions after

preconditioning at 68.5 °C and desolvated or not (controls) with CaCl,.

pk-4 pk-5
Element

Control Desolvated® Control Desolvated
C 44.51 40.81 21.38 27.73
N 1.4 3.02 nd” nd
O 44.2 46.33 54.28 50.41
Na 5.89 5.92 15.3 16.25
Mg 0.37 0.45 nd nd
P 3.55 3.27 9.04 8.6
S nd” 0.1 nd nd
Cl nd Nd nd nd
Ca nd 0.1 nd nd

% Two phases were no formed in pk-4 and pk-5 after adding CaCl, so the
analysis was performed in the lyophilisate.

®nd = no detected
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ABSTRACT

Thermal treatment of a protein-rich fraction of wheat bran resulted in the formation of
195—250 nm diameter spheres, which were the result of the aggregation of smaller
nanospheres (30 nm). The elemental analysis revealed that the nanoparticles are formed
by C, O, and N, whose elements constitute 97% while the S represented 0.45%. FTIR
spectra confirmed the protein nature of nanoparticles and the second-derivative analysis
of the Amide | band indicated that B-sheet structure of proteins was reduced from 46%
to 20% after exposure to the thermal treatment, whereas that corresponding to p-sheet
intermolecular aggregates increased from 5% to 38%. The overall analysis indicated that
temperature made individual proteins to exposure both thiol groups and [-sheets,
favoring intermolecular interactions through disulfide bridges and B-sheet aggregates
which resulted in nanospheres. Further agglomeration of nanospheres is drive by non-
specific intermolecular interactions. For first time is demonstrated that a brief thermal

treatment of proteins leads to nanospheres formation.
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1. INTRODUCTION

Protein nanoparticles (PNPs) are of great interest to industry. In processed foods PNPs
can be used to improve nutritional value by encapsulating nutrients and bioactive
compounds labile to process conditions or even to enhance sensorial characteristics
(Foegeding & Davis, 2011; Saglam, Venema, de Vries, Sagis, & van der Linden, 2011),
whereas in pharmaceutical industry have potential as drug carriers (Boulaiz et al., 2011).
Because of their origin, the PNPs are biocompatible and biodegradable besides to have
the advantage of binding to a large number of compounds in a relatively non-specific
way (Yedomon, Fessi, & Charcosset, 2013). For example, in the manufacture of protein-
rich beverages, one of the most recurrent problems is agglomeration, which arises from
the heat treatment of foods rich in protein, which affects the texture, taste, and
appearance of these products. It is for this reason that the use of microparticles has been
proposed, with which better characteristics can be obtained. However, current
knowledge about the undesirable aggregation of proteins by effect of temperature in
concentrated systems of these macromolecules and the ways of control and prevention is
very limited, which hinders the development of products with high protein concentration
(Saglam, Venema, De Vries, Sagis, & van der Linden, 2011).

In this sense, the formation of spherical nanoparticles after cold gel/desolvation of
aqueous extracts from wheat bran has been reported (Luna-Valdez et al., 2017). These
extracts contain low molecular weight proteins (20-43 kDa) have been shown to have
the ability to form nanoparticles without the need to use reagents for their preparation,
only exposing it to a heat treatment for a very short time (Luna-Valdez et al., manuscript

in revision). These nanoparticles, being of protein sources are biocompatible,
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biodegradable and non-antigenic, even have the peculiarity of binding to a large number
of compounds in a relatively non-specific way (Yedomon, Fessi, & Charcosset, 2013),
characteristics that are required for be used in the areas mentioned above. In addition,
they have the advantage that in these there is no possibility of toxic residues because no
organic solvents are used or cross-linking for their elaboration, as in nanoparticles made
with proteins already reported (Konan, Gurny, & Allémann, 2002; Langer et al., 2003;
Gulseren, Fang, & Corredig, 2013; Yedomon, Fessi, & Charcosset, 2013), however the
formation mechanism remained to be elucidated.

The formation of spherical nanoparticles after cold gel/desolvation of aqueous extracts
from wheat bran has been reported (Luna-Valdez et al., 2017) and demonstrated their
protein nature (Luna-Valdez et al., manuscript in revision), however the formation
mechanism remained to be elucidated.

