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RESUMEN

La tendencia alimentaria actual indica que el corsdiario de frutas y verduras es parte
fundamental de una dieta saludable. El formatawat@ tdeshidratada en polvo aumenta
la vida util del producto, ademas de ofrecer otrastajas relacionadas con el menor
espacio necesario para su transporte y almacentamiemla medida en que el proceso
utilizado para la obtencion del polvo mantengaldsta calidad de la fruta, incluido su
valor funcional, ésta podria ser otra forma deca&fr@l consumidor. En este trabajo se ha
estudiado el impacto de la incorporacion de dissinbiopolimeros en algunas
propiedades de un polvo de pomelo obtenido poriatmidn, con el fin de seleccionar

el mejor de ellos, asi como su estabilidad y vidéd como nutracéutico.

Para ello, se ha trabajado con diferentes mezclkas gdma ardbiga (GA),
carboximetilcelulosa (CMC), maltodextrina (MD), asilado de proteina de suelo de
leche (WPI) y almidén modificado con anhidrido odtsuccinico (OSA). A todos los
productos atomizados obtenidos se les ha estudiddmas del rendimiento del proceso,
la humedad, porosidad y color del polvo obteniddemas, en algunos casos, se ha
analizado también la actividad antioxidante, eltenido de vitamina C y en fenoles
totales. Los resultados obtenidos de esta partstigdio no recomiendan el uso de CMC,
ni sola ni combinada con GA pues, si bien mejosglapiedades del producto obtenido,
disminuye el rendimiento del proceso. Por otraepai utilizacion de OSA en la
formulacién del pomelo en polvo, aunque pareceréstnte porque permite obtener
polvos mas porosos, mas secos y con mayor cont@mddtamina C, disminuye el
rendimiento y el contenido en compuestos fenolmms respecto a las formulaciones
preparadas con los otros biopolimeros. Los resodtde esta parte del estudio permiten
proponer, como condiciones para la obtencion d@mpeoducto, preparar el licuado de
pomelo afiadiendo, sin dilucion previa, 9.4 g GA251g MD + 1.4 g WPI1/100 g licuado
y atomizar a 148 °C. Con el producto en polvo ddtese programd un estudio de
almacenamiento para comprobar su estabilidad.t8diésa evolucion con el tiempo de
la vitamina C, fenoles y licopeno, actividad aniiante, color y propiedades mecéanicas
del polvo, expuesto o no a la luz y a diferenteswéadades relativas. Los resultados
obtenidos ponen de manifiesto la gran inestabiliadbs carotenoides y recomiendan,

para asegurar la fluidez del polvo y la estabilidatl color, de la vitamina C y de la



capacidad antioxidante durante al menos 6 meseacahar el producto a una humedad

relativa< 23.1% si la temperatura es de 20 °C.

Finalmente, para estudiar la viabilidad del prodst polvo obtenido como nutraceutico,
se realizd un estudio de biodisponibilidad de losguestos bioactivos a través de un
modelo intestinal 3D con la combinacion de lineglslares Caco-2 y HT29-MTX. Los
compuestos bioactivos asimilados tedricamente gorsigema digestivo fueron
identificados por cromatografia liquida, electrpray, ionizacion de espectrometria de
masas (LC-ESI-MS). La delfinidina-3-glucosido y laesperitina-7/-glucdsido
presentaron una permeacion superior al 50%, segeittahesperidina que se aproximé
al 30%. Este trabajo permiti6 establecer que lanfiacion del polvo de pomelo

propuesta tiene un gran potencial como nutraceutico



ABSTRACT

The current food trend indicates that the dailystonption of fruits and vegetables is a
fundamental part of a healthy diet. The dried fpatvder format increases the product’s
shelf-life, in addition to offering other advantagelated to the lower volume and easier
handle required for its transport and storage hEceixtent that the process used to obtain
the powder retains the quality of the fruits, imtthg its functional value, this could be
another way of offer fruit to the consumer. In thiady, the impact of the incorporation
of different biopolymers on some properties of avgered grapefruit obtained by spray-
drying, in order to select the best of them, ad a®the powder stability and viability as

a nutraceutical, has been considered.

To this end, different mixtures of gum Arabic (GAgrboxymethylcellulose (CMC),
maltodextrin (MD), whey protein isolate (WPI) anctenyl succinic anhydride modified-
starch (OSA) have been tested. To all the obtasprdy dried products, besides the
process yield, the water content, porosity androatere analyzed. In addition, in some
cases, antioxidant activity, vitamin C and tota¢pbls content have also been analyzed.
The results obtained from this part of the studydbrecommend the use of CMC, either
alone or combined with GA, because, although itroups the properties of the obtained
product, the process yield decreases. On the btrat, the use of OSA in the grapefruit
powder formulation, although it seems interestiagduse it allows to obtain more porous
and dried powders, with a higher vitamin C contérttecreases the yield and the content
of phenolic compounds with respect to the formalai prepared with the other
biopolymers. The results of this part of the stallgw us to propose, in order to obtain
the best product, to prepare the liquidized graty adding, without previous dilution,
9.4 g GA +1.25 g MD + 1.4 g WPI/100 g liquidizeddaspray-drying at 148 °C. Whit
the obtained powdered product, a storage studysalaeduled to check its stability. The
evolution over time of vitamin C, total phenolsgdpene, antioxidant activity, color and
mechanical properties of the powder, exposed ortmdight and at different relative
humidities, were studied. The obtained results stbtlve great instability of the lycopene
and recommend, to ensure the powder flowability #mel color, vitamin C and
antioxidant capacity stability for at least six i) to store the product at a relative
humidity < 23.1 % if the temperature is 20 °C.



Finally, to study the viability of the powdered duwt as a nutraceutical, the
bioavailability of the bioactive compounds was gmat through a 3D intestinal model
with the combination of cell lines Caco-2 and HT9X. The bioactive compounds
assimilated theoretically by the digestive systemnendentified byiquid chromatography-
electrospray ionization-mass spectrometry (LC-ES}M Delphinidin-3-glucoside and
hesperetin-©-glucoside showed a permeation greater than 50#6wied by hesperidin that
approached to 30%. This study allowed to estabiisit the proposed grapefruit powder

formulation has a great potential as a nutracdutica



RESUM

La tendéncia alimentaria actual indica que el condiari de fruites i verdures és part
fonamental d'una dieta saludable. El format dedrdeshidratada en pols augmenta la
vida util del producte, a més d'oferir altres aasgds relacionades amb el menor espai
necessari per al seu transport i emmagatzemameri& Besura que el procés utilitzat
per a I'obtencié de la pols mantinga estable lditquale la fruita, inclos el seu valor
funcional, esta podria ser una altra forma d'ofeuita al consumidor. En este treball s'ha
estudiat I'impacte de la incorporacio de distintgblimers en algunes propietats d'una
pols de pomelo obtingut per atomizacio, a fi deecgbnar el millor d'ells, aixi com
I'estabilitat i la viabilitat del producte com nateutic.

Per aco, s'ha treballat amb diferents mescles denagoarabiga (GA),
carboximetilcelulosa (CMC), maltodextrina (MD), un aillat de ptta de sérum de llet
(WPI) i almidé modificat amb anhidrid octenil suaici (OSA). Amb tots els productes
atomitzats obtinguts s'ha estudiat, a més del meeati del procés, la humitat, porositat i
color de la pols obtinguda. A més a més, en algasss, s'ha analitzat també I'activitat
antioxidant, el contingut en vitamina C i en fenolgls. Els resultats obtinguts d'aquesta
part de I'estudi no recomanen I's de CMC, ni soleombinada amb GA doncs, si bé
millora les propietats del producte obtingut, disuaix el rendiment del procés. D'altra
banda, la utilizacion d'OSA en la formulacié dehmbo en pols, encara que sembla
interessant perque permet obtenir pols més porasés secs i amb un major contingut
en vitamina C, disminueix el rendiment i el contihngn compostos fenolics pel que fa a
les formulacions preparades amb els altres biogoinEls resultats d'aquesta part de
I'estudi permeten proposar, com a condicions pkxr abtencié del millor producte,
preparar el liquat de pomelo afegint, sense dilpog¥ia, 9.4 g GA+1.25gMD + 1.4 g
WPI/100 g liguat i atomitzar a 148 °C. Amb el prouen pols obtingut es programa un
estudi d'emmagatzematge per a comprovar la seafilgat. S'estudia la evolucio, amb
el temps, de la vitamina C, fenols, licopen, atdiviantioxidant, color i propietats
mecaniques de la pols, exposat o no a la llumfeaetts humitats relatives. Els resultats
obtinguts posen de manifest la gran inestabilgatidopen i recomanen, per a assegurar
la flotabilitat de la pols i I'estabilitat del cojale la vitamina C i de la capacitat antioxidant
durant almenys 6 mesos, emmagatzemar el producte humitat relativa 23.1% si la

temperatura és de 20 °C.



Finalment, per a estudiar la viabilitat del proguet pols com nutraceutic, s'analitza la
biodisponibilidad dels compostos bioactivos a tsag&in model intestinal 3D amb la
combinacio de linies céllars Caco-2 i HT29-MTX. Els compostos bioactiessimilats
teoricament pel sistema digestiu van ser identdigeer cromatografia liquida electro-
sprai, ionitzacio d'espectro-materia de massedelphinidin-3-glucoside i el hesperetin-
7-O-glucoside mostren una permeabilitat superids08b, seguit de la hesperidina que
s'aproxima al 30%. Aquest treball va permetre distgbe la formulacid de la pols de

pomelo proposada té un gran potencial com a nuittiace
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INTRODUCCION






Es de conocimiento general que una dieta rica en frutas y verduras es esencial para una buena
salud, por su contenido en compuestos bioactivos que parecen contribuir a la prevencion de
algunas enfermedades. La Organizacién Mundial de la Salud (OMS) recomienda una ingesta
diaria aproximada, como norma general, de unos 200-250g/dia para nifios y 300-400g/dia para
adolescentes y adultos. Esta ingesta garantiza el suficiente consumo de micronutrientes, fibra
dietética y compuestos antioxidantes que se requieren diariamente para evitar una malnutricion
y satisfacer las necesidades nutricionales diarias. Ademas, se ha estimado que un consumo
diario de esta cantidad aproximada de frutas y verduras podria salvar hasta 1.7 millones de
vidas al afio, ya que su ingesta estd relacionada con la reduccion del riesgo de padecer

enfermedades cronicas tales como las cardiovasculares y cancerigenas (OMS, 2018).

Dentro del abanico de posibles frutas destacan los citricos, que se encuentran entre las especies
mas cultivadas a nivel mundial debido a sus beneficios nutricionales y sus efectos beneficiosos
para la salud (FAO, 2015). Los citricos no so6lo se cultivan por su alto contenido en vitamina C
y/o nutrientes tales como carbohidratos, fibra, calcio, potasio, fosforo o vitamina B6, sino
también por su alto contenido de multiples metabolitos secundarios como flavonoides,
alcaloides, limonoides, carotenoides, acidos fendlicos y aceites esenciales, que poseen una gran
variedad de efectos fisiologicos antioxidantes, antiinflamatorios, antitumorales, disminucion
de la obesidad, etc. (Zhang et al., 2015). Existe una gran cantidad de documentacion en la
bibliografia que pone de manifiesto que muchos de estos compuestos estan asociados con una
importante reduccion en el riesgo de contraer enfermedades cardiovasculares, cancer de colon,

de pecho, pulmon, parkinson y esclerosis (Heiss et al., 2001).

Las diferentes especies del género citrus se cultivan en mas de 140 paises de clima tropical,
subtropical y mediterraneo, alcanzando alrededor de 8,7 millones de hectareas con una
produccion total estimada en 2012 de 130 millones de toneladas. El 60% de esta produccion
corresponde a las naranjas, seguido de un 20% por las mandarinas, entre un 11-12% por el
grupo de los limones y limas y el 5-6% por los pomelos. China, Brasil, EEUU, India, México
y Espafia son los paises que destacan sobre el resto, produciendo las dos terceras partes de la

produccion total (Lv et al., 2015).

No solo los citricos cominmente conocidos, como la naranja y la mandarina, son de
importancia econoémica. El pomelo (C. paradisi) ha experimentado un incremento en su
produccion del 1,6% desde el afio 2010 al 2011, aumentando considerablemente su importancia

econdmica entre los citricos. Los mayores productores mundiales son los Estados Unidos,



Israel, Cuba y paises situados a lo largo de la linea del Ecuador, con una produccion de unos

5,5 millones de toneladas al afio.

El origen del pomelo no se conoce con exactitud. Existen hipdtesis que atribuyen su origen a
Asia, mientras otras lo datan como un cruce natural producido entre el naranjo dulce y el
pummelo en la isla Barbados (América Central) hace 300 afios, extendiéndose por todo el
Caribe y llevado a Florida (EEUU) por el conde francés Odette Philippe. En EEUU el
investigador Richard Hensz obtuvo las dos variedades comerciales méas importantes, Star Ruby
y Rio Red (AILIMPO, 2017). Las variedades del pomelo se clasifican en funcion de la
tonalidad del flavedo. Existen pues variedades blancas o comunes, como el pomelo blanco
(Marsh seedleels o White Marsh) con alto contenido en zumo, y variedades pigmentadas con
el flavedo de color rosa o rojizo entre las que cabe destacar la Star Ruby y Rio Red (Infoagro,
2017). Star Ruby es la variedad por excelencia dentro de las pigmentadas, de sabor mas dulce
y menos amargo. Es un hesperidio globoso de color rojizo en su flavedo también con un alto
contenido en zumo, superior al de otras variedades. Aparte de su elevado contenido en zumo,
la variedad Star Ruby posee un alto contenido en componentes bioactivos y una alta capacidad
antioxidante, siendo una importante fuente de compuestos fitoquimicos, mayor que las especies
blancas (Gorinstein et al., 2005; Vanamala et al., 2006). Nutricionalmente aporta vitamina A,
que ayuda a mantener el buen estado de la vision, y hasta 40 mg de vitamina C por 100g, que
ayuda a la formacion de coldgeno, huesos, dientes y globulos rojos, cumpliendo la ingesta
minima recomendada por la OMS. Estas dos vitaminas son ademas necesarias para ayudar a

un buen funcionamiento del sistema inmunitario (EFSA, 2011).

Debido a los innumerables beneficios que proporcionan tanto las frutas como los vegetales y
al incremento de la conciencia mundial sobre la salud humana, no es de extranar que la industria
alimentaria desarrolle nuevos productos que puedan satisfacer las necesidades e inquietudes
del consumidor. Uno de los procesos que mas se emplean en la industria alimentaria es la
deshidratacion, con el objetivo de reducir la cantidad de agua del producto, y por lo tanto su
actividad del agua, lo que le confiere mayor estabilidad aumentando su corta vida util. Ademas,
al disminuir considerablemente la relacién volumen/peso, el producto deshidratado final es de
mas facil de manejo, con mayor facilidad para el transporte y almacenamiento, lo que le
confiere un valor anadido fundamental en la cadena de distribucion. Los productos
deshidratados permiten ofrecer diferentes formatos de presentacion para su consumo en forma

de snack o en polvo, entre otros.



En la industria alimentaria existen diferentes métodos de deshidratacion. Uno de ellos es el
método de secado por medio de energia solar, cominmente empleado para secar frutas y
verduras, que ofrece un escaso control en el proceso de secado y un elevado riesgo de
degradacion del producto debido a reacciones bioquimicas que limitan significativamente su
uso en el sector (Jiang et al., 2013). Asimismo, otro proceso que estd ganando popularidad es
la deshidratacion asistida por microondas, debido a una reduccion en los tiempos de proceso y
a la obtencion de alimentos deshidratados de alta calidad nutricional (Ozkan, 2007). Este
sistema, que emplea energia electromagnética en un rango de frecuencia determinado, muestra
el inconveniente de que requiere un control preciso del sistema de aplicacion para evitar un
sobrecalentamiento del producto que pudiera afectar a su calidad (Ghanem et al., 2012). Por su
parte, la deshidratacion por ultrasonidos es también una tecnologia emergente que presenta la
capacidad de inactivar microrganismos y enzimas sin la necesidad de aplicar alta temperatura
ni presion al proceso, resultando muy apropiado pues para alimentos con constituyentes
termolabiles como los vegetales (Carcel et al., 2012). Dentro de los procesos de deshidratacion
cabe especial mencion a la liofilizacidon, un método de secado que elimina el agua del producto
mediante un proceso de sublimacion. Este cambio de estado del agua de s6lido a gas, sin pasar
por el estado liquido, asegura una alta calidad del producto seco, con muy buenas propiedades
para su rehidratacion, manteniendo al maximo sus propiedades organolépticas y con minimas
perdidas en el valor nutricional en comparacion con el producto en fresco. No obstante este
proceso presenta el gran inconveniente de ser un proceso de larga duracion, con exceso de

empleo de energia, que se traduce en un elevado gasto econdmico (Ratti, 2001).