Because the secondary structure of proteins is determinant for the way in that they are
self-assembled, a first approach to investigate the formation mechanisms of PNPs is
studying the protein conformational changes in response to process conditions. Circular
dichroism is the most used method for such a task, however the purity of proteins is
fundamental to obtain reliable results so is not appropriate for complex systems, besides
that proteins must be in solution, which excludes its use in the solid state (Kelly et al.,
2005). Other available options are x-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy, which are the most powerful techniques to analyze protein-protein
interactions and to obtain a complete three-dimensional landscape. However, these
techniques have several drawbacks. Crystallography studies require high quality
monocrystals, which are not available for most proteins, besides the procedure is very

slow. NMR spectroscopy has better flexibility but the interpretation of the NMR
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spectrum of large proteins is very complex, so the technique is limited to small proteins
(30 kDa) (Haris & Severcan, 1999; Haris, 2013).

Another method through which is possible to monitor subtle changes in the polypeptide
backbone conformation is Fourier Transform Infrared Spectroscopy (FTIR). This tool is
very sensitive to changes in hydrogen bonds, so it is useful to analyze modifications in
the secondary structure of proteins caused by effect of temperature (van Stokkum et al.,
1995; Natalello, Ami, Brocca, Lotti, & Doglia, 2005) or pH (Vicent, Steer & Levin,
1984). In fact FTIR is successfully used in protein stability and aggregation analyses
(Carbonaro & Nucara, 2010; Miller, Bourassa, & Smith, 2013). Data on the secondary
structure of proteins predicted by FTIR is in good agreement with that obtained by X-ray
crystallography (Dong, Huang, & Caughey, 1990; Natalello, Ami, Brocca, Lotti, &
Doglia, 2005; Kong & Yu, 2007).

FTIR is based on the vibrations of atoms in a molecule. The FTIR spectrum results from
the absorption energy produced by the vibration of chemical bonds (stretching and
bending movements). Such absorption arises from the transitions between the vibrational
and rotational states of the molecule and is generated when the transition causes a
change in the dipole moment (Barth, 2007). Characteristic groups of atoms give rise to
vibrational bands centered at typical frequencies in the spectrum, regardless of the
molecule in which they are found. Because these resonant frequencies are determined by
the shape of the molecular potential energy surfaces, the atomic mass and the associated
vibronic coupling, the technique can be used for the structural and chemical
characterization of very complex mixtures (Carbonaro & Nucara, 2010).

For the quantitative estimation of different protein secondary structures (a-helix, -

sheets, B-turns, random), the Amide I region (1700—1600 cm™) of the FTIR spectrum is
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subjected to deconvolution or second-derivative to identify the frequency peaks of its
structural components. Then a multi-peak adjustment through a Gaussian or Lorentzian
function is made and, finally, the relative amounts of different types of secondary
structure are calculated from the areas of the plotted peaks (Dong et al., 1992; Carbonaro
& Nucara, 2010).

FTIR spectroscopy has important advantages. The spectrum of almost any biological
material can be obtained in a wide variety of environments, so is possible to analyze the
structure of proteins either in solution (aqueous and non-aqueous), suspension
(membranes and aggregates) or solid state (glass, thin films and powder), besides that a
small amount of sample is required (10 pg) regardless of protein size (Haris & Severcan,
1999; van de Weert, Haris, Hennink, & Crommelin, 2001; Carbonaro & Nucara, 2010).
In the present work, FTIR spectroscopy was used in combination with scanning electron
microscopy to investigate the formation mechanism of spherical particles that are
formed after thermal treatment of a protein fraction of wheat bran obtained by size

exclusion chromatography (SEC).

2. MATERIALS AND METHODS

2.1. Materials and nanoparticle production

Wheat bran extraction was performed according to Luna-Valdez et al. (2017) and the
aqueous extracts were further fractionated by size exclusion chromatography (SEC).
Nanoparticles were produced from an aqueous solution of the SEC fraction identified as

that containing the wheat bran proteins involved in the formation of nanoparticles
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reported by Luna-Valdez et al. (2017). Details on SEC and nanoparticle production
methodologies are reported by Luna-Valdez et al. (manuscript in revision in the journal
Biomacromolucules). Unless otherwise noted, all reagents were purchased from Sigma

(Sigma-Aldrich, St. Louis, MO, USA).
2.2. Elemental composition

The elemental composition of the nanostructures was quantified by energy dispersive X-
ray spectroscopy (EDS) using a JEOL JSM-7600F electron microscope (JEOL Ltd.,
Tokyo, Japan) equipped with a low angle backscattered electron detector. Measurements
were performed at 80 s and the average scanned areas were 39,600 pmz at each sample.

The results were reported as atomic percentage.

2.3. Morphology and size

Morphology and size of synthesized nanoparticles were visualized by scanning electron
microscopy (SEM) in a JEOL JSM-7600F electron microscope (JEOL Ltd., Tokyo,
Japan) at 2.0 kV. Samples were individually placed in the sample holder of the
equipment and coated with palladium-gold in a Q150R ES rotary pump ion-jet coater
(Quorum Technologies Ltd., USA). In addition, a portion of the powder nanoparticle
(50 mg) was resuspended in 1 mL of water and sonicated for 5 min at 25 °C. Then 15 uL
of this suspension was taken out and placed on the sample holder where it was allowed
to dry at room temperature (25 °C). Finally, the sample was analyzed by SEM under the

conditions mentioned above.
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2.4. Functional group analysis (FTIR)

Functional group analysis of control sample and nanoparticles was performed using
Fourier Transform Infrared Spectrometry (FTIR). FTIR absorption spectra in the
4000—400 cm™ range were collected in transmittance mode using a Thermo Nicolet
Nexus 670 FTIR spectrometer (Thermo Nicolet Analytical Instruments, Madison, WI).
Fifty mg of each sample were analyzed, collecting a total of 32 scans with a 2 cm™

resolution.
2.5. FTIR data analysis

The 1700—1600 cm™ spectral region was selected for the Amide | analysis. Each
spectrum was smoothed with an 11-point Savitzky-Golay smoothing function (Natalello,
Ami, Brocca, Lotti, & Doglia, 2005; Liu et al., 2009). The overlapping of bands was
enhanced using second-derivative calculation. The secondary structure composition was
determined by second-derivative using the OMNIC software (Liu et al., 2009) whereas
second-derivative inverted spectra were obtained multiplying by -1. Then the Gaussian
functions of the OriginPro 8.6 (OriginLab Corp., MA, USA) software were used for
multi-peak fitting. Initial band positions were taken directly from the second-derivative
spectra and then were applied to calculate the area of each component representing a
type of secondary structure. During the curve-fitting process, heights, widths and
positions of all bands were varied simultaneously, with only the peak wavenumber as

restriction (Dong et al., 1992; Murayama & Tomida, 2004).
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3. RESULTS AND DISCUSSION

3.1. Particle morphology and size

The protein nanoparticles obtained are shown in Figure 1A. The formation of spherical
structures with diameters ranging between 190—250 nm is observed which agree as it
was reported previously (Luna-Valdez et al., 2017). Upon suspending the powder in
water and sonicate for 5 min, both size and morphology of the structures were
maintained (Figure 1B) but the presence of smaller particles is also noted, which are
better observed at higher magnification in Figure 1C. At an even greater magnification
(Figure 1D) is observed that the smaller particles were in fact nanospheres with diameter
~ 30 nm which are assembled to form the larger spheres. It is possible that the 190—250
nm spheres were joined by weak intermolecular interactions which were disrupted by
ultrasound exposing thus the 30 nm nanospheres. Luna-Valdez et al. (2017) reported the
effect of ultrasound on making visible spherical particles formed after cold
gelation/desolvation of an aqueous extract of wheat bran.

Formation of aggregates by effect of temperature has been widely reported for proteins
such as bovine serum albumin (BSA), B-lactoglobulin, ovalbumin and whey proteins
isolates (Doi, 1993; Aymard, Gimel, Nicolai, & Durand, 1996; lkeda & Morris, 2002;
Veerman, Sagis & Linden, 2003; Bolder, Hendrickx, Sagis & Linden, 2006; Lovedey,
Wang, Rao, Anema, Creamer & Singh, 2010; Oboroceanu, Wang, Brodkorb, Magner, &