Otro método de secado muy empleado en la industria alimentaria es la atomizacion,
procedimiento de referencia que no solo tiene aplicacion en la industria alimentaria sino
también en industrias farmacéuticas y agroquimicas. Este método de secado consiste en la
pulverizacién de un fluido en una corriente de aire muy caliente, provocando la evaporacion
del agua en un tiempo muy corto, con un efecto negativo minimo en las propiedades del

alimento. Su resultado es un producto en polvo.

La fruta en polvo podria ser una alternativa interesante, de alta estabilidad y facilidad de
manejo, con la que promover el consumo de este alimento entre la poblacion. Este producto
podria ofrecerse para su uso como un ingrediente alimentario, con el que condimentar
diferentes platos, o para su consumo a modo de zumo previa rehidratacion. Incluso podria
preformarse como un comprimido con la finalidad de un nutracéutico. En cualquier caso, el

producto debe cumplir con las expectativas de calidad que exige el consumidor actual.



En este sentido, conviene poner de manifiesto que, si bien la estabilidad microbioldgica de los
productos en polvo, en principio, estd garantizada, éstos pueden presentar problemas de
estabilidad quimica y/o fisica. Su estabilidad quimica puede verse comprometida por el
desarrollo de fenomenos de oxidacion, asociados a su alta porosidad interparticula, y la fisica
por el desarrollo de fendmenos de pegajosidad y apelmazamiento. Las condiciones en las que
convencionalmente se llevan a cabo los procesos de atomizacion suponen una evaporacion
répida del agua del producto, que es sometido durante tiempos cortos a temperaturas elevadas.
En estas condiciones, es muy frecuente la obtencion de una matriz amorfa, al no darse tiempo
a que ocurran los fendémenos de cristalizacion de los solutos que serian los termodindmicamente
esperables. Esta matriz puede encontrarse en un estado vitreo, altamente estable, o en estado
gomoso, con una viscosidad mucho menor y, por tanto, mas inestable. El cambio de un estado
fisico al otro ocurre cuando se sobrepasa la temperatura de transicion vitrea (Tg), la cual
depende de los solutos presentes y aumenta a medida que disminuye el contenido en agua del
producto (Roos, 1995). La mayoria de los solutos solubles presentes en frutas son azicares de
bajo peso molecular y acidos orgénicos, los cuales presentan una baja Tg. Esto hace que los
productos de fruta en polvo se encuentren en estado gomoso, no s6lo durante su procesado,
sino incluso en condiciones ambientales usuales de temperatura y humedad relativa. Esto, que
afecta tanto al rendimiento del proceso, pues supone la adherencia de las particulas del polvo
que se obtiene a las distintas partes del equipo, como a la calidad del producto, puede
minimizarse mediante la adicion de biopolimeros que actiian como facilitadores o carriers del
proceso y previenen del colapso estructural del producto (Telis y Martinez-Navarrete, 2009).
No obstante, su incorporacion puede afectar a las propiedades del polvo obtenido, por lo que

es necesario seleccionar muy bien cudl o cuales anadir y en qué cantidad.

Teniendo en cuenta lo anterior, se ha planteado el objetivo de esta Tesis Doctoral, centrado,
principalmente, en el estudio del impacto de la incorporacion de distintos biopolimeros en
algunas propiedades de un polvo de pomelo obtenido por atomizacion, con el fin de seleccionar
el mejor de ellos, y estudiar su estabilidad y viabilidad como nutracéutico. Para conseguir este
objetivo, se han planteado diferentes objetivos especificos que, para la redaccion de este

documento, se han estructurado en los capitulos que se describen a continuacion.

CAPITULO I: Estudio del impacto de la temperatura de atomizacion, goma arabiga (GA) y

carboximetilcelulosa (CMC) en algunas propiedades fisicas del pomelo atomizado.



En esta primera parte del trabajo se quiso ensayar la metodologia de superficie de respuesta
como herramienta para optimizar el proceso de atomizacidon teniendo en cuenta, como
variables, por una parte, la temperatura de entrada del aire en el atomizador y, por otra, la
concentracion de goma arabiga y de carboximetilcelulosa en el rendimiento del proceso y en

la humedad, porosidad y color del polvo obtenido.

Los carbohidratos de alto peso molecular, como GA, han sido muy utilizados como carriers de
los procesos de atomizacidn para evitar los fenomenos de pegajosidad que ocurren en el polvo
obtenido. No obstante, es cierto que, para conseguir este objetivo, se requieren grandes
cantidades de los mismos. Esto aumenta los costes asociados a la obtencion del producto y
puede alterar el sabor, color y otras propiedades del mismo. Ademas, a veces forman peliculas
de alta higroscopicidad, lo que mejora su capacidad de rehidratacion pero disminuye su
estabilidad. Por eso se ha estudiado mucho su uso combinado con otros compuestos que actiien
en el mismo sentido pero con mecanismos de accion diferentes. En este sentido, la revision
bibliografica efectuada en relacion al uso de este tipo de agentes, puso de manifiesto un
potencial papel interesante de la CMC asociado a una cierta capacidad de la misma para
facilitar la cristalizacion de la sacarosa. Dado que el problema de pegajosidad de la fruta en
polvo se asocia a su estado gomoso, que se alcanza, entre otras cosas, por impedimentos durante
el proceso para la cristalizacion de los azicares propios de las frutas, se quiso estudiar el posible

beneficio de su uso afiadida al licuado de pomelo.

Este trabajo ha sido publicado en la revista International Journal of Food Engineering 14(5-6)
(DOI: https://doi.org/10.1515/ijfe-2017-0387) y lleva por titulo ““Impact of temperature, gum
Arabic and carboxymethyl cellulose on some physical properties of spray-dried grapefruit™.

CAPITULO II: Modificacion de la formulacion optimizada: ensayo con nuevos biopolimeros

y su nivel de dilucion.

Con la finalidad de poder disminuir la cantidad de GA a anadir al licuado de pomelo para su
atomizacion (segun los resultados del Capitulo anterior), se quiso comprobar la viabilidad del
uso combinado de GA y CMC con otros biopolimeros de uso frecuente en alimentos, como la
maltodextrina (MD) y un aislado de proteina de suero de leche (WPI), en un estudio similar al
descrito en el Capitulo I, haciendo uso, de nuevo, de la metodologia de superficie de respuesta.
Esta parte del estudio es la que se recoge en el Capitulo II.I. No obstante, continuando con el
objetivo de reducir el uso de GA para disminuir los costes del proceso de atomizacion y/o para

simplificar la formulacion, y motivados por la continua revision bibliografica llevada a cabo



durante toda la etapa experimental, se plante6 el intercambio de GA, MD y WPI entre ellos asi
como la incorporacion de almidon modificado con anhidrido octenil succinico (OSA) para
sustituir a la GA y/o a la MD de la formulacién optimizada en el Capitulo I1.1 y asi estudiar la
posible disminucion y/o eliminacion de alguno de ellos (Capitulo ILII). La industria ha
obtenido el OSA con el fin de mejorar las propiedades quimicas, fisicoquimicas y funcionales
del almidon nativo y se ha utilizado como emulsificante y estabilizante en productos
alimenticios, cosméticos y farmacéuticos y en diferentes sistemas aceite-agua. Es por ello que
se penso que podria ser una buena alternativa. Por otra parte, se considerd oportuno tratar de
reducir el nivel de dilucién de la muestra que entra al atomizador (Capitulo ILIII). Para los
Capitulos IL.I y ILII, la preparacion de la formulacion a atomizar se llevo a cabo mezclando el
licuado de pomelo con una disolucion acuosa de los biopolimeros, en cantidad 1:1. La dilucion
es una practica habitual que se realiza para facilitar la atomizacion pero que, ademas de hacer
menos sencilla la preparacion de la muestra, puede también ir en contra de la calidad de la
misma, por su manipulacién. Ademads, parece un cierto contrasentido anadir agua para luego
quitarla. Asi, a partir de la formulacion optimizada en el Capitulo II.I, se programaron
diferentes experiencias reduciendo la cantidad de agua afiadida y estudiando cémo esto afecta

a la calidad del producto atomizado.
CAPITULO III: Estudio de almacenamiento

Con los resultados del Capitulo II se program6 un estudio de almacenamiento del pomelo
atomizado para comprobar su estabilidad. Teniendo en cuenta que el uso de OSA no mejoro
todas las propiedades del producto y, en concreto, empeoro el rendimiento (Capitulo I1.II), se
trabajo con la formulacion seleccionada en el Capitulo ILII pero ajustando el nivel de dilucion
de los biopolimeros a lo recomendado segun los resultados del Capitulo ILIII. En este sentido,
se atomizo, a 148 °C, un licuado de pomelo al que se afiadieron directamente 9.4 g GA+1.25 g
MD+1.4 g WPI/100 g licuado. Se estudio la evolucion con el tiempo de la vitamina C, fenoles
totales y licopeno, actividad antioxidante, color y propiedades mecanicas del polvo, expuesto

o no a la luz y a diferentes humedades relativas.

La publicacion asociada a esta parte del trabajo se encuentra en prensa (Ref.: FBIO 2018 641),
en la revista Food Bioscience y lleva por titulo *““Stability of the physical properties, bioactive

compounds and antioxidant capacity of spray-dried grapefruit powder”.



CAPITULO IV: Informacion sobre el desarrollo de polvo nutracéutico de pomelo mediante
secado por atomizacion. Caracterizacion fisica, composicion quimica y permeabilidad

intestinal 3D.

Dado el alto contenido en compuestos bioactivos del pomelo, se pens6 que la formulacion de
un producto nutracéutico en forma de polvo podria ser de gran interés para los consumidores.
No obstante, para ello es necesario identificar los principales compuestos bioactivos presentes
y comprender su interaccion con el sistema digestivo. Fue tratando de avanzar en esta linea que
se planteo el estudio que se desarrolla en este Capitulo. Para ello se selecciond un extracto del
polvo de pomelo, que se caracterizé en cuanto a su contenido en fenoles y flavonoides totales,
asi como en su actividad antioxidante. En primer lugar, se identificaron algunos de los
compuestos bioactivos mayoritarios de este extracto. Se comprobo6 el nivel de toxicidad del
extracto y, trabajando por debajo de éste, se estudid la bioaccesibilidad de los compuestos
identificados a través de un modelo intestinal 3D, utilizando dos lineas celulares

complementarias a nivel intestinal: Caco-2 y HT29-MTX.

La publicacion asociada a esta ultima parte de la Tesis lleva por titulo “Insights into the
development of grapefruit nutraceutical powder by spray drying. Physical characterization,
chemical composition and 3D intestinal permeability” y acaba de ser enviada a la revista

Journal of Functional Foods para su consideracion.
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Abstract

Spray-dried fruit powder may be an interesting alternative for the purposes of promoting fruit
consumption among consumers. The use of carrier agents is especially necessary for the
production of spray-dried fruit powders. As they may affect some physical properties of the
powder, it is important to adjust the amount at which they have to be added to the minimum in
order to achieve the necessary effects. The final aim of the study was to identify the most
suitable atomization temperature, as well as the optimal concentration of gum Arabic and
carboxymethyl cellulose to be used as carriers, in order to obtain grapefruit powder with the
maximum dry matter yield and porosity, the minimum water content and, simultaneously, with
suitable color characteristics. The results of the study don’t recommend the use of
carboxymethyl cellulose and suggest that the best color, the one that corresponds to a free-
flowing powder, corresponds to a very luminous one, low in chroma and with a hue that is

much more yellow than reddish orange.

Keywords: grapefruit powder, porosity, yield, luminosity, Chroma, hue angle.
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1.1. Introduction

In recent years, the health benefits of eating fruit and vegetables have been linked to their
role in the prevention of different diseases. These protective effects are attributed to the
presence of bioactive compounds with antioxidant capacity that affect the reduction of
degenerative diseases [1]. However, the main drawback to the consumption of fresh fruit
and vegetables is their short lifespan. In the mature state, they present a high water
content, making them more susceptible to decomposition by microorganisms, chemical
and enzymatic reactions [2]. In fact post-harvest losses of well over 50% may be
generated while marketed [3]. In this sense, one challenge faced by the food industry is
that of researching and developing processes and/or products that, in addition to being
safe, maintain the health benefits of fruit at a maximum, considering the current consumer

demand.

Dehydration processes have been widely used in the food industry to obtain products with
a greater stability and lower volume, which are easier to handle [4]. Nevertheless,
conventional processes should be optimized or new processes should be developed to
ensure the best quality of the obtained products. Fruit powder may be an interesting
alternative for the purposes of promoting fruit consumption among consumers, either as
an ingredient in other foods or after being rehydrated to obtain a juice. Spray-drying is a
simultaneous heat and mass transfer operation that implies the change of a food from a

liquid state to a dry particulate state.

Despite the obtained powder will benefit from great biochemical and microbiological
stability, it could present some problems as regards its physical stability. Spray drying is
a rapid dehydration method that frequently leads to the obtaining of an amorphous matrix,
glassy or rubbery depending on the glass transition temperature (Tg). Powdered foods in
the rubbery state may exhibit stickiness and caking problems [5]. This structural collapse
Is characterized by a a sharp loss in porosity which affects aroma retention or rehydration
capacity, among other things [6]. The rubbery state is especially frequent in powdered
fruit products, related to their composition. Most fruit soluble solutes are low molecular
weight sugars and organic acids all of which have a low Tg [7]. This leads to the Tg of
the product being easily exceeded during fruit spray-drying, and also during storage, with
the consequent adhesion of rubbery powder particles both to each other and to the

equipment, decreasing the product yield and causing operational problems [8]. In general,
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the stickiness causes considerable economic loss and limits the application of spray

drying on foods as well as on pharmaceutical materials [9].

Some of the problems associated with the rubbery state can be solved by adding
biopolymers that act as process carriers and confer stability on the product. High
molecular weight carbohydrates, such as starches, maltodextrins and gums, many of them
capable of increasing the Tg, are included among these carriers [10, 11]. Although these
are the materials most commonly used for this purpose, it is also true that large amounts
of carbohydrates are required to avoid fruit powder stickiness, which increases the cost
and may alter the original flavor, taste and color of the product [12]. According to these
authors, in addition, the films that they form are very easily moisturized which, while
necessary to ensure a good rehydration of the powder product, makes it less advisable to
use them for the purposes of ensuring their stability. For this reason, the search for other
types of drying aids is still ongoing. In this sense, the use of a small amount of proteins,
which are amphiphilic in character, has been described [12-16]. An interesting role for
carboxymethyl cellulose (CMC), an organic derivative of cellulose, has also been
described, involving sugar crystallization. This could reduce the phenomenon of
stickiness, considering the fact that crystalline sugar has a lower water sorption potential,
despite the fact that solubility decreases [2]. Among the more widely used high molecular
weight carbohydrates, the natural plant exudates of Acacia trees, the gum Arabic (GA) is
the only gum used in food products that exhibits high solubility and low viscosity in
aqueous solution, making the spray drying process easier [17]. GA is especially effective
because of its emulsifying properties, due to its low protein content [18]. In this sense, it
may be interesting to combine GA with CMC for fruit powder production.

Despite the use of carrier agents being especially necessary for the purposes of producing
spray dried fruit powders, they can also affect some physical properties of the powder,
such as the water content, porosity or color. For this reason, it is of great interest to select
the final use of the powder in order to adjust the quantity of the carriers to be added as
much as possible. Whatever the final use may be, a maximum process yield is desirable.
Nevertheless, if a tablet is going to be produced, the color or flow properties are less
important than if the powder is going to be offered to the consumer to be rehydrated. In
the latter case, the yield should be maximized by affecting the desirable physical
properties of the powder as little as possible.
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In the spray-drying operation a balance between the mass of inlet feed and the mass of
powder recovered, taking into account the water eliminated and the powder lost mainly
due to the sticking onto the dryer chamber wall is established. In this sense, the process
yield or the drying yield can be considered. As for the process yield, to refer the grams of
the solids in the total recovered powdered product to the grams of feed solid-content is
recommendable [8, 14, 18-22].