Auty, 2010; Lovedey, Su, Rao, Anema, & Singh, 2012).
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The morphology of those aggregates consisted of fine strands with diameters less than
10 nm, which differs from the obtained in the present work, possibly due to the
differences in process conditions since those experiments were run at pH 2, 80 °C with a
thermal induction time of 1—20 h. In most studies protein solutions had an ionic strength
in the 10—100 mM range, some using NaCl and/or CaCl,. Oboroceanu et al. (2010) and
Bolder et al. (2006) did not use salts during the thermal incubation of proteins, but even
so, fine strands aggregates were obtained. Loveday et al. (2010) and Borzova et al.,
(2016) reported the presence of a small number of spherical aggregates (15—25 nm)
intercalated within the fine strands. Unlike Loveday et al. (2010), Borzova et al., (2016)
dissolved the protein in phosphate buffer pH 7 and run the experiment at 65 °C, but in
both studies the formation of spherical nanoparticles required a thermal incubation
between 330 and 360 min, which is a very long time by comparison to the present work.
It is worth to note that although thermal treatment was 180 min, only 2 min of exposure
is enough to observe the presence of a white precipitate from which the nanoparticles are

visualized (Luna-Valdez et al., manuscript in revision).

3.2. Determination of functional groups

Figure 2A and 2B show the IR spectrum of control sample and nanoparticles obtained
by heat treatment, respectively; in both spectra, characteristic bands of proteins (1700-
1600 cm™) and polysaccharides (1200-800 cm™) are observed (Pelton & McLean, 2000).
The Amide I absorption occurs in the 1600—1700 cm™ region and arises mainly from

the C=0 stretching vibration of the peptide group (Haris & Severcan, 1999). The peak at
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1600—1500 cm™ is assigned to Amide 11, which corresponds primarily to N-H bending
with a contribution from C-N stretching vibrations. In addition, one band very weak in
the region 1200-1300 cm™ is assigned to Amide 111, which is due to a complex mix of
N-H bending and C-H stretching along with deformation vibrations of C-H and N-H
(Haris & Severcan, 1999; Barth, 2007). The broad band in the 3000—3600 cm™ region is
assigned to the O-H stretching bonds groups (Elisa, Puhl, Kadla, & Khan, 2006) and the
C-H stretch bonds appear around 2900 cm™ (Maréchal, 2003).

When analyzing the region 1200—800 cm™ a maximum absorption band centered at
1050 cm™ was found, which might be assigned to the characteristic C-OH bending of
arabinoxylans, in addition to two bands at 988 and 946 cm™ that are related to the degree

of substitution of arabinoxylans (Robert, Marquis, Barron, Guillon, & Saulnier, 2005).

In the nanoparticles spectrum (Figure 2B) a greater intensity and definition of the Amide
I, 11 and 111 bands was observed in comparison to the control sample. It is also observed
a decrease in the intensity of bands in the region 1200—800 cm™, suggesting a lower
presence of carbohydrates in the nanoparticles. In addition, in this same spectra at 560
cm™, a new band was observed, which can be assigned to S-S stretching (Sadeghi et al.,
2014). At the same time a decrease in intensity of the band assigned to S-H stretching
(2600-2520 cm™) of cysteine residues (Fabian & Mantele, 2002) was observed,

suggesting the formation of disulfide bonds in the nanoparticles.

The possibility of an overlap between the Amide bands | and Il can be ruled out since
they are well defined and intense. Water vapor bands, which are easily identified as very
thin bands at 1600 and 3700 cm™, are not seen in this spectrum (Maréchal, 2003). In

addition, sodium phosphate buffer was used as solvent for protein separation before
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making nanoparticles, which is one of the accepted salts when analysis in the infrared
spectrum is going to be performed, since does not contain carboxylic acid groups

overlapping those of the main chain of proteins (Fabian & Vogel, 2002).

3.3. Second-derivate and estimation of protein secondary structure

Analysis of Amide | band allows detecting small conformational changes in the structure
of proteins. However, the IR bands corresponding to each conformation are very close to
each other so that they overlap. To solve individual components of each conformation,
the second-derivative method was used, which is one of the two most popularly
employed for secondary structure analysis (Kong & Yu, 2007); it is more sensitive than

deconvolution (Carbonaro & Nucara, 2010).

Figure 3 shows the second-derivative spectra of the 1700—1600 cm™ region of both
control and nanoparticles. In the second-derivative of control (Figure 3A), 10 bands
were observed. Bands appearing in the 1680—1668 cm™ region can be assigned to B-turn
conformations, while the bands at 1659 cm™ and 1646 cm™ can be attributed to o-helix
and random structures, respectively. The components at 1691 cm™, 1638 cm™ and 1628
cm™ can be assigned to p-sheet structures. The band of low intensity at 1620 cm™ can
instead be assigned to aggregates (Dong, Caughey, Caughey, Bhat & Coe, 1999; Dong,
Huang, & Caughey, 1992).

In the second-derivative spectrum of nanoparticles (Figure 3B), a decrease in the
intensity of peaks in the 1690—1670 cm™ region, which correspond to [-turn

conformations, was observed. One band at 1664 cm™ (not seen in the control) is also
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observed, which is assigned to 31-helix structures. The bands at 1657 cm™ and 1647
cm™ are assigned to a-helical and random conformations, respectively, whereas the
bands at 1695 cm™ and 1633 cm™ are assigned to B-sheet structures. In addition, a band
of great amplitude and intensity at 1619 cm™ is assigned to intermolecular p-sheets
aggregates (Dong, Huang, & Caughey, 1992; Dong, Caughey, Caughey, Bhat, & Coe,

1999).

Quantitative information on the secondary structure of proteins in both the control and
nanoparticles was obtained through a curve fitting analysis of the Amide | band and
performed as a linear combination of the components identified in the second derivative
spectrum. It is assumed that the sums of the areas of conformations of the Amide | band
are related to the total of a given protein (Byler & Susi, 1986; Kong &Yu, 2007). Figure
4 and Figure 5 show the decomposition of the Amide | band of control and
nanoparticles, respectively, in Gaussian components. The results show that the
secondary structure of proteins in control is dominated by P-sheet conformations,
representing 46%. In addition, 18% p-turn, 14% a-helix, 16% random and 5%

aggregates, was calculated.

Figure 5 shows that proteins underwent a change in their structure after being heated
since the percentage of -sheet conformation decreased up to 21%. This result is in good
agreement with that obtained by Natalello et al. (2005), who reported a 50% decrease in
B-sheet conformations after subjecting the Candida rugosa lipase protein to 64 °C,
besides a simultaneous decrease in a-helix conformations. Unlike them, in the present

work, the a-helix remained constant
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Meanwhile, the B-turn conformations accounted for 11%, which means a decrease in
that structure compared to the control proteins. By the other hand, the random
conformations remained unchanged. Also, the loss of B-sheets was accompanied by a
band of great amplitude and intensity at 1619 cm™, which is represented by 38% and is
due to the formation of aggregates by intermolecular 3-sheets of proteins induced by the
heat treatment (Haris & Severcan 1999; Seshadri, Khurana, & Fink, 1999; Yan, Wang,
He, & Zhou, 2004; Natalello, Ami, Brocca, Lotti, & Doglia, 2005).

The formation of aggregates by intermolecular B-sheets may be due to the experiment
was performed at pH 8. That is, when a pH>pl of the proteins is used, aggregation
proceeds through the formation of relatively small ordered aggregates (oligomers) that
are characterized by a sizeable amount of intermolecular -sheets, as revealed by FTIR
spectroscopy for the BSA (Militello et al., 2004).

It must be considered that the results obtained on the conformational changes of the
proteins can not only be due to the effect of the temperature but also to the loss of the
hydration layer after the lyophilization process. That is, during this process dehydration-
induced alterations in the absorption characteristics of the amide bond can be produced.
Even the predicted values may not only be related to changes in secondary structure but
also to the absence or presence of protein-protein contacts and changes in hydrogen-
bonding characteristic. However, this does not exclude the use of FTIR to determine the
effect of lyophilization on protein stability (van de Weert, Haris, Hennink & Crommelin,
2001). In addition, the presence of carbohydrates in nanoparticles (Figure 2) might
protect dried proteins because these solutes bind to the dried protein, thus serving as a
water substitute, when the hydration shell of the protein is removed (Carpenter &

Crowe, 1988; Carpenter & Crowe, 1989)
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However, the possible changes that could have been generated in the structure of
proteins by the effect of lyophilization should have been minimal, since the morphology
of the nanoparticles was not apparently affected, as can be observed when comparing
Figure 1A and Figure 1B, which correspond to lyophilized nanoparticles and to
nanoparticles that were resuspended in water and further sonicated, respectively (section
2.4).