As regards the physical properties, the water content of the obtained powder should be as
low as possible. Porosity plays an important role in the agglomerate strength of dried
foods [23]. As far as its evolution is concerned, a greater porosity or, what is the same, a
lower apparent density, corresponds both to a more free-flowing powder with a greater
air volume distributed among particles and also to a more soluble one [18, 23]. On the
other hand, it is not easy to know in advance the most desirable expected color in the fruit
powder. In many cases, it is not possible to obtain a spray-dried fruit with a color similar
to that of the fresh fruit because of the aforementioned need to add carriers in order to
avoid operational problems. When no carriers, or a small amount of them, are added, a
paste like structure is obtained instead of a powder. In this sense, to look for the natural
color in the powder may not be adequate. On the other hand, the carriers lead to color
changes in the product [13, 24]. The problem is whether the luminosity, hue and chroma
color attributes should take higher or lower values than those of fresh fruit when carriers

have been added.

In this sense, the aim of this study was to identify the most suitable atomization
temperature, as well as the optimal concentration of GA and CMC to be used as carriers,
in order to obtain grapefruit powder with the maximum dry matter yield and porosity, the
minimum water content and, simultaneously, suitable color characteristics. To this end,
it is necessary first to establish whether atomized grapefruit powder of the highest quality

relates to the maximum or minimum value of the color attributes.
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1.2. Materials and methods
1.2.1. Raw material

This study was carried out with grapefruit (Citrus paradise var. Star Ruby). Gum Arabic
(Scharlau, Spain) and carboxymethyl cellulose (Alfa Aesar, Germany) were added to the

liquidized grapefruit.
1.2.2. Preparation of feed mixture and spray drying conditions

Grapefruit was washed, peeled (carefully removing the albedo) and liquidized. Liquidized
grapefruits were mixed with a water solution containing GA and/or CMC. Solutes were
added to water according to the generated experimental design obtained from the response
surface methodology (RSM, Table 1) and commented on below. Liquidized grapefruit
(500 g) was mixed with 500 g of each one of these solutions. The mixture was stirred for
30 min until homogeneity was reached. The samples were immediately frozen at -40 °C
until atomization. Thawed samples (for 24 h at 8 °C) were fed into a Bilichi B-290
(Switzerland) mini spray dryer with the following operating conditions: aspiration of 35
m3/h; air flow rate 473 L/h with a co-current flow; pump flow rate 9 mL/min. Drying inlet
air temperature was varied according to experimental design (Table 1). After the
completion of the experiment and when the inlet air temperature fell below 50 °C, the

samples were collected from the product collection vessel.
1.2.3. Experimental Design

For this study, a central composite design (CCD) and the response surface methodology
(RSM) were applied to evaluate the effect of three process independent variables on six
response variables, mainly related to the profitability of the process and the quality of the
powder, and to propose which levels of the former are optimum for the purposes of
achieving the best powder [25] . As independent variables, the inlet air temperature (T,
100 — 200 °C) and the concentration of gum Arabic (4-12 g GA/100g liquidized
grapefruit) and carboxymethyl cellulose (0-2 g CMC/100g liquidized grapefruit) were
selected. The response variables considered were those of water content (Xw), porosity (e),
luminosity (L*), chromatic a* and b* color coordinates, dry matter yield (DMY). Twenty-
three experimental runs were generated based on the corresponding rotable and

orthogonal central composite design (Table 1). The experiments were randomized.
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Table 1. Matrix of the central composite experimental design applied and the
experimental results (xSD) of water content (xw), porosity (g), dry matter yield (DMY),
lightness (L*), hue angle (h*a) and chroma (C*ap) of the spray-dried powders.

TO GA® CMC® Xw® € (%) DMY® L* hab C*a

150 8.0 1.0 0.029+0.003 71.6+0.2 32.48 90.5+0.2 82.6+0.4  9.7£0.2
150 8.0 1.0 0.027+0.003 72.0+0.3 34.86 89.9+0.2 78.0+0.5 9.7+0.3
150 8.0 1.0 0.033+0.006 74.7+0.2 34.45 90.8+1.7 88.3+0.4  9.510.2
150 8.0 1.0 0.063+0.003 72.6+0.2 3557 91.5+0.2 83.5+0.2 10.3+0.2
150 8.0 1.0 0.034+0.010 73.8£0.4 41.96 91.4+0.2 83.8+0.7 10.1+0.2
150 8.0 1.0 0.073+£0.002 74.1+0.2 37.50 91.4+0.2 83.9+0.4 11.2+0.2
150 8.0 1.0 0.079+£0.013 74.7£0.6 31.34 90.91+0.5 83.840.4 11.8+0.3
150 8.0 1.0 0.076+£0.010 74.6+0.5 36.20 91.5+0.3 85.9+0.5 10.5%0.2
150 8.0 1.0 0.067+£0.002 72.4+0.3 33.09 89.9+0.4 77.8+0.3 10.9£0.2
150 14.7 1.0 0.142+0.004 68.6+0.2 37.67 91.2+0.3 86.3+0.2  8.6%0.2
120 12.0 0.0 0.096+0.002 70.16+0.6 55.12 90.3+0.2 77.4+0.3 10.3+0.3
180 12.0 2.0 0.057t0.002 68.8+0.4 25.40 89.9t+0.2 78.5+0.3 11.840.2
150 8.0 2.7 0.123+£0.007 75.2+0.9 16.88 88.6+0.3 72.2+0.2 12.3£0.3
200 8.0 1.0 0.036+0.002 76.2+0.8 28.44 88.0+0.2 76.9+0.3 13.8+0.2
180 4.0 0.0 0.079+£0.003 45.3+1.5 3590 66.5+1.9 63.9+0.6 30.4+0.3
100 8.0 1.0 0.181+0.002 68.2+0.3 26.20 86.2+0.2 79.9+0.2 10.7%0.2
120 40 0.0 0.110+0.003 64.6+0.4 41.28 82.3+0.5 68.5+0.2 20.9+0.4
120 12.0 2.0 0.178+0.002 70.6£0.6 22.34 90.1+0.2 78.4+0.7  9.5+0.2
180 12.0 0.0 0.204+0.012 69.5+0.3 60.94 88.7+0.3 74.8+0.2 11.4+0.2
180 40 2.0 0.045t0.003 78.2t0.4 21.58 87.2£0.2 77.9+0.3 17.840.3
150 8.0 0.0 0.116+£0.004 76.0+0.4 63.98 90.2+0.2 79.1+0.2 11.6+0.2
120 40 2.0 0.115+£0.002 76.5+0.4 17.60 84.7+0.9 66.6+0.2 14.5+0.2
150 1.3 1.0 0.074+0.003 64.4t1.0 25.28 80.3+0.7 63.5+0.4 21.7£0.5

DInlet temperature (°C), @ Gum Arabic (g/100gjiquefied grapefruit), ©'Carboxymethyl cellulose (g/100giiquefied

grapefruit), Pwater/ 100G grapefiuit's own solutes, ©'g powder dry matter/100 g feed dry matter.
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1.2.4. Analysis of response variables

The powder’s water content was determined, in triplicate, using the gravimetric method
ina vacuum oven (VACIOTEM, JP Selecta, Spain) at 60 ° C, p<100 mm Hg until constant
weight. As the GA and CMC content of each sample was different (Table 1), the water
content of the powders was referred to the grapefruit’s own solutes (GS) (Eq. 1 and 2) to

make the results comparable.

P

X
X, = w
(1=x2)(Xgs/75) 1)
¥ _ m;(1- xi)
GSITS =
M+ Moy Tmyp (1 xi) )

where: Xw is the water content of the powder referred to grapefruit’s own solutes (GS,
w/w), xwP is the water content of the powder (w/w), Xgs/Ts is the mass fraction of GS to
total sample solutes, mga, Mcmc and me are the mass of gum Arabic, carboxymethyl
cellulose and liquidized grapefruit, respectively, in the sample and xu'" is the water content

of the liquidized grapefruit (w/w).

The porosity, or percentage of air volume related to total volume, was calculated from the
true and bulk densities (Eq. 3). The true density (p) of the product was calculated from its
individual components. In this case, water and carbohydrates, both the grapefruit’s own
and those added, were considered to be the main components of the samples (Eq. 4). For
the purposes of bulk density (pp) determination, in triplicate, approximately 2 g of the
powder were transferred to a 10mL graduated test tube and stirred for 10 s at 1600 rpm
in a Vortex (Velp WX F202A0230, Italy). The bulk density was calculated as the ratio

mass of the powder to the occupied volume in the tube after stirring.

£ = p"# (3)
l=ﬁ+ﬁ (4)
P Pw  PCH
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where ¢ is the porosity; p and py are the true and bulk densities, respectively; xi® and pi
are the mass fraction and density, respectively, of water (i=w) and carbohydrates (i=cn) of
the powder, with pw (20°C) = 0.9976 g/cc and prc (20 °C) = 1.4246 g/cc [26].

The CIE L*a*b* color coordinates, hue angle (h*a, Eg. 5) and chroma (C*a, Eq. 6) of
the samples were measured in triplicate using a spectrocolorimeter (MINOLTA,
CM3600-D, Spain) with a reference illuminant D65 and 10° observer.

*

hg, = arctg % (5)

w=va?+ b )
The percentage of dry matter yield, was determined using Eq. (7).

mp*(l—x‘f,)
mx*(1—xy,)

DMY = 100 @)

where m? and x! are the mass (g) and the water content (w/w), respectively, of the
obtained powder; m and x,, are the mass (g) and the water content (w/w) of the product

coming into the spry-dryer.

1.3. Results and Discussion

The water content of the liquidized grapefruit used for the study was 0.912 £0.009 g/g.
Table 1 shows the experimental results of the different response variables measured in
the powders. A second order quadratic equation was used to express the response
variables as a function of the independent ones (Eq. 8). Only the significant model terms
(p<0.05) were considered in the final reduced model. Table 2 shows the regression
coefficients of the models with a significant correlation of the response variables with the
independent ones. The determination coefficients, all in the range of 58-92, indicate that
over 50% of the response variation may be explained in terms of all three independent

variables.
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Yi = Bo + PiXs + PaXz + PaXs + Prax?1 + PaoX?2 + Pasx?s + Pr2XaXze + PraXaXs + PasXaXs (8)

where Yi is each one of the response variables and xi are the three independent variables,
as indicated in Table 2.

Table 2. Regression coefficients, adjusted determination coefficient (R?) and standard
error of the estimate (EE) for the polynomial model fitted to predict the response variables

as a function of the independent variables.

Xw € DMY L* hab Can*
Bo 0.021 4538 -39.83  36.38 6.34 53.33
B1 0.0002 - 1.01 0.45 0.66 -0.28
B2 0.006  4.46 2.20 3.81 4.50 -3.74
B3 0113 1511 -1429  0.05 8.55 -11.11
B12 - - -0.003 -0.0019  -0.002  0.0011
B2 - -0.19 - -0.13 -0.20 0.13
B3 0.027 - 3.39 -2.20 -4.27 2.15
Br - - - - - -
B3 -0.0011 - - 0.08 - -
B2z - -1.41 -0.95 -0.69 - 0.58
R? adj 58.22  59.45  90.63 83.45 77.76 91.74
EE 0.04 458 4.28 2.73 3.64 1.79

Bo: constant model; Bi: estimated regression coefficient for the main linear effects, p?: estimated regression
coefficient for the quadratic effects, Bij: estimated regression coefficient for the interaction effects.
Subscripts i=1: temperature (°C); i=2: gum Arabic (g9/1009 iiquidized grapefruit); 1=3: carboxymethyl cellulose
(9/1009 jiquidized grapefruit)- Xw: Water content (Qwater/100Qgrapefruit solias), €: Porosity (%), DMY: dry matter yield
(g powder dry matter/100 g feed dry matter), L*: Lightness, h*: hue angle and Ca*: chroma.

1.3.1. Water content

The water content of the powdered products is related to drying efficiency, playing an
important role in its free-flowing behavior and stability during storage, due to its effect
on the glass transition and its behavior during crystallization [27]. The water content of
the spray dried powders varied between 0.0106 and 0.0828 g water/g powder. Due to the

different biopolymers content added to each sample, to make it possible to compare the
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results of the different powders, they were referred to the grapefruit’s own solutes (Eq. 1
and 2). The obtained values (Table 1) were correlated with the independent variables
(Table 2). A positive effect of T, GA and CMC on xw was observed, along with a negative
interaction between T and CMC. As a result, the evolution of xw with T and CMC was
similar to that shown in Fig 1. At the lowest CMC content, a small X increase occurs
when T increases, while at the highest CMC content, a sharp decrease in Xw is observed
when T increases. As the most desirable powdered product would be that with the lowest
water content, this will be obtained with a low concentration of GA, an intermediate one

of CMC and at high T.

Xw (%)

T Xw (%)
1 =3 0.002-0.004
] B 0.004-0.028
1 = 0.028-0.052
1 =7 0.052-0.076

0.124-0.148
0.148-0.172
0.172-0.196
0.196-0.22

CMC (%)

100 120 140 160 180 200
T(°C)

Fig. 1. Response surface (up) and contour plot (down) of the predicted model for the
water content of the spray dried powder, referred to grapefruit’s own solutes (xw, g water
/100 Qgrapefruit own solutes), as @ function of carboximethilcellulose content (CMC, g/100g
liquidized grapefruit) and spray-drying temperature (T).
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1.3.2. Porosity

The porosity of the powder ranged from 45.3 to 78.2 % (Table 1). It was positively
affected by the added solutes, while some negative quadratic effects of GA and a negative
interaction between GA and CMC were observed (Table 2). In this way, the highest
desired ¢ values will be obtained when a low-medium content of GA and a high CMC

content are added (Fig 2).

€ (%)

GA (%)

1 e®)
1 =3 45.0-49.0
1 = 49.0-53.0
1 =3 53.0-57.0
1 =3 57.0-61.0

3T

J

0 3 6 9 12 15
GA (%)

B 61.0-65.0
1 1 65.0-69.0
1 69.0-73.0
i = 73.0-77.0
1 =3 77.0-81.0
BN 81.0-85.0

CMC (%)
&
I

Fig. 2. Response surface (up) and contour plot (down) of the predicted model for the
porosity (g) of the spray dried powder as a function of GA and CMC content. For the plot,
spray drying temperature has been fixed at 150 °C.

1.3.3. Color

As far as the color of the different obtained powders is concerned, the L* values and the
chromatic a* and b* coordinates are shown in Table 1 and Figure 3, respectively. From
the a* and b* values, the color attributes, hue angle and chroma, were calculated (Eq. 5
and 6, Table 1). In Figure 3, the angle described by the sample position to the positive a*
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axis is the hue angle and the distance from the sample position to the grid origin (a*=0,
b*=0) is the chroma. As can be seen in Table 1, the L* values of the different grapefruit
powders ranged from 82.3 to 91.5, except for the sample formulated with 4 % GA and
dried at 180 °C, which was 66.5, an exceptionally low L* value. This same sample,
together with those obtained at (T=120 °C, 4% GA) and (T=150 °C, 1.3% GA, 1% CMC),
also presented, in addition to the lowest L * values, the lowest hue angle and the highest
chroma (Figure 3 and Table 1). The addition of GA to grapefruit increases lightness and
decreases a* [5]. The lower amount of added carbohydrates in these samples could
contribute to the observed results, as a lower dilution of the grapefruit pigments occurs.
When we visually observed these three samples, despite actually being more orange in
color than the rest of them, they were extremely sticky and not a free-flowing powder at
all. In fact, they also had the lowest porosity values (Table 1). Taking all these
considerations into account, the most desirable color for the grapefruit powder seems to
be that which provides a high luminosity and hue angle and a low chroma. In this study,
this color is achieved when the liquidized grapefruit is formulated with an intermediate-

high GA and intermediate CMC content and is spray dried at an intermediate temperature.

0 5 10 15 20 25 30

a*
Fig. 3. Chromatic a* and b* grapefruit powders color coordinates. Samples surrounded
by a circle are those that presented the lowest hue angle together with the greatest chroma;
for them (spray drying temperature: gum arabic concentration: carboximethilcellulose

concentration) is indicated. For the sample (180:4:0) hue angle and chroma are indicated
with arrows.
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1.3.4. Product yield

Product yield is one of the main indices of the process performance related to its
efficiency. Dry matter yield ranged from 16.9 to 64% (Table 1), in the same order as that
obtained by other authors working with spray dried pomegranate juice [8] or tamarind
pulp [14], for instance. When working with fruits, the low product yield of spray drying
is remarkable, which is related to their aforementioned low Tg. In this study the yield was
greater than 41 % in only 3 of the 23 spray drying runs carried out, these being the samples
formulated with no CMC and a GA content of over 8 %. This leads to a significant
increase in the operational costs, due both to the low process yield and to the need to add
a high carrier content in an attempt to increase it. In fact, an economic study carried out
in our laboratory, on both laboratory and industrial scales, suggests that the cost of
obtaining powdered grapefruit by spray drying is 2.3 times higher than by freeze drying,
taking into account all the costs involved in each process [28]. For this reason, it is
extremely important to consider the process yield among the response variables when
trying to optimize spray drying. In Table 2 and Figure 4, a positive linear correlation with
T and GA and a strong negative linear correlation with CMC were observed, together
with a negative and positive quadratic correlation with T and CMC, respectively, and a
negative CMC-GA interaction. All this behavior leads to the highest product yield being
obtained when the liquidized grapefruit is formulated with low CMC and high GA
concentration and is dried at an intermediate inlet air temperature. The response surface
shown in Fig. 4 has been obtained at a spray drying temperature of 150 °C. It maintains
the shape but shifts to lower yield values when obtained at 100 or 200 ° C, for example.
These results highlight the need to study the impact not only of the quantity but also of
the type of carrier added. In this sense, CMC does not seem to be a suitable carrier for
fruit spray drying. In contrast, the benefit of adding GA has been widely demonstrated
[8, 14, 29, 30].
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Fig. 4. Response surface (up) and contour plot (down) of the predicted model for dry
matter yield (DMY, g powder dry matter/100 g feed dry matter) of the spray dried powder.
For the plot, spray drying temperature was fixed at 150 °C.

1.3.5. Optimization of temperature and carrier concentration

The final objective of the response surface methodology is to establish the values of the
independent variables that optimize the value of the response variables. Optimizing the
mix formulation and temperature during spray drying for the purposes of obtaining the
best powdered product can pursue different objectives. From the point of view of
improving the productive process, it is fundamental to ensure the maximum performance
of the process. In our study, when looking for the combination of the independent
variables that statistically maximizes the product yield, T = 130.1 °C, 14.44% GA and
0.035% CMC were obtained. As can be observed, the temperature of this process is
intermediate-lower, the concentration of GA is higher and the CMC is lower than those

experimentally considered. According to the results obtained from the different response
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variables (Table 1), this combination of solutes supposes that the powders obtained would
have a high water content and be low in porosity, which is undesirable. If the aim is to
obtain a product with the best quality characteristics of those studied, it will be a question
of obtaining the one that had the lowest water content and chroma and the maximum
porosity, luminosity and hue angle. Statistically, this would be obtained with T = 167.7
°C, 9.30% GA and 1.28% CMC. In this case, the GA concentration is intermediate and
the CMC concentration is high, implying a low yield. When considering the optimization
taking all the variables into account, the conditions would be T =141.9 ° C, 12.82% GA
and 0% CMC. In this case, the predicted dry matter yield for the process would be
63.97%. The choice of one or other process conditions will be a function of the final use
of the powdered product. From the point of view of the profitability of the process,
maximizing the yield will always be desirable. However, considering this parameter alone
could only be justified if the final use of the powdered product is as an ingredient in the
formulation of other foods. In the same way, prioritizing quality would only be justified
if the product were to be offered directly to the consumer, although even in this case it

would seem necessary to consider the quality/cost ratio.

1.4. Conclusions

The results of this study propose adding 12.82 g of GA / 100g liquidized and drying at
141.9 °C, in order to obtain spray dried grapefruit powder with the maximum yield and
porosity, the best color and the lowest water content. The use of CMC alone or combined
with GA is not recommended. It is not easy to define the best value of the color
coordinates and attributes of the powder obtained by spray drying, because what may
occur, as happens in the case of the grapefruit, is that the color of the powder that most
closely resembles that of the fruit corresponds to an extremely sticky product that could
not be considered a free-flowing grapefruit powder. In this study, the best color
corresponds to a very luminous powder, with low chroma and orange hue, although much

more yellow than red.
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CAPITULO 11

Modificacion de la formulacion optimizada: ensayo con nuevos

biopolimeros y su nivel de dilucion.
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Partiendo de los resultados obtenidos en el Capitulo I y con la finalidad de poder disminuir la
cantidad de goma arabiga (GA) a afiadir al licuado de pomelo para su atomizacién, se quiso
comprobar la viabilidad del uso combinado de GA y carboximetilcelulosa (CMC) con otros
biopolimeros de uso frecuente en alimentos como la maltodextrina (MD), un aislado de
proteina de suero de leche (WPI) y el almidon modificado con anhidrido octenil succinico
(OSA). Ademas se considerd oportuno tratar de reducir el nivel de dilucion de la muestra que
entra al atomizador. En este Capitulo de la Tesis se presenta el trabajo realizado en este sentido
y los resultados obtenidos, estructurado en 3 apartados. Al final del Capitulo se presentan las
conclusiones de toda esta parte del estudio y las referencias bibliograficas correspondientes

(Capitulos ILIV y IL.V, respectivamente).
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IL.I. Uso combinado de goma arabiga, carboximetilcelulosa, maltodextrina

y aislado de proteina de suero de leche.

IL.I.1. Introduccion

Siendo conscientes de la necesidad de incorporar biopolimeros como facilitadores o carriers
del proceso de atomizacion de fruta en polvo, que a su vez confieren estabilidad al producto
obtenido, y teniendo en cuenta los resultados mostrados en el Capitulo I, se plante6 la parte del

estudio que se describe en este primer apartado del segundo Capitulo de la Tesis.

Los carriers pueden agruparse en base a su funcionalidad. Asi, por una parte, estdn algunos
carbohidratos de alto peso molecular, capaces de aumentar la temperatura de transicion vitrea
(Tg), entre los que se encuentran los almidones, maltodextrinas y gomas (Madene et al. 2006;
Murta-Pagola et al. 2009). Dadas las diferentes formas de actuar de los diferentes grupos de
carriers, se ha demostrado que su mezcla es mas eficiente que el uso de ellos por separado en
el secado por atomizacion (Fazaeli et al. 2012). En este sentido, y teniendo en cuenta resultados
previos obtenidos en el grupo de investigacion, la goma arabiga (GA) fue el carbohidrato
seleccionado en un primer momento para este trabajo (Telis & Martinez-Navarrete 2009;
Mosquera et al. 2012). Su uso mayoritario combinado con otro biopolimero minoritario como
la carboximetilcelulosa (CMC) pretendia, en la medida de lo posible, poder disminuir la
cantidad de GA a utilizar. Con estos 2 biopolimeros se desarrollé todo el trabajo mostrado en
el Capitulo I, que permitio llegar a la conclusion de que la atomizacién a 141.9 °C y la
formulacion del licuado de pomelo con un 12.82 % de GA y sin nada de CMC afiadida era la
mas adecuada para obtener un producto con las mejores propiedades fisicas estudiadas y el
maximo rendimiento. De hecho, los resultados obtenidos pusieron de manifiesto que la CMC
disminuye el rendimiento del proceso. Por otra parte, la formulacién obtenida supone el uso de

una alta concentracion de GA, cuyo coste es bastante elevado.

Teniendo en cuenta lo anterior, se quiso ensayar con otros biopolimeros de uso frecuente en la
industria de alimentos, como son la maltodextrina (MD) y aislado de proteina de suero de leche
(WPI). La MD, aunque contribuye en menor medida al aumento de la Tg (Mosquera et al.
2012), ha sido un biopolimero muy utilizado en atomizacion por su efecto en propiedades como
la humedad, pegajosidad, rendimiento e higroscopicidad que confiere a los productos en polvo
(Fang & Bhandari 2012; Bouquerand et al. 2008; Dwyer 2008). Por su parte, el caracter

anfifilico de las proteinas parece ofrecer mejores propiedades a la pelicula formada alrededor
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de las particulas de polvo evitando la pegajosidad de las mismas (Bhusari et al. 2014;
Gharsallaoui et al. 2007; Adhikari et al. 2007). De hecho, diferentes autores han descrito como
el uso de pequetias cantidades de proteinas puede ser tan eficiente como el de una gran cantidad
de carbohidratos en el rendimiento (Adhikari et al. 2007; Fang & Bhandari 2012). El aislado
de proteina de suero de leche ha sido muy utilizado con este fin (Madene et al. 2006; Murta-

Pagola et al. 2009; Osorio et al. 2014; Cakir-Fuller 2015).

El objetivo perseguido en esta parte del estudio fue evaluar si el uso combinado de 4
biopolimeros en la formulacion, 2 mayoritarios (GA y MD) y 2 minoritarios (CMC y WPI),

presentaba ventajas respecto al uso ya estudiado de s6lo GA y CMC.

I1.L.2. Materiales y métodos
II.1.2.1. Materia prima

Para esta parte del estudio se siguid utilizando pomelo (Citrus paradisi, var. Star Ruby),
adquirido en un supermercado local de la ciudad de Valencia, seleccionando las frutas en base
a su color, tamafo y ausencia de danos. Los biopolimeros utilizados en este caso fueron,
ademas de GA 'y CMC, MD 16.5-19.5 dextrosa equivalente (DE), suministrados por la empresa
Alfa Aesar (Alemania) y WPI (LACPRODAN® DI-9212 de Arla Foods Ingredients,

Dinamarca).

II.1.2.2. Disefio experimental

El disefio de experimentos utilizado en este caso, basado de nuevo en la metodologia de
superficie respuesta, se plante6 considerando como variables independientes la temperatura de
entrada del aire al atomizador (100-170 °C), la proporcion de GA y MD (4-12 g/100 g de
licuado de pomelo) y el contenido de CMC y WPI (0-2 g/100 g de licuado de pomelo),
concentraciones seleccionadas en base a experiencias previas (Shavakhi et al. 2012; Kaur et al.
2013; Igual et al. 2014). En cuanto a las variables respuesta se consideraron las mismas que en

el Capitulo I: la humedad, expresada en solutos de pomelo (xv*"),

luminosidad (L*), angulo de
tono (hy,), (Croma (Cj,,), porosidad (¢) y rendimiento en materia seca (RMS). Las
experiencias se realizaron de manera aleatoria, con un total de 59 experiencias segun el disefio

compuesto central rotable ortogonal (Tabla II.I.1).
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I1.1.2.3. Preparacion de la muestra y condiciones del equipo

La preparacion de la muestra a atomizar, su caracterizacion a nivel de °Brix y contenido en
agua y la atomizacion fue siguiendo el mismo protocolo descrito en el Capitulo I, excepto las
formulaciones preparadas y la temperatura de entrada del aire al atomizador que variaron segiin
lo especificado en la Tabla IL.I.1. Con el fin de trabajar, para las 59 experiencias previstas, con
la misma materia prima, se prepar6 un lote homogéneo de licuado de pomelo, que se formulo
y mantuvo congelado a -20 °C hasta su uso, previa descongelacion a 4 °C en las 24 h anteriores.
Los productos en polvo obtenidos de los diferentes tratamientos fueron envasados al vacio y

se conservaron en un desecador con silicagel a temperatura ambiente hasta realizar los analisis.

I1.1.2.4. Analisis de las variables respuesta

Las variables respuesta se analizaron segtin lo descrito en el Capitulo 1.

I1.1.2.5. Analisis estadistico

Se aplico la metodologia de superficie respuesta descrita en el Capitulo I.

40



Tabla ILI.1. Matriz del disefio experimental aplicado y resultados experimentales del

contenido en agua (x5F), luminosidad (L*), angulo de tono (h:b), croma (C:b), porosidad (€) y
rendimiento en materia seca (RMS) de los productos atomizados.

* *

Exp® T2 GAP  mDW cMmc®  WPI® X0 1* pt c, E(%) RMS®

1 120 6 1 0 0 0.132 85.9 74.5 15.5 74.76 45.8
2 120 1 6 0 1 0.131 85.3 73.1 17.2 60.84 42.8
3 135 35 35 0.5 0.5 0.112 92.2 88.5 57 70.61 38.1
4 170 35 35 0.5 0.5 0.06 90 83 9.1 70.86 35.5
5 120 1 1 0 0 0.091 46 57 37 0 8.8
6 150 6 1 0 0 0.065 90.2 84 10.6 65.21 52
7 120 6 1 1 0 0.117 90 85.2 10.1 75.04 19.7
8 135 35 35 0.5 0.5 0.106 91 85.7 9.2 69.13 22.7
9 135 35 35 0.5 0.5 0.119 90 83.6 12.7 70.27 27.8
10 135 35 35 0 0.5 0.104 88.8 78.2 12.9 71.12 49
11 120 1 6 1 1 0.125 87.4 78.7 16.5 67.1 24.2
12 150 1 1 1 0 0.067 84.4 73 18.9 69.5 15.5
13 120 1 6 0 0 0.123 79 67.2 24 0 31
14 135 3.5 9.44 0.5 0.5 0.096 90.9 78.6 8.7 67.87 29.5
15 150 1 6 1 1 0.085 90.8 79.6 7.3 76.73 19.8
16 120 6 6 0 1 0.149 90.2 87 53 71.98 33.9
17 120 1 6 1 0 0.082 91.8 87.4 7.5 76.16 23.2
18 150 1 1 1 1 0.066 87.6 78 13.5 70.37 25.5
19 120 6 1 1 1 0.145 88 87 6.8 69.27 15.7
20 150 1 1 0 0 0.081 63.8 61.3 37 0 35.7
21 135 35 0 0.5 0.5 0.101 83.6 84.0 8.2 71.89 21.6
22 135 35 3.5 0.5 0.5 0.067 89 87.4 53 71.62 38.4
23 135 35 35 0.5 0.5 0.069 91.7 879 7.3 69.77 36.9
24 120 6 6 1 1 0.171 92 81 5.3 73.71 284
25 135 0 35 0.5 0.5 0.123 75 69.9 21.7 56.13 25.6
26 150 1 6 0 0 0.066 82 74.1 15.1 68.87 44.4
27 135 35 35 0.5 0.5 0.125 85 78.5 10 68.73 31
28 135 35 3.5 0.5 0.5 0.114 90 89.6 5.8 69.55 29
29 150 6 1 0 1 0.099 89.2 86.5 8.7 72.22 43.2
30 135 9.44 35 0.5 0.5 0.102 92 88 6.3 73.02 36.5
31 135 35 3.5 0.5 1.7 0.154 88 87.9 7.8 66.79 385
32 150 6 1 1 0 0.080 87.9 85.8 9.8 73.67 34.4
33 135 35 35 0.5 0.5 0.116 84.8 83.4 10.5 67.08 27.3
34 150 6 6 1 1 0.055 91.8 88.7 5.1 69.52 28.6
35 135 35 3.5 0.5 0.5 0.093 88.7 821 6.9 68.65 37
36 150 1 6 0 1 0.040 90.8 84.3 7.1 72.22 59
37 135 35 35 0.5 0.5 0.081 89.7 76.7 8.8 70.24 28.5
38 150 6 6 1 0 0.058 88.4 73.4 9.5 70.88 26.5
39 135 35 35 0.5 0 0.106 87.9 74 11.5 72.86 28.7
40 120 6 1 1 0.100 86.1 71.3 10.5 72.97 54.8
41 120 1 1 1 1 0.103 69.2 68.9 17.3 0 23.7
42 150 6 6 0 1 0.094 91 74.9 7.9 71.15 55
43 135 35 35 0.5 0.5 0.103 88.3 74.8 9 73.3 27.2
44 135 35 3.5 1.7 0.5 0.145 89 71.6 9.5 76.34 15.2
45 135 35 35 0.5 0.5 0.114 87.7 835 9.5 70.27 28.1
46 150 6 6 0 0 0.084 89.6 76.8 9.7 71.66 46.4
47 100 35 3.5 0.5 0.5 0.148 72 64.9 24.2 65.68 25.1
48 120 1 1 0 1 0.094 63.4 62.2 31.5 0 25.9
49 150 1 1 0 1 0.061 66.9 63.3 31.6 0 43.5
50 120 1 1 1 0.116 72 60.2 23.8 0 20.6
51 135 35 3.5 0.5 0.5 0.117 89.2 78.2 8.9 71.42 29.4
52 120 6 6 0 0 0.189 89.8 76 8.9 72.44 41.3
53 135 35 35 0.5 0.5 0.094 87.4 85 7.5 71.78 38.7
54 120 6 6 1 0 0.103 89.2 72.5 8.8 78.76 25.9
55 135 35 35 0.5 0.5 0.127 86 85 8 71.93 38.2
56 135 35 35 0.5 0.5 0.095 89.2 83 7.5 71.2 39.1
57 135 35 35 0.5 0.5 0.120 85.8 77.2 11.5 71.47 34.6
58 150 6 1 1 1 0.052 91.5 84.2 6.5 76.07 33.8
59 150 1 6 1 0 0.037 86.5 69.9 12 78.68 29

(WExperiencia, @Temperatura del aire que entra al atomizador (°C), ®’Goma Arabiga (g/100 g licuado con biopolimeros),
*®Maltodextrina (g/100 g licuado con biopolimeros), ®)Carboxymetilcelulosa (g/100 g licuado con biopolimeros), PAislado
de proteina de suero de leche (g/100 g licuado con biopolimeros), PHumedad (g agua /100 g de solutos del pomelo),
®Rendimiento en materia seca (g solutos en el polvo/100 g solutos en el licuado con biopolimeros).
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I1.1.3. Resultados y discusion

La humedad y °Brix del licuado de pomelo utilizado en esta parte del trabajo fue 90.6+1.3 g
agua/100 g licuado y 10.75+0.15 g solidos solubles/100 g fraccion liquida. Los resultados
obtenidos para cada una de las variables respuesta estudiadas en las diferentes muestras en
polvo obtenidas se presentan en la Tabla IL.I.1 y los modelos finales reducidos que proporciona
la metodologia de superficie de respuesta, aplicada de la misma forma que en el Capitulo I a
las variables respuesta significativas, en la Tabla IL.1.2. Los modelos que resultaron
significativos (p<0.05), presentaron un coeficiente de determinacién ajustado, R?, entre 0.50 y
0.93. La concentracion de WPI nunca presenté correlacion cuadratica ni interacciones

significativas (p>0.05) con el resto de variables.

II.I.3.1. Contenido en agua

Como ya se ha comentado, una alta humedad en un producto atomizado favorece la pegajosidad
interparticula y también la de las particulas con el equipo, provocando un mal funcionamiento
del mismo y problemas de rendimiento (Roos & Silalai 2011). El contenido en agua se ha
referido, al igual que en el Capitulo I, a los solutos propios del pomelo. El maximo valor de
humedad (0.189 g agua/g SP) lo presentd la muestra con un 6 % MD y 6 % GA y atomizada a
120 °C (experiencia 52, Tabla II.I.1), mientras que su minimo (0.037 g agua/g SP) se obtuvo
en la muestra con 1 % GA, 6 % MD y 1 % CMC, atomizada a 150 °C (experiencia 59, Tabla
IL.I.T). La correlacion de la humedad con las variables de proceso estudiadas, aunque fue
significativa, fue la que mostré el coeficiente de correlaciéon mas bajo (R?=0.50). El analisis
estadistico de los resultados mostrd que las unicas variables que influyeron significativamente
(p<0.05) en la humedad fueron la temperatura de atomizacion, de forma negativa, y la
concentracion de GA, de forma positiva (Tabla I1.1.2). Es decir que el producto en polvo con
menor humedad se obtendra al atomizar a alta temperatura y con un porcentaje bajo de GA
afiadida. Estos resultados coinciden con lo observado en el Capitulo I para estas 2 variables de

Pproceso.
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Tabla. I1.1.2. Coeficientes de regresion, coeficiente de determinacion ajustado (Rﬁdj) y error estandar de la estima (EE) del modelo polinomico
ajustado para predecir las variables respuesta en funcion de las variables independientes.

Lineal Cuadratico Interaccion

Yi Bo B, B, B, By Bs BT 5 B§ B B Bis By By By Ry; EE
P 0319 200017 0.0029 - - - - - - - - - - - - 50.1  0.02
L* -126.07 2.119 13.648 12.360 17.943 2.304 -0.00606  -0.313  -0.20403 - -0.0429  -0.045 -0.638 -2.152 -1.487 84.0 343
h:b -102.04 2.251 3.393 2.085 18.657 4.79 -0.00078 - -13.3 - - - -0.595 - - 59.2 5.78
C:b 178.33 -1.908 -6.992 -3.381 -22.821 -3.35 0.00665 0.338 - 6.07 - - 0.429 1.70 1.31 843 3.09
S -173.82 1.083 50.87 15.949 33.14 - - -1.052 -0.7915 - -0.209 - -1.79  -5.551 - 73.2 12.1
RMS -0.653 0.234 2.869 1.541 -16.88 - - - - - - - -0.440 - - 59.5 6.74

Bo: constante del modelo; Bi: coeficientes de regresién estimados para los efectos lineales; Bi?: coeficientes de regresion estimados para los efectos cuadraticos; Bij: coeficientes de regresion
estimados para las interacciones. Subindices: i=1: Temperatura del aire que entra al atomizador (°C); i=2: Goma Arabiga (g/100 g licuado con biopolimeros), i=3: Maltodextrina (g/100 g licuado
con biopolimeros); i=4: Carboxymetilcelulosa (g/100 g licuado con biopolimeros); i=5: aislado de proteina de suero de leche (g/100 g licuado con biopolimeros); x5': humedad (g agua /100 g
solutos del pomelo), L*: luminosidad, h;b: angulo de tono, Cyy,: croma, €: porosidad (%), RMS: rendimiento en materia seca (g solutos en el polvo/100 g solutos en el licuado con biopolimeros).
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11.1.3.2. Porosidad

La porosidad de las diferentes muestras (Tabla II.I.1) mostr6 una correlacion significativa
(p<0.05) y positiva con todas las variables de proceso consideradas, excepto con WPI (Tabla
I1.1.2). No obstante, se observaron algunos efectos cuadraticos negativos de GA y MD, asi
como algunas interacciones negativas entre T, GA, MD y CMC, que hacen que finalmente la
mayor porosidad se obtenga, si la temperatura de atomizacion es baja o la concentracion de
CMC es baja, al afiadir alta concentracion de GA y baja de MD. Sin embargo, al atomizar a
alta temperatura o con alta cantidad de CMC, la porosidad es mayor al afadir baja
concentracion de GA y alta de MD (Fig. I1.I.1). Cuando s6lo se utiliza GA y CMC, también se
recomendaba afiadir poca cantidad de la primera si la concentracion de la segunda era alta

(Capitulo I).
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Figura IL.I.1. Superficie de respuesta (arriba) y grafico de contorno (abajo) del modelo
predicho para la porosidad en funcioén del contenido en goma ardbiga (GA) y maltodextrina
(MD) (g biopolimero/100 g licuado con biopolimeros). Graficos obtenidos a temperatura de
atomizacion de 100 °C (a), 135 °C (b), 170 °C (c¢) y concentracion del resto de biopolimeros
intermedia (WPI=0.85 %, CMC=0.85 %)).
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Figura IL.L.1. (Continuacion) Superficie de respuesta (arriba) y grafico de contorno (abajo)
del modelo predicho para la porosidad en funcion del contenido en goma arabiga (GA) y
maltodextrina (MD) (g biopolimero/100 g licuado con biopolimeros). Graficos obtenidos a
temperatura de atomizacion de 100 °C (a), 135 °C (b), 170 °C (c) y concentracion del resto de
biopolimeros intermedia (WPI=0.85 %, CMC=0.85 %).

11.1.3.3. Color

Los valores de L*, a* y b* de las diferentes muestras aparecen en la Tabla II.I.1 y en la Fig.
II.I.2. Como puede observarse, los valores de L* variaron entre 46 y 92.2. Con los valores de
a* y b* puede calcularse el tono y pureza de las muestras (Tabla IL.I.1), que puede apreciarse
también de forma grafica en la Fig. I1.1.2, todo ello segun lo descrito en el Capitulo I. Los

valores de h*ap variaron entre 57 y 89.6 y los de C*a entre 5.1 y 37.
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Figura I1.1.2 Plano cromatico (a*, b*). Las muestras que se encuentran rodeadas por el 6valo
son las que presentan menor angulo de tono y mayor croma. El nimero que las identifica se
corresponde el nimero de experiencia segun la Tabla II.I.1. Para la muestra 20, el angulo de
tono y el croma aparecen indicados con flechas.

Coincidiendo con lo ya observado en el Capitulo I, las muestras que presentaron menor
luminosidad y angulo de tono y mayor pureza fueron las que presentaron un aspecto totalmente
apelmazado, tanto que no fue posible determinar su porosidad por el método experimental
utilizado con el resto de muestras. En este sentido se confirma que el color mas deseable para
el pomelo en polvo sera el que responda a una mayor L* y h*a y menor C*ab. En este caso,
esto se consigue cuando el pomelo licuado se formula con un contenido medio-alto en
biopolimeros y se atomiza a una temperatura que podra ser mayor cuanto menor sea el
contenido en biopolimeros afiadido. En lo que respecta al color, en el Capitulo I también se
recomendaba un contenido medio-alto de GA, medio de CMC y T intermedia. La menor
cantidad de biopolimeros implicada en aquél caso, justifica la necesidad de trabajar a
temperaturas intermedias. En este sentido, el efecto del proceso de atomizacion en el color
parece que se relaciona mds con el color que aportan los biopolimeros que con el propio efecto

que pueda tener la temperatura en reacciones de pardeamiento, por ejemplo.

46



I1.1.3.4 Rendimiento del proceso

El rendimiento en materia seca (Tabla II.I.1), en este caso, vari6 entre 8.8 y 59 g solutos en el
polvo/100 g solutos en la mezcla de entrada al atomizador. Segun se observa en la Tabla I1.1.2,
tanto el aumento de la temperatura de atomizacion como de la concentracion de todos los
biopolimeros, excepto WPI, contribuyeron a aumentar significativamente (p<0.05) el
rendimiento. Yousefi et al. (2011) también encontraron que la temperatura del aire que entra al
atomizador es un factor influyente en el rendimiento del proceso, lo que puede atribuirse a la
mayor eficiencia de la transferencia de calor y masa que ocurre cuando se utilizan temperaturas
de aire de entrada superiores a 135°C. También se observé una interaccion negativa entre GA
y MD, de manera que cuando la concentracion de MD es pequefia, al aumentar GA, aumenta

RMS (Fig. IL.13).
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Figura ILL3 Superficie de respuesta (arriba) y grafico de contorno (abajo) del modelo
predicho para el rendimiento en materia seca (RMS, g materia seca en el polvo/100 g materia
seca en el licuado con biopolimeros) en funcion del contenido en goma arabiga (GA) y
maltodextrina (MD) (g biopolimero/100 g licuado con biopolimeros). Superficie de respuesta
obtenida a temperatura de atomizacion intermedia (135 °C) y concentracion intermedia del
resto de biopolimeros (WPI = 0.85 %, CMC = 0.85 %).
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En cambio, cuando se afiade mayor cantidad de MD, es mejor disminuir la cantidad de GA
para conseguir mayor rendimiento. El maximo rendimiento en materia seca se obtiene al afiadir
poca MD y mucha GA, siendo mas desfavorable mezclar mucha MD y poca GA. En el Capitulo
I también se recomendaba anadir una cantidad alta de GA. No obstante, en aquél caso se
observaba un efecto negativo de la CMC que ahora no se observa. En este sentido, parece que
la presencia de MD mitiga el efecto perjudicial de la CMC, desde el punto de vista del
rendimiento. Sin embargo, como en este caso no se recomienda utilizar mucha MD, se confirma

que tampoco es recomendable incorporar CMC.

I1.1.3.5. Optimizacion del proceso

De la misma forma que se hizo en el Capitulo I, se quiso conocer el papel de la temperatura de
atomizacion y de los biopolimeros, por una parte, en la calidad del producto y, por otra, en el
rendimiento del proceso. En este sentido, cuando se maximiza el rendimiento, el mejor proceso
resulta de aplicar una temperatura al aire que entra al atomizador de 136 °C y formular el
licuado de pomelo con 9.43 % GA, 0 % MD, 0 % WPI y 0.04% CMC. El priorizar la calidad
del producto basandose en mejorar sus caracteristicas de color (luminosidad y 4ngulo de tono
maximos y croma minimo), una humedad baja y porosidad alta, lleva a recomendar 165 °C, 5.8

% GA, 2.7 % MD, 1.7 % WPIy 0.48 % CMC.

Si el objetivo es conseguir el producto con las mejores propiedades fisicas, pero también con
el maximo rendimiento, entonces la temperatura deberia ser 148 °C con 9.4 % de GA, 1.25 %
MD, 0% CMC'y 1.4 % WPI. Comparando este resultado con el obtenido en el Capitulo I (141.9
°C, 12.82 % de GA), se puede observar, por una parte, que la temperatura recomendada para
el aire que entra al atomizador es del mismo orden. Ademas, en este caso, se confirma que el
uso de CMC no es adecuado para este producto. Por otra parte, se comprueba que la suma de
GA+MD+WPI (12,05 %) coincide practicamente con el 12.82 % de GA que se recomienda
afiadir cuando ésta se utiliza sola. En ese sentido, si que parece que el uso moderado tanto de
MD como de WPI permitirian disminuir el coste asociado al uso unico de GA. Cuando se
compara el valor predicho que tendrian las propiedades de los productos obtenidos trabajando
en las condiciones Optimas propuestas en el Capitulo I (xw=0.12 g agua/gsp, L*=92.14,
h*:=80.44, C*a=8.74, €=70.91 %, RMS=63.97 g solutos en el polvo/100 g solutos en el
licuado con biopolimeros) y en el II (xw=0.0626, L*=94.09, h*:=92.51, C*a=5.21, €=69.29

%, RMS=59 g solutos en el polvo/100 g solutos en el licuado con biopolimeros), se observa
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que en ambos casos los polvos atomizados serian muy similares. En concreto, el uso de
GA+MD+WPI frente a la incorporacion de s6lo GA, en las proporciones propuestas, supondria
la obtencion de un producto con menor humedad y mejor color, aunque con una porosidad
ligeramente inferior y con algo menos de rendimiento. Con estos resultados tan similares, que
no permiten decantarse por una u otra opcion, y que parecen apuntar a que lo importante es
mantener una proporcion final de biopolimeros entorno al 12 %, con al menos un 9.5 % de GA,
se quiso comprobar la eficacia del uso de OSA, en sustitucion de la GA y/o MD, en este

producto.
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ILIL Interés de incorporar almidon modificado con anhidrido octenil

succinico.

IL.I1.1. Introduccion

Con el fin de reducir los costes del proceso de atomizacion, se planted la incorporacion de
almidon modificado con anhidrido octenil succinico (OSA) a la formulacion dptima obtenida
en el Capitulo ILI, para sustituir a la GA y/o a la MD. Por otra parte, también se quiso estudiar
si el hecho de incorporar OSA podria permitir disminuir o evitar el uso de alguno de los otros

biopolimeros ensayados hasta el momento, con el fin de simplificar la formulacion.

El OSA parece que tiene un gran potencial. Este biopolimero se ha utilizado ya como sustituto
de algunos componentes alimenticios como la goma arabiga, las grasas y las proteinas y se
caracteriza por ser un polimero anfifilico, obtenido mediante modificaciones quimicas para
mejorar las propiedades quimicas, fisicoquimicas y funcionales del almidéon nativo. La
estabilizacion mediante OSA consiste en la ganancia de elementos hidrofobos (grupos
octenilos) por parte de la molécula de almidén, que es hidrofila por naturaleza y, por tanto,
tiene una alta afinidad por el agua, baja solubilidad y limitada manipulacion. Los almidones
modificados, con propiedades mejoradas, alta solubilidad y relativamente baja viscosidad
(Doki¢ et al. 2012), son cada vez mas importantes, no so6lo por su bajo coste sino por sus
numerosas aplicaciones industriales, particularmente en emulsificacion, encapsulacion,
formacion de peliculas y recubrimientos, elaboracion de geles, etc., (Altuna et al. 2018).
Cuando los granulos de almidon OSA se disuelven en agua, migran a la interfase aire/agua
formando una capa en la cual los grupos hidréfobos se orientan hacia el aire mientras que el
resto del almidon se dispersa en el agua, reduciendo asi la tension superficial y por tanto
mejorando la humectabilidad. Por ello, los almidones OSA son utilizados como emulsificantes
y estabilizantes en muchos productos alimenticios, cosméticos y farmacéuticos y en diferentes
sistemas aceite-agua. Como resultado de estas excelentes propiedades, el OSA se ha utilizado
ampliamente para hacer microcapsulas s6lidas que contienen compuestos hidrofobicos: aceites
esenciales, aceites de pescado, aceites de frutas y aceite de la dieta. Hay estudios en que se
compara el efecto encapsulante del OSA con las b-ciclodextrinas, maltodextrina y proteina de
la leche, mostrando mejor rendimiento en la retencion de compuestos (Sweedman et al. 2013;
Li 2014). También se ha observado que es un excelente protector de la vitamina C y otros

compuestos bioactivos como el &acido linoleico, la vitamina A y algunos carotenoides
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(Gongalves et al. 2016; Janiszewska-Turak 2017; He et al. 2016) y que no altera el sabor ni el
aroma de la fruta, en estudios realizados con maracuya, ademas de que es facil de diluir en agua

fria (Borrmann et al. 2013; Paim et al. 2016; Ramakrishnan et al. 2018)

El almidon OSA es un aditivo (E-1450) permitido por la legislacion incluso en alimentos para
lactantes (Reglamento (CE) n° 1333/2008 del Parlamento Europeo y del Consejo, de 16 de
diciembre de 2008, sobre aditivos alimentarios). Tiene propiedades digestivas diferentes a las
del sustrato nativo, sobre todo porque se digiere lentamente o es completamente resistente a la
digestion. Los almidones se pueden dividir en tres familias de moléculas: almidén digerido
rapidamente (RDS), almidon digerido lentamente (SDS) y almidon resistente (RS), teniendo
en cuenta su susceptibilidad relacionada con la digestion. La modificacion con OSA aumenta
los niveles de SDS y RS mas que otras modificaciones tales como hidroxipropilacion,
acetilacion o reticulacion en diversas combinaciones. Esto es positivo ya que la fibra funcional
de alta SDS se considera beneficiosa para la nutricion humana. Esto ha sido probado in vivo
en seres humanos, donde se comprobd la menor respuesta glucémica tras su ingesta y los

efectos en otras funciones gastrointestinales (Wolf et al. 2001).

Para conocer el interés de incorporar OSA en la formulacion optimizada en el apartado I1.I de
esta Tesis y, al mismo tiempo tratar de simplificarla, en esta parte del estudio se plante6é un
disefio que considera diferentes modificaciones de la formulacion del licuado de pomelo
optimizada. A los polvos obtenidos después de su atomizacion se les analizaron los mismos
parametros estudiados en los capitulos anteriores: humedad del polvo obtenido (xw), porosidad
(€), rendimiento en materia seca (RMS) y color. Ademas, se quiso incluir un estudio del
impacto de los diferentes biopolimeros en los compuestos bioactivos (vitamina C y fenoles

totales) y en la actividad antioxidante (AOA) de la fruta.

I1.I1.2. Materiales y métodos
IL.I1.2.1. Materia prima

La fruta empleada fue pomelo (Citrus paradisi, variedad. Star Ruby), adquirido en un
supermercado local de la ciudad de Valencia, Espana, seleccionando las frutas en base a su
color, tamafio y ausencia de dafios, la misma utilizada en las etapas anteriores. Los
biopolimeros utilizados en este caso fueron también maltodextrina (MD) con un valor de 16.5-
19.5 de dextrosa equivalente (DE), goma Arabiga (GA, E-414), carboximetilcelulosa (CMC,

E-466), suministrados por la empresa Alfa Aesar (Alemania) y el aislado de proteina de suero
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de leche (WPI, LACPRODAN® DI-9212 de Arla Foods Ingredients, Dinamarca). Ademads se
incorpord un almidon modificado, el Octenil Succinato Sédico de almidon (OSA, E-1450,

CLEARGUM CO 01) de la empresa Roquette Laisa (Valencia, Espafia).

IL.I1.2.2. Disefio experimental

A partir del 0ptimo obtenido en el apartado anterior, se plante6 un disefio experimental teniendo
en cuenta las combinaciones obtenidas después de intercambiar las concentraciones de GA por
MD y viceversa; utilizando s6lo GA en la misma proporcion de la suma de las proporciones de
GA y MD vy sustituyendo éstas por OSA, ademas de reduciendo la cantidad de WPI (Tabla
ILIL.1). La formulacion del 6ptimo se repitidé con el mismo lote de pomelo utilizado para el
resto de formulaciones, para obviar la variabilidad debida a la propia fruta (Exp. 1, Tabla

ILIL1).

Tabla IL.I1.1 Concentracion de biopolimeros utilizado para cada una de las
formulaciones estudiadas. El optimo estadistico es el 6ptimo obtenido en el

apartado ILI.

Exp.(V GA® MD® OSA® WPI®

Optimo 9.44 1.25 0 1.44
1 9.44 1.25 0 1.44
2 1.25 9.44 0 1.44
3 10.7 0 0 1.44
4 10.7 0 0 0.50
5 10.7 0 0 0.00
6 0 10.7 0 0
7 0 1.25 9.44 1.44
8 0 1.25 9.44 0
9 9.44 0 1.25 1.44
10 9.44 0 1.25 0
11 0 0 10.7 1.44
12 0 0 10.7 0

(Experiencia, @ Goma ardbiga (g/100g licuado con biopolimeros), ) Maltodextrina (g/100g licuado con
biopolimeros), ® Octenil succinato sédico de almidén (g/100g licuado con biopolimeros), &) Aislado de
proteina de suero de leche (g/100 g licuado con biopolimeros).
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IL.I1.2.3. Preparacion de la muestra y condiciones del equipo

La muestra a atomizar se prepard siguiendo el mismo protocolo descrito en el Capitulo 1. El
licuado de pomelo recién obtenido y después de formulado segun lo descrito en la Tabla I1.II.1,
se caracterizd en cuanto a °Brix y contenido en agua (Capitulo I). El atomizador y las
condiciones impuestas al equipo fueron las mismas que las descritas en el Capitulo I , pero
utilizando una temperatura de entrada del aire al atomizador constante obtenida de la
optimizacién del proceso en el Capitulo IL.I, es decir, de 148 °C. Los productos en polvo
obtenidos de los diferentes tratamientos fueron envasados al vacio y se conservaron en un

desecador con silicagel a temperatura ambiente hasta realizar los andlisis.

11.11.2.4. Anélisis de las muestras atomizadas

La humedad del polvo obtenido, la porosidad, el rendimiento en materia seca y el color se
analizaron segun lo descrito en el Capitulo I. Ademas, se calculo también la diferencia de color
(AE) de cada producto en polvo obtenido con el correspondiente a la formulacion del dptimo,

segun la ecuacion 1.

AE = \/(AL*)? + (Aa*)? + (Ab*)? (1

La vitamina C se determin6 mediante HPLC (Jasco, Italia). Para su cuantificacion, se redujo el
acido deshidroascorbico a acido ascorbico mezclando 0.5 g de polvo con 2 mL de una
disolucion de DL-dithiothreitol (20 g/L, Scharlab S.L, Espafia) durante 2 h a temperatura
ambiente y en oscuridad (Sanchez-Mata et al. 2000; Sanchez-Moreno et al. 2003).
Posteriormente, 1 g de esta mezcla se extrajo con 9 mL de 4cido oxalico al 0.1% (Scharlab S.L,
Espaia) agitando durante 3 min y filtrando a través de un filtro de membrana de 0.45 mm antes
de la inyeccion. Se utilizd una columna KROMAPHASE100-C18, Smm (4.6x250mm)
(Scharlab S.L, Espafa) con fase movil de 4cido oxalico al 0.1 %. El volumen de inyeccion fue
de 20 mL y la velocidad del flujo de 1 mL/min. La deteccion se realizé a 243 nm (detector UV-
visible MD-1510) y a 25 °C. Los patrones de acido L (+) ascérbico (Scharlab S.L, Espana)
utilizados para la elaboraciéon de la recta patron se prepararon en un intervalo de
concentraciones entre 10 y 530 ppm. El contenido en vitamina C se calculé6 como mg de 4cido

ascorbico por 100 g de solutos del pomelo (mg AA/100g SP) segun la ecuacion 2.
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m?

1 (2)

=
(1-x0 )™ Xsp/st

Donde m es la cantidad del compuesto analizado referido a los solutos del pomelo (mg/100g
SP), m® es la masa del compuesto analizado en el polvo (mg/100g polvo), xg_h es la humedad

del polvo en base hiimeda (g agua/g polvo obtenido) , xsp es la fraccion masica de solutos
ST

propios del pomelo (SP) respecto a los solutos totales (ST).

El extracto utilizado para la cuantificacion de los fenoles totales se obtuvo a partir de la mezcla
homogénea de 1 g de muestra con 9 mL de metanol:agua (70:30), en oscuridad y agitacion
magnética (400 rpm.; Multistirrer; Velp Scientifica, Usmate Velate, Italia), a temperatura
ambiente durante 30 min. El producto obtenido fue centrifugado a 5867 x g a 4 °C durante 10
min (Eppendorf centrifuga 5804 R, Alemania). El contenido en fenoles totales se analiz6 en el
sobrenadante recogido mediante el método colorimétrico de Folin—Ciocalteu (Selvendra &
Ryden 1990; Benzie and Strain 1999). Para ello, se mezcl6 una alicuota de 250 mL del extracto
con 15 mL de agua destilada y 1.25 mL de reactivo de Folin—Ciocalteu (Sigma-Aldrich,
Alemania). Después de 8 min, se afadieron 3.75 mL de Na2COs anhidro al 7.5 % (Scharlab
SL, Espafa) hasta ajustar a un volumen final de 25 mL. La absorbancia fue medida a 765 nm
(espectrofotometro UV-visible V-1200 VWR International Eurolab S.L, Espaia) después de 2
h de incubacion a temperatura ambiente y en oscuridad. El contenido en fenoles totales se
expreso como mg de 4cido galico equivalente por 100 g de solutos del pomelo (mg GAE/100g
SP) (Ec. 2) utilizando una curva patrén en un intervalo de concentraciones entre 0 y1000 ppm

de acido galico (Sigma-Aldrich, Schnelldorf, Alemania).

La actividad antioxidante de las muestras se evalué empleando el radical estable 2,2-diphenyl-
I-picryl-hydrazyl-hydrateel (DPPH) (Puupponen-pimié et al. 2003), basado en la capacidad de
las sustancias antioxidantes para captar radicales libres. Para esto se mide la absorbancia a
tiempo inicial (Ac) a 515 nm con 3.9 mL del reactivo DPPH (0.030 g L*!, Sharlau S.L, Espafia)
en un espectrofotometro V-1200 (VWR International Europe bvba, Bélgica). Después se afiade
0.1 mL del extracto y se vuelve a medir la absorbancia tras 5 min, cuando la reaccién ha
terminado (Awm). El porcentaje de DPPH se calcul6 a partir de la ecuacion 3. Los resultados
fueron expresados como milimoles de trolox equivalente (TE)/100 gramos de solutos de

pomelo (mmol TE/100g SP), empleando una recta de calibrado en el intervalo de 8-125ppm.
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Ac— A
oopppH = ¢4 109 (3)

I1.I1.2.5. Anaélisis estadistico

Se llevo a cabo un andlisis de la variancia (ANOVA). Para el anélisis de los compuestos
bioactivos se llevd a cabo un andlisis de correlacion de Pearson al 95% de nivel de

significacion. Para todo ello se utilizo el programa estadistico Statgraphics Centurion XVII

IL.IL.3. Resultados y discusion

La humedad determinada para la muestra obtenida en las mismas condiciones que el optimo
presentado en el Capitulo I fue de 0.0645 g agua/100g SP, similar a la obtenida en el Capitulo
ILI. En la Figura IL.II.1 se presentan los valores de humedad de las muestras con diferente
formulacion analizadas. Las muestras con mas agua fueron aquellas formuladas con GA y MD
mientras que las que presentaron menor humedad fueron las que llevan en su formulacion OSA,

siendo la mas baja la combinacién de MD y OSA (Tabla ILIL.1).

Estas muestras, a su vez, mostraron, en general, una porosidad mayor que el resto (Fig. IL.I1.2).
Joardder et al. (2016) indican que uno de los factores mas importantes que afectan a la
porosidad es la humedad, cuanto mas bajo es el contenido de agua de las muestras mayor es la

porosidad. Este parametro fue alto en todas las muestras estudiadas y vari6 entre un 70 y un 83
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Figura ILIL.1 Humedad de las muestras obtenidas de las diferentes experiencias de
atomizacion (g agua en 100 g de solutos de pomelo). La linea roja (---) representa el valor
promedio de los valores de humedad del 6ptimo obtenido en el Capitulo ILI y las lineas
negras (---) representan la desviacion estandar. Distintas letras (a-d) indican diferencias
significativas entre muestras (p<0.05). El numero en el eje de las experiencias identifica las
muestras correspondientes al nimero de experiencia segun la Tabla IL.II.1.
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Figura IL.IL2 Porosidad de las muestras obtenidas de las diferentes experiencias de
atomizacion. La linea roja (---) representa el valor promedio de los valores de porosidad del
optimo obtenido en el Capitulo II.I y las lineas negras (---) representan la desviacion
estandar. Distintas letras (a-h) indican diferencias significativas entre muestras (p<0.05). El
numero en el eje de las experiencias identifica las muestras correspondientes al nimero de
experiencia segun la Tabla IL.IL.1.
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El rendimiento en materia seca calculado para cada una de las muestras estudiadas vari6 entre
45.44 % vy 60.12 % y fue menor, en todos los casos, que el obtenido para las muestras
atomizadas en las condiciones utilizadas para la obtencion del 6ptimo indicado en el Capitulo

IL.I (Fig ILI1.3). Este no presentd diferencias con el obtenido en el apartado anterior.

100 -
90 A

RMS (%)

1 2 3 4 5 6 7 8 9 10 11 12
Experiencias

Figura IL.I1.3 Rendimiento en materia seca (g totales de solidos secos / 100 g de s6lidos
secos de producto que entra en el atomizador). La linea roja (---) representa el valor promedio
de los valores de RMS del 6ptimo obtenido en el Capitulo IL.I y las lineas negras (---)
representan la desviacion estandar. Distintas letras (a-e) indican diferencias significativas
entre muestras (p<0.05). El numero en el eje de las experiencias identifica las muestras
correspondientes al numero de experiencia segun la Tabla IL.II.1.

En cuanto a los pardmetros de color, la Figura IL.I1.4 presenta los valores obtenidos para las
coordenadas a* y b*. Las muestras que se encuentran dentro de la circunferencia son aquellas
que se parecen mas al optimo obtenido en el Capitulo II.I. Aunque existen algunas diferencias
en todos los pardmetros, las formulaciones presentaron un color similar, siendo su tonalidad
anaranjada. La luminosidad vari6 entre 85.8 y 91, el tono entre 60.4 y 77.2 y el croma entre 6.7
y 11.5. La muestra formulada con s6lo OSA (experiencia 12, Tabla II.I1.1) present6 los valores
de hg;, y C,;, mas altos. Al calcular la diferencia de color tomando como referencia la muestra
obtenida en la experiencia 1 (Tabla IL.IL.1), se obtuvieron valores entre 0.34 y 4.66 (Fig. ILIL.5),

siendo la muestra que sélo estd formulada con OSA la mas diferente. En cualquier caso, los
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cambios de color observados estan en el limite de lo percibido por el ojo humano (Bodart et al.

2008).
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Figura IL.I1.4 Plano cromatico (a*, b*). Las muestras que se encuentran rodeadas por la
circunferencia son las que se acercan mas a la formulacion optima. El nimero que las
identifica se corresponde el nimero de experiencia segun la Tabla IL.II.1. Para la muestra
1, el &ngulo de tono y el croma aparecen indicados con flechas.
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Figura ILILS5 Diferencia de color de las muestras obtenidas de las diferentes
experiencias de atomizacion tomando como referencia la muestra obtenida de la
experiencia 1 (Tabla ILIL.1). El nimero en el eje de las experiencias identifica las
muestras correspondientes al nimero de experiencia segun la Tabla ILII.1.
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La capacidad antioxidante fue similar en todos los casos y vari6 entre 0.91 y 1.25 mmol TE /

100 g SP (Fig. IL.I1.6). En cuanto al contenido en fenoles totales, éste vario entre 341 y 667 mg

GAE/100g SP (Fig. I1.I1.7), siendo los de mayor contenido aquellas muestras formuladas con
GA y MD (experiencias 1 y 2).

1,60
1,40
1,20
1,00

100g SP

= 0,80

mol TE

= 0,60
0,40
0,20
0,00

de e e
bcde abed abc bcde cde abed
| a‘C ‘ | a | |
1 2 3 4 5 6 7 8 9 10 11 12

Experiencias

Figura ILIL6 Actividad antioxidante de las muestras obtenidas de las diferentes
experiencias de atomizacion. Diferentes letras (a-e) indican diferencias significativas (p
<0.05). El nimero en el eje de las experiencias identifica las muestras correspondientes
al nimero de experiencia segun la Tabla ILIL.1.
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Figura IL.IL.7 Contenido en fenoles totales de las muestras obtenidas de las diferentes
experiencias de atomizacion. Distintas letras (a-h) indican diferencias significativas (p
<0.05). EI numero en el eje de las experiencias identifica las muestras correspondientes
al nimero de experiencia seglin la Tabla ILII.1.
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En la Figura I1.I1.8, se muestran los resultados del contenido en vitamina C de las diferentes
formulaciones estudiadas. Se observa que las muestras con mayor contenido de este compuesto
son, ademas de la formulacion correspondiente al Optimo, aquellas que contienen OSA,
independientemente de la cantidad y del resto de biopolimeros que completan su formulacion

(experiencias 7-12).
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Figura IL.IL.8 Contenido de vitamina C para las muestras obtenidas de las diferentes
experiencias de atomizacion. Distintas letras (a-e) indican diferencias significativas (p <
0.05). El nimero en el eje de las experiencias identifica las muestras correspondientes al
nimero de experiencia seglin la Tabla ILIL.1.

De los resultados obtenidos puede deducirse que la utilizacién de OSA en la formulacion del
pomelo en polvo podria ser interesante ya que se obtienen productos de menor humedad, mayor
porosidad y con un mayor contenido en vitamina C. Sin embargo, estas muestras presentan
menor contenido en compuestos fenolicos y menor rendimiento que la formulacion optima
propuesta inicialmente, ademas de presentar las mayores diferencias de color.

La Tabla ILII.2 muestra los coeficientes de correlacion de Pearson entre la actividad
antioxidante, la vitamina C y fenoles totales. Los resultados obtenidos de la correlacion de
Pearson entre la actividad antioxidante, la vitamina C y fenoles totales mostraron que tanto la
vitamina C (r=0.4197) como los fenoles totales (r=0.4183) analizados en el polvo de pomelo

presentaron una contribucion positiva y significativa a la capacidad antioxidante (p <0.05).

60



ILIII. Estudio del efecto del nivel de dilucion de los biopolimeros.

IL.III.1. Introduccion

Aunque la dilucion de la muestra antes de entrar al atomizador es una practica que se realiza

habitualmente para facilitar el proceso de secado (Celli et al. 2015), parece que esta practica 'y

el mayor tiempo de atomizacion, por la mayor cantidad de muestra que hay que procesar para

obtener el polvo, esta refiido con la alta calidad caracteristica de estos productos. Asi, en la

bibliografia se han encontrado experiencias en las que se ha utilizado la atomizaciéon para

deshidratar alimentos con y sin dilucion previa (Tabla ILIIL.1).

Tabla IL.II1.1 Ejemplos de alimentos deshidratados por atomizacion con o sin dilucion

de los biopolimero

Alimento Biopolimeros Dilucién con Propiedades estudiadas Referencia
H.0
Anacardo Goma Arabiga No Color/pH/Estabilidad/Recuento de ~ Pereira et
(10 % w/v) Células/Rehidratacion al. 2014
Maltodextrina
20y 10 % w/v)
Mandarina Maltodextrina y No Humedad/pH/Densidad aparente/ Lee et al.
Jarabe de Maiz (1:1) Color / Vitamina C/ Evaluaciéon 2016
(30,35 y 40 % w/v) sensorial
Pulpa de Proteina de Soja No Humedad/pH/Porosidad/ Tamafio =~ Muzaffar &
Tamarindo (25 % wiv) de particula/Color /Actividad Pradyuman
antioxidante 2016
Mango Maltodextrina Si Tamaio de Zotarelli et
(6% wiw) particula/humedad/Color/ al. 2017
Morfologia
Remolacha Goma Arabiga No Humedad/Porosidad/ Tamafio de  Bazaria and
Maltodextrina particula/Color /Actividad Kumar
(10 y 20 g/100 g) antioxidante/ Eficiencia de 2017
encapsulacion
Manzana, Goma Arabiga Si Humedad/ Higroscopicidad/ Fontes et al.
melon, Naranja Maltodextrina Apelmazamiento/ Color 2014
(10 y 20 % w/w)
Piel de Pitaya Maltodextrina Si Retencion de betacianina/ Bakar et al.
roja (4226 % w/w) Color/Humedad/Higroscopicidad 2013
Té verde Disolucion de Si Analisis de compuesto bioactivos  Tengse et
maltodextrina al. 2017
(40% w/v)

(33 g/100 g)
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Tabla ILIIL1 (Continuacion). Ejemplos de alimentos deshidratados por atomizacion con

o sin dilucion de los biopolimero

Alimento Biopolimeros Dilucion con Propiedades estudiadas Referencia
H:0
Guarana Goma Arabiga Si Analisis de compuesto bioactivos/  Klein et al.
Maltodextrina Morfologia 2015
(10 220 % w/w)
Guayaba rosa Maltodextrina Si Humedad/Tamafio de particula/  Shishir et
(10y 20 % w/v) Contenido de Licopeno al. 2016

En este trabajo, los disefios planteados en los Capitulos I y IL.I, incluian algunas experiencias
con concentraciones altas en biopolimeros, lo que suponia una alta viscosidad del licuado. Para
evitar problemas en el atomizador, a todas las formulaciones se les adicion6 agua en una
proporcion 1:1. No obstante, la formulacién 6ptima obtenida como resultado del estudio
reflejado en el Capitulo IL.I parece presentar la posibilidad de disminuir o eliminar la adicién
de agua. Por todo esto, se ha estudiado cémo afecta en los parametros de calidad del producto

en polvo la no dilucion de la muestra que va a ser atomizada.

IL.II1.2. Materiales y métodos
IL.IT1.2.1. Materia prima

El pomelo (Citrus paradisi, variedad. Star Ruby), se adquirié en un supermercado local de la
ciudad de Valencia, Espafia, seleccionando las frutas en base a su color, tamafio y ausencia de
dafios. Los biopolimeros utilizados en este caso fueron también maltodextrina (MD) con un
valor de 16.5-19.5 de dextrosa equivalente (DE), goma ardbiga (GA), carboximetilcelulosa
(CMC), suministrados por la empresa Alfa Aesar (Alemania) y el aislado de proteina de suero

de leche (WPI, LACPRODAN® DI-9212 de Arla Foods Ingredients, Dinamarca).

ILIIL.2.2. Disefo experimental

A partir del optimo obtenido en el Capitulo II.I, en esta fase del trabajo, se disefid6 una
experiencia para estudiar la influencia de la dilucién de la muestra antes de la atomizacion en
la calidad del producto atomizado. Para ello se fue reduciendo la cantidad de agua afiadida

partiendo de la utilizada en los apartados anteriores (relacion 1:1) hasta cero. Las proporciones
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ensayadas de licuado con biopolimeros:agua fueron 1:1 (dilucion 100 %), 1:0.75 (diluciéon 75

%), 1:0.5 (dilucién 50 %), 1:0.25 (dilucién 25 %) y 1:0 (dilucién 0 %).

ILIII.2.3. Preparacion de la muestra y condiciones del equipo

La preparacion de la muestra y su analisis en cuanto a °Brix y contenido en agua y las
condiciones de atomizacion se realizo utilizando el mismo protocolo descrito en el Capitulo I,
pero utilizando una temperatura de entrada del aire al atomizador obtenida de la optimizacién
del proceso en el Capitulo IL.I, es decir, de 148 °C. Los productos en polvo obtenidos de los
diferentes tratamientos fueron envasados al vacio y se conservaron en un desecador con

silicagel a temperatura ambiente hasta realizar los andlisis.

I1.II1.2.4. Analisis de las muestras atomizadas

Las muestras se analizaron segun lo descrito en el Capitulo I1.11.2.4.

I1.I11.2.5. Analisis estadistico

Se llevo a cabo un anélisis de la variancia (ANOVA) con el programa estadistico Statgraphics

Centurion XVII.
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II.II1.3. Resultados

Los productos en polvo obtenidos después de la atomizacion de las muestras con diferente
grado de dilucion no presentaron diferencias significativas (p<0.05) en cuanto a su humedad

(Fig. ILIIL1).
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Figura ILIII.1 Humedad de las muestras formuladas con 9.4 % de GA, 1.25 % MD,
0% CMCy 1.4 % WPI y atomizadas a 148°C, sin diluir (0%) y diluidas con un 25, 50,
75 y 100% de agua.

La porosidad, sin embargo, fue mas alta cuando la dilucion de la muestra fue mayor de 75%,
observandose diferencias significativas (Fig. IL.II1.2). Es decir, parece que las muestras mas

diluidas producen un polvo mas fino y suelto.
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Figura ILIIL.2 Porosidad de las muestras formuladas con 9.4 % de GA, 1.25 % MD,
0% CMCy 1.4 % WPl y atomizadas a 148°C, sin diluir (0%) y diluidas con un 25, 50,
75 y 100% de agua. Diferentes letras (a-d) indican diferencias significativas (p < 0.05).

En cuanto al color (Fig. ILII1.3 y IL.II1.4), éste se ve mas afectado en las experiencias con las
formulaciones mas diluidas (75 y 100%). Segun lo comentado en el Capitulo I, el pomelo
atomizado con el mejor color serd el que sea muy luminoso, bajo en croma y con alto angulo
de tono. En este sentido, no seria recomendable no diluir la muestra. Sin embargo, conviene
recordar que el mejor color en aquél caso se establecié teniendo en cuenta que, por su
composicion en biopolimeros y temperatura de atomizacién, los polvos con un color mas
parecido al del pomelo habian quedado totalmente apelmazados tras su obtencion. En este caso,
en que la formulacion y temperatura de proceso son las mismas, el polvo no queda apelmazado
y, por lo tanto, si que es deseable conseguir un polvo de color parecido al del pomelo. Si se

observa la Figura IL.II1.5, esto se consigue cuando no se diluye la muestra.

65



Figura ILIIL3 Plano cromatico (a*, b*) de las muestras formuladas con 9.4 % de GA,
1.25 % MD, 0% CMC y 1.4 % WPI y atomizadas a 148°C, sin diluir (0%) y diluidas
con un 25, 50, 75 y 100% de agua. Para la muestra 0%, el angulo de tono y el croma
aparecen indicado con la flecha.
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Figura IL.II1.4. Luminosidad de las muestras formuladas con 9.4 % de GA, 1.25 %
MD, 0% CMCy 1.4 % WPI y atomizadas a 148°C, sin diluir (0%) y diluidas con un
25,50, 75 y 100% de agua. Diferentes letras (a y b) indican diferencias significativas
(p <0.05).
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Figura ILIILS. Imagenes de los polvos donde se aprecia las diferencias de color.

La Figura IL.II1.6 muestra el rendimiento del proceso de atomizacion de las diferentes muestras
estudiadas. Los rendimientos varian entre 46.89 % y 98.72 %, siendo el mayor rendimiento el

obtenido para las muestras que se atomizaron sin diluir.
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Figura IL.IIL.6 Rendimiento en materia seca de las muestras formuladas con 9.4 % de
GA, 1.25 % MD, 0% CMC y 1.4 % WPI y atomizadas a 148°C, sin diluir (0%) y
diluidas con un 25, 50, 75 y 100% de agua. Distintas letras (a-d) indican diferencias
significativas (p<0.05).

Los resultados obtenidos de la determinacion de la actividad antioxidante se presentan en la
Figura IL.III.7. No se encontraron diferencias significativas (p < 0.05) entre las experiencias,
aunque si que se observo que los mayores valores correspondieron a las muestras sin diluir y a

las diluidas un 25 y un 50%.
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Figura ILIIL.7 Actividad antioxidante de las muestras formuladas con 9.4 % de GA,
1.25 % MD, 0% CMC y 1.4 % WPI y atomizadas a 148°C, sin diluir (0%) y diluidas
con un 25, 50, 75 y 100% de agua.

El contenido en fenoles totales varié entre 713 y 698 mg GAE/100g S.P, siendo las muestras

menos diluidas las que presentaron mayores valores (Fig. ILIIL8).
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Figura ILIIL8 Fenoles totales (mg acido galico equivalente/100 g solutos propios del
pomelo) de las muestras formuladas con 9.4 % de GA, 1.25 % MD, 0% CMCy 1.4 %
WPI y atomizadas a 148°C, sin diluir (0%) y diluidas con un 25, 50, 75 y 100% de agua.
Distintas letra (a y b) indican diferencia significativa (p < 0.05).
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Observando los resultados, y aunque se hayan encontrado diferencias significativas entre las
muestras (p < 0.05), debido probablemente a la alta reproducibilidad de los resultados, no
parece que este parametro se vea afectado por la dilucion. Lo mismo ocurri6 con el contenido

de vitamina C (Fig. IL.IIL.9).
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Figura ILIIL.9 Contenido de vitamina C (VC) de las muestras formuladas con 9.4 %
de GA, 1.25 % MD, 0% CMC y 1.4 % WPI y atomizadas a 148°C, sin diluir (0%) y
diluidas con un 25, 50, 75 y 100% de agua. Distintas letra (a y b) indican diferencia
significativa (p < 0.05).

Con todos los resultados obtenidos, se puede concluir que se puede llevar a cabo el proceso de
atomizacion sin la etapa previa de dilucion, ya que, aunque se obtienen productos de menor
porosidad, estos no se ven afectados en cuanto a su humedad final, ni al contenido en
compuestos bioactivos, ademas de que el rendimiento del proceso es mayor. Por otra parte, al
introducir menos cantidad de producto en el atomizador, el tiempo del proceso se redujo de 2

al2h.
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II.IV. Conclusiones

De los biopolimeros ensayados como carriers del proceso de atomizacion del licuado de
pomelo, la goma aribiga es la que permite obtener un mayor rendimiento del proceso y
atomizar a temperatura mas baja. No obstante, es posible disminuir la cantidad de GA a costa
de aumentar la de MD, WPI y CMC, en orden decreciente, respectivamente. Si bien esto
disminuye ligeramente el rendimiento, repercute en la obtencion de un polvo con menor
humedad y mejor color aunque algo menos poroso. En este caso aumenta la temperatura
recomendada para la atomizacion. Asi, la formulacién propuesta aunando todas las propiedades
estudiadas maximiza la cantidad de GA, proponiendo afiadir un 9.4%, e incorpora 1.25 % de
MD y 1.4% de WPI y se propone para su atomizacion una temperatura de 148 °C. La CMC no
resulta recomendable para este producto, especialmente porque disminuye mucho el
rendimiento. Ademads se recomienda afiadir los biopolimeros directamente al licuado, a fin de
no diluirlo y alargar el tiempo de proceso y su rendimiento. La hidratacion previa de los
biopolimeros no comporta un mayor poder encapsulante de los mismos. Respecto a la
incorporacion de OSA en sustitucion de alguno(s) de los biopolimeros anteriores,
especialmente GA, su uso permite obtener productos mas porosos, mas secos y con un mayor
contenido en vitamina C, pero menor en compuestos fenolicos, ademas de que disminuye un
poco el rendimiento. En este sentido, con la informacion disponible, no se puede concluir que

sea mas recomendable para este producto.
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Abstract

Spray drying may be an interesting alternative means of offering consumers high quality,
stable, and easy-to-handle fruit. The stability of the grapefruit powder formulated with gum
Arabic, maltodextrin and whey protein isolate was studied. The changes during powder storage
at 20°C of the vitamin C (VC), total phenolic (TP) compounds, lycopene (Lp), antioxidant
activity (AOA), color and mechanical properties was studied at different relative humidities
(RH), from 0 to 56% for up to 9 month, either exposed to light or in darkness. Results showed
that TP were the most stable compounds and Lp the most unstable. The properties studied with
grapefruit powder were relatively stable when stored at 20°C, in darkness or light, at RH
<23.1% and for no more than 6 months. With these conditions, losses of 32, 3, 23-68 and 90%
were observed for TP, VC, AOA and Lp, respectively, and the powder maintained its

flowability and color.

Keywords: Vitamin C, total phenolics, lycopene, CIE L*a*b*, mechanical compression test,

grapefruit (Citrus paradise).
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II1.1. Introduction

The production of powdered food and food ingredients is an increasingly important industrial
activity, given the high stability and ease of handling they provide (Fitzpatrick and Ahrné,
2005). The consumption of fresh fruit is declining in part due to its short lifespan and/or the
sometimes special handling needed, which decreases their convenience, barely compatible with
the current lifestyle. Fruit powder may be an interesting alternative means of promoting fruit
consumption among consumers, easy to store and use. Nevertheless, the process used to obtain
the powder should ensure the maximum quality of the product obtained. Despite the stability
of the healthy components, it is important to know more about the powders' physical properties.
High quality powder products can be obtained in terms of their sensory, nutritional and
functional properties using spray-drying (Nandiyanto and Okuyama, 2011). In addition, these
powders are very fine, with a homogeneous particle size, low water activity and, in the case of
fruit powders, with good reconstitution properties. Furthermore, this technique is easy to

industrialize and permits continuous production (Igual et al. 2014).

As regards the physical properties of the fruit powder obtained, color is of great importance
when choosing a food and the flowability is important in handling and processing operations
(Teunou et al. 1999). Both the color and, to a greater extent, the mechanical properties, will be
influenced by the water content of the powder, depending on the relative humidity (RH) of the
surrounding environment (Roos, 1995). If the water activity (aw) of the food is lower than the
RH/100, the food will gain water and if it is higher, it will lose it. On the other hand, with rapid
dehydration processes, such as spray-drying, it is very common to obtain an amorphous matrix,
glassy or rubbery, depending on the final water content of the product and the temperature at
which it is stored (Roos, 1995). The matrix in the glassy state is much more viscous than in the

rubbery state, which affects the diffusional and mechanical properties of the product.

Powdered food in the rubbery state can undergo structural collapse and show stickiness and
caking problems (Roos, 1995). In dehydrated fruits, with a high content of organic acids and
low molecular weight sugars, the rubbery state prevails with the usual storage conditions (Telis
and Martinez-Navarrete, 2009). To promote the easy handling and stability of the glassy state,
some compounds can be added to the product before drying. The use of high molecular weight
biopolymers capable of increasing the glass transition temperature such as maltodextrins,
modified starches or gums, for instance, or biopolymers with a steric role, such as fibers,

proteins or some inorganic compounds, has been reported (Telis and Martinez-Navarrete, 2009;

81



Ghosal et al. 2010). These biopolymers prevent the adhesion of powder particles, not only to
each other but also to the equipment itself, increasing the yield and avoiding operational
problems. In addition, at the same time they may act as encapsulating agents, helping to prevent

the degradation of some bioactive compounds (Rascon et al. 2011).

Grapefruit has been reported to be a rich source of bioactive phytochemical constituents with
antioxidant properties that, independently or jointly, could be responsible for the health-
protective effects of this fruit (Igual et al. 2010; La Cava and Sgroppo, 2015; Cristobal-Luna
et al. 2017; Zou et al. 2015). Ascorbic acid (AA) is the main citrus fruit compound with
antioxidant capacity and may prevent oxidative stress mediated diseases (Gardner et al. 2000).
Flavonoids are phenolic compounds associated with a reduced risk of coronary heart disease,
anti-inflammatory and anti-tumor effects (Fujita et al. 2008; Kim et al. 2008; Garcia-Martinez
et al. 2018). Naringin is the main flavonoid in grapefruit juice and it is responsible for its bitter
taste. In pink grapefruit varieties, [-carotene and lycopene, the latter being the most abundant,
are responsible for the color and contribute to the health benefits by decreasing the risk of some

cancers and eye diseases (Jomova and Valko, 2013).

The objective of this study was to learn more about the effects of spray-drying on some of the
bioactive compounds of the liquidized grapefruit (L), formulated with gum Arabic (GA),
maltodextrin (MD) and whey protein isolate (WPI), and the powder stability with storage.
Different storage conditions were tested by varying RH, exposure to light and time. The
changes of vitamin C (VC), total phenolics (TP), lycopene (Lp), antioxidant activity (AOA),

color and mechanical properties were measured.

II1.2. Material and methods

I11.2.1 Raw material

Pink grapefruit (Citrus paradisi var. Star Ruby) from Murcia (Spain) was purchased from a
local supermarket in Valencia (Spain). The selection of the fruit pieces was made by visual
appearance on the basis of a similar size (80-90 mm diameter), color and the absence of any
physical damage on the surface. The samples were formulated by incorporating GA (Scharlau

SL, Barcelona, Spain), MD (Sigma Aldrich, Darmstadt, Germany) and WPI Lacprodan® DI-
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9213, with both fat and lactose <0.2 and protein around 90% (d.m.) (Arla, Viby, Denmark), as

carriers for the drying process and to stabilize the products.
II1.2.2 Sample preparation

Grapefruits were washed with tap water, manually peeled with the careful removal of the
albedo and liquidized at speed 1 in an electrical food processor of 180 W and 500 g capacity
(DeLonghi, Barcelona, Spain). The liquid was sieved through 0.7 mm mesh (CISA, 200/50,
Barcelona, Spain), to ensure the absence of any pulp. To 100 g of L, 9.4 g of GA, 1.44 g of
WPI and 1.25 g of MD were added, according to a formulation optimized in a previous study
(Egas et al. 2015). The solutes were incorporated slowly using a stirrer (Heidolph, RZR2020,
Schwabach, Germany), working at between 800-1200 rpm, until visual homogeneity was
achieved. To obtain the fruit powder, this sample (LS) was spray-dried in a Biichi mini spray-
dryer (B-290, Flawil, Switzerland) with the following operating conditions: aspirator rate 35
m’/h, feed rate 9 ml/min, atomization air rotameter 473 1/h with co-current flow, drying air
inlet temperature 148°C and pressure 5-10° Pa. The powder sample obtained (Po) was collected

from the product collection vessel, weighed, analyzed and stored as described below.

The powder was conditioned in different environments using hermetic bisphenol A free
polypropylene containers (EMSA, Emsdetten, Germany), with a capacity of 3.7 1, acquired in
a department store in Valencia (Spain). In each vessel, a glass with a saturated salt solution was
arranged to ensure a controlled and constant RH. The salts used (Scharlab SL, Barcelona,
Spain) and the RH obtained, at 20°C, were: lithium chloride (RH = 11.3%), potassium acetate
(RH = 23.1%), magnesium chloride (RH = 33.1%), potassium carbonate (RH = 43.2%) and
magnesium nitrate (RH=55.9%) (Greenspan, 1977). A series with each of these 5 containers
was placed in a Binder chamber (KBF720, Hechingen, Germany) to ensure darkness and
another series was placed in a Niive Test Gabinet chamber (TK120, Istanbul, Turkey) with
artificial 6500K daylight emitted by 6000 Lx fluorescent tubes (Feilo Sylvania Europe LTD,
Newhaven, UK), both at 20°C. In each hermetic container, 6 aluminum plates (55 mm diameter,
1 mm height) were placed with approximately 10 g of Po. In addition, another plate with 10 g
of Po that was vacuum packaged (Edesa machine vac-20 SL, Guiplzcoa, Spain) with a
transparent polyethylene bag (Productos Pilarica SA, Paterna, Spain), was included in both the
dark and light series.
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All of the samples of each series were analyzed at 30, 90, 180 and 270 days for TP, VC, Lp

and AOA, as well as their mechanical properties and color, as described below.
II1.2.3 Analytical determinations

The water content of L and Po was determined, in triplicate, using the gravimetric method in a
vacuum oven (Vaciotem, JP Selecta, Barcelona, Spain) at 60°C, p <100 mm Hg until constant
weight. Six replicates were made (bioactive extractions in triplicate, analyses in duplicate) for
the chemical analyses described below. They were carried out on L, LS, Po and on the powders
stored using the different conditions. As these samples have a different composition as regards
water and added solutes, they were standardized to the grapefruit’s own solutes, GS (Equations
1 and 2) to make the results comparable (Agudelo et al. 2016).

mP

m=—1i 1
1 (I'le)v)'XGS/Ts (1)

mL'(l'X%v)

(2)

XSP/ST™
/ (M, FMypF+mypp + my)-(1-x§)

where mi is the mass of each analyzed compound referred to grapefruit solutes (mg/gas), mi®
is the mass of each compound analyzed in the powder (mg/g), following sections 2.3.1 to 2.3.4,
xb is the water content of the powder (gwater/powder) analyzed as previously described, xgg /TS
is the mass fraction of GS to TS (total solids), mr, mca, mmp and mwer are the mass of L, GA,
MD and WPI, respectively, in the sample and xL, is the water content of L (gwater/liquidized)

analyzed as previously described.

The losses of each analyzed compound due to the addition of solutes (comparing sample L with
LS), spray-drying process (comparing sample LS with Po) or storage (comparing sample Po
with the powder stored at each condition) were calculated and expressed as % loss (Equation

3).

mE — m#A
% loss = 100# (3)

m;
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where mi® is the mass of each analyzed compound referred to grapefruit solutes (mg/gas)
before the corresponding process, mi* is the mass of each compound referred to grapefruit

solutes (mg/gas) analyzed after the corresponding process.
I11.2.3.1 Total phenolic

Extracts for TP were prepared by mixing 1 g of sample with 9 ml of methanol:water (70:30)
using a magnetic multistirrer at 400 rpm (Velp Scientifica, Usmate Velate, Italy) in the dark at
20°C for 30 min. The homogenates were centrifuged at 5870 x g at 4°C for 10 min (Eppendorf
5804 R, Wesseling-Berzdorf, Germany). The supernatants were collected and TP was analyzed
using the Folin—Ciocalteu colorimetric method (Benzie and Strain, 1999). An aliquot of 250 pl
extract was mixed with 15 ml of distilled water and 1.25 ml of Folin—Ciocalteu reagent (Sigma-
Aldrich). After 8 min, 3.75 ml of 7.5% anhydrous Na>COs (Scharlab SL) aqueous solution
were added and water was added to adjust the final volume to 25 ml. Absorbance was measured
at 765 nm (UV-visible V-1200 VWR International Eurolab S.L, Barcelona, Spain) after 2 h of
incubation at room temperature in the dark. The TP content was expressed as mg of gallic acid
equivalents (GAE)/100 gas) (Equations 1 and 2) using a standard curve range of 0—1000 ppm
of gallic acid (Sigma-Aldrich).

111.2.3.2 Vitamin C

VC was determined using high-performance liquid chromatography (HPLC) (Jasco, Cremella,
Italy). To quantify the total VC content, dehydroascorbic acid was reduced to ascorbic acid
(AA) by mixing 0.5 g powder with 2 ml of a 20 g/l DL-dithiothreitol solution (Scharlab SL)
for 2 h at room temperature and in the dark (Sdnchez-Mata et al., 2000; Sanchez-Moreno et al.,
2003). Afterwards, 1 g of this mixture was extracted with 9 ml 0.1% oxalic acid (Scharlab SL)
with manual stirring for 3 min and filtered through a 0.45 pm nylon membrane filter (VWR,
Radnor, PA, USA) before injection (Xu and Chang, 2007). The HPLC conditions were:
Kromaphase100-C18, 5 mm (4.6 x 250 mm) column (Scharlab SL); mobile phase 0.1% oxalic
acid, volume injected 20 pL, flow rate 1 ml/min, detection at 243 nm (detector UV-visible MD-
1510) at 25°C. A standard solution of L(+) ascorbic acid (Scharlab SL) in the range of 10-530
ppm was prepared. The VC content was calculated as mg AA/100 gcs (Equations 1 and 2).
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II1.2.3.3 Lycopene

Lp was extracted using the methodology recommended by Olives et al. (2006) with some
modifications. Briefly, 1 g of the powder was mixed with 9 ml of hexane/acetone/ethanol
(50:25:25, v/v/v) for 30 min with magnetic stirring (400 rpm) in the dark. The homogenates
were centrifuged at 5870 x g at 4°C for 10 min and the supernatants were collected. Distilled
water was added (15 ml/10 ml of supernatant) and mixed with manual stirring for 2 min in the
dark. An upper layer aliquot was taken for spectrophotometric analysis (AOAC, 1990), at 501
nm. The Lp content was expressed as mg Lp/100 gcs) (Equations 1 and 2). A standard solution
of Lp (Cayman Chemicals, Ann Arbor, MI, USA) in the range of 0.5-10 ppm was prepared.

I11.2.3.4 Antioxidant capacity determinations

The AOA of the methanolic extract obtained for the quantification of TP was determined with
the DPPH and FRAP tests. AOA was measured using the free radical scavenging activity with
the stable radical 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) (Puupponen-pimid et al.
2003). Briefly, the absorbance at 515 nm of 3.9 ml of the DPPH reagent (0.030 g/L, Sharlau
S.L, Barcelona, Spain) (absorbance at initial time, Acontrol) Was measured. Then 0.1 ml of the
extract was added and the absorbance was measured again at 5 min, when the reaction had

reached the steady state (Asample).

The percentage of DPPH was calculated using Equation 4. The final results were converted to
mmol trolox equivalents (TE)/100 ges (Equations 1 and 2) using a trolox (Sigma-Aldrich)

calibration curve in the range of 8-125 ppm.

%DPPH= (AControl'ASample) X 100 (4)

Control

For the ferric reducing ability of samples, the FRAP assay was used (Benzie and Strain, 1999).
The FRAP solution was prepared by mixing 2.5 ml 10 mM TPTZ (2,4,6-tripyridyl-s-triazine)
solution (in 40 mM HCI), 2.5 ml 20 mM FeCl3-6H20 and 25 ml 0.3M acetate buffer (pH 3.6).
For the analysis 30 puL extract, 30 uL water and 900 puL of the FRAP solution (kept at 37°C
throughout the whole analysis) were mixed and allowed to react for 30 min at 37°C in the dark.
Absorbance of the colored product (ferrous tripyridyltriazine complex) was then measured at
593 nm. Results were expressed as mmol TE/100 gas (Equations 1 and 2), using a trolox

(Sigma-Aldrich) calibration curve in the range of 8-125 ppm.
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II1.2.3.5 Mechanical properties

Each of the samples conditioned at the different RH and the vacuum-packed sample were
placed, at established times, in a circular aluminum sample holder of 11 mm in diameter and
5.5 mm in height, which was completely filled. Mechanical compression tests were done using
a universal texture analyzer TA- TXT2 (Stable Micro Systems, Ltd., Godalming, UK). A
cylindrical probe of 10 mm in diameter at a deformation rate of 0.1 mm/s for 3 mm was used
for this purpose. The maximum force attained during the test (Fmax) was selected as the

characteristic mechanical parameter. This assay was done in quintuplicate.
111.2.3.6 Color

The sample holder containing the compressed sample was then used to measure the color by
placing a low reflectance glass plate CR-A51 (Konica Minolta, Valencia, Spain) in between
the sample and the spectrophotomer CM 3600-D (Konica Minolta) and providing a
measurement window of 5 mm in diameter. CIE L*a*b* color coordinates were obtained by
using the D65 illuminant and a 10° observer. In this color space, L* indicates the sample
light/darkness, a* and b* being the chromatic coordinates on a green (—) to red (+) and blue
(—) to yellow (+) axis, respectively. These coordinates allowed for the calculation of the color
attributes, hue angle (h*a, Equation 5) and the chrome or color purity (C*ab, equation 6). The
global color difference (AE, Equation 7) of the samples stored under the different conditions
commented on above and the newly-obtained one was also calculated. This assay was done in

triplicate.

*

% b
h abzarctgg 4)

C p=va*2+ b *? (5)

AE= \/(AL*)2+(Aa*)2+(Ab*)2 (6)
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I11.2.3.7 Statistical analysis