Several investigation suggests that heating proteins above their denaturation temperature
results is aggregation, because temperature causes a molecular unfolding that favors
protein-protein intermolecular interactions, such as dipole and electrostatic as well as
thiol/disulfide exchanges (Mulvihill & Donovan, 1987; Mulvihill, Rector, & Kinsella,
1991; Anker, Standing, & Hermansson, 1999). These interactions favor the aggregation
of proteins as long as conditions of pH and temperature as well as the salt and protein
concentration are controlled. In the salt absence, the unfolded proteins can remain
separated due to the strong electrostatic repulsion, however as the salt concentration
increases the electrostatic repulsion between the charged molecules decreases. At low
salt levels, most of the surface of the protein molecules is unable to form bonds with
other proteins due to residual electrostatic repulsion between them. However, some
interactions may occur between non-polar regions of the protein whereas other domains
can be involved in hydrophobic interactions. It is suggested that these interactions form
filament structures, arguing that they bind at fixed sites at opposite ends of the molecule
(Doi, 1993). In this regard, whey proteins and B-lactoglobulin have been reported to
form gels with different structures, depending on the type and amount of salt present
during thermally induced gelation. That is, a fine stranded matrix is formed when protein

suspensions contain monovalent cation (Li*, K*, Rb*, Cs") chlorides, sodium sulfate or
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sodium phosphate at ionic strengths <0.1 M (Foegeding, Bowland & Hardin, 1995).
These morphologies have been reported by other authors (Aymard, Gimel, Nicolai, &
Durand, 1996; Ikeda & Morris, 2002; Veerman, Sagis & Linden, 2003; Lovedey, Wang,
Rao, Anema, Creamer & Singh, 2010; Lovedey, Su, Rao, Anema, & Singh, 2012). In
our case, the possibility of formation of this type of structures is unlikely, since the
proteins used for the experiments were previously dialyzed.

In cases where the salt concentration in the protein solution is high, electrostatic
repulsion between proteins is minimal, so they can form bonds at any point on their
surface. This leads to the formation of large spherical aggregates (Kitabatake & Doi,
1993). For example, when ionic strength is greater than 0.1 M, the resulting matrix is
composed of fine strands and spherical aggregates (Foegeding, Bowland & Hardin,
1995; Borzova, Markossian, Chebotareva, & Kleymenov, 2016). This possibility can
also be ruled out, due to the low presence of salts in the nanoparticles formed (Table 1).
Nevertheless, there is also the possibility that the nanoparticles have been produced by
disulfide bonds due to the appearance of a broad band at 560 cm™ in the infrared
spectrum of nanoparticles, which display the formation of disulfide bonds (Sadeghi et
al., 2014). To support this, the proteins (20-43 kDa) that were involved in the formation
of nanoparticles are rich in cysteine, amino acid that can form these types of bonds
between neighboring residues (Doi, 1993). These proteins (wheat bran albumin) have
been previously identified by mass spectrometry by Chaquilla-Quilca et al. (2017) using
the method reported by Huerta-Ocampo et al. (2014).

During the thermal aggregation process, the proteins undergo a partial unfolding of their
native structure, which generates changes in the three-dimensional structure by

disruption of hydrogen bonds and non-polar hydrophobic groups, this causes that
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hydrophobic groups and free-SH groups became more exposed and could form
intermolecular disulfide bond and hydrophobic interactions among the unfolded protein
chains, resulting in the formation of aggregates (Shimada et al., 1989; Vetri, Librizzi,
Leone, & Militello, 2007). It is known that the intermolecular disulfide bonds are
dependent on both pH and temperature, so is possible that the formation of aggregates
has been through this route since the experiment was run at pH 8 and 68.5 °C. Under
these conditions, the propensity of proteins to undergo irreversible thermal denaturation
increases as does the degree of thiol oxidation and subsequent polymerization
(Monahan, German, & Kinsella, 1995). In that sense, Hoffmann et al. (1994) reported
that B-lactoglobulin, dispersed in water at neutral pH and heated at 65 °C, formed
aggregates by intermolecular disulfide cross-linking, noting that non-covalent
interactions may be involved but only to a lesser extent. Similar results have been
reported by other groups (Petruccelli, & Afdn, 1995; Aymard, Gimel, Nicolai, &
Durand, 1996; Bauer, Carrotta, Rischel, & Ogendal, 2000).

It is likely that the aggregation of the nanostructures obtained in the present work obeys
to the two-step mechanism proposed by Aymard et al. (1996) for the thermal
aggregation of B-lactoglobulin at pH 7. Such mechanism consists in the formation of
aggregates of small particles (globules) by disulfide interchange, which arises from
denatured monomers that are consequently associated in dimers, whose size does not
seem to depend on the initial protein concentration, temperature, and ionic strength,
under the range of conditions tested (step 1). In the second step, the globules are added
to form fractal structures. Ikeda et al. (2002) also agreed on a two-step aggregation

mechanism, reporting the formation of thermally induced aggregates (fine-strands) at pH
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2 of PB-lactoglobulin and whey protein isolates. While at pH 7, aggregates were
composed of ellipsoidal particles.

By the other hand, Oboroceanu et al. (2010) reported the fibrillary aggregation of B-
lactoglobulin at pH 2, concluding that the formation mechanism also consisted of two
steps, but unlike Aymar et al. (1996) they concluded that B-lactoglobulin fibrils consist
of polypeptide fragments bound by non-covalent intermolecular bonds and that are not
formed from intact monomers. Recently, Borzova et al. (2016) also reported BSA, pH 7,
formed aggregates by heat treatment, noting that protein unfolding resulted in the
formation of two non-native protein forms with a different propensity to aggregation.
The formation of primary aggregates occurred in a highly reactive unfolded form, while
the secondary aggregates were formed by the unfolded forms of low reactivity. The
hydrodynamic radius of the secondary aggregates was higher.

Based on the above mentioned and the morphology of the nanoparticles obtained in this
work, it is possible to consider that the nanostructures were formed by a mechanism
similar to the two-step aggregation mechanism. This mechanism coincides with that
observed in SEM (Figure 1D), because apparently the spheres are formed by smaller
aggregates (30 nm diameter), which could have been formed by disulfide bonds
(globules) and in turn, these form aggregates of greater size by physical interactions
such as van der Waals forces, hydrogen bonding, and hydrophobic or electrostatic
interactions (Le Bon, Nicolai, & Durand, 1999). The presence of nanostructures of 30
nm after resuspending the nanoparticles in water and sonicated for 5 min, makes us to
think that the aggregate-aggregate interactions effectively correspond to physical
interactions, since a part of these were disaggregated from the larger nanoparticles by

effect of ultrasound, which are observed in the surroundings of these (Figures 1B, and
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1C), unlike nanoparticles that were not treated with ultrasound. In support of this Hu et
al. (2013) reported a decrease in no-covalent interactions of soy protein isolate in

dispersion after ultrasonic treatment.

CONCLUSION

Conformational changes experienced by wheat bran proteins involved in the formation
of nanoparticles were seen through the analysis of Amide I. The results showed that
these proteins form aggregates by intermolecular -sheets by effect of temperature.
These aggregates were possibly consequence of the formation of globules product of the
intermolecular disulfide cross-linking. While the nanostructures seen in SEM, are
possibly the result of the connection between the globules by nonspecific physical

interactions.
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Figure 1. SEM images of nanoparticles formed from water soluble proteins of wheat

bran after thermal treatment at 68.5 °C.
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Figure 2. FTIR spectra of the control sample (A) and the nanoparticles obtained by

thermal treatment of water soluble proteins from wheat bran (B).
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Figure 3. Second-derivative spectra of the Amide | region of control (A) and

nanoparticles obtained after thermal treatment of water soluble wheat bran proteins (B).

106



0.02

0.02 4
7\
/ \
/ \
8 oA
& 0.01 ’l \
(4] i - \ -
£ o ! \ 7 \\
6 /7 A \/
) -y ! ( v ]
e} t R & " Iy \
< ‘ [ I\ \
’ \\I' /( [ 1\ \
/
\ 1 \ 1 \ \
0.01 4 / X Iy ¥ P d
4 £ L (N
\ \~
2N " / v o \ AN
VAN / \ oy 7\
RN S " \ 7 S
N / )I rN X \ vy
AT N gy K b ? \/'\\‘
’//\ x SN s > \\ s N P
0.00 e e B S S =
1680 1660 1640 1620

Wavenumber (cm™)

Figure 4. Decomposition of amide | band of the control proteins into Gaussian

components.
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Table 1. Elemental composition of

nanoparticles.

Element (atomic %)
C 53.76

N 18.22

@) 25.37

Na 1.36

P 0.62

S 0.45
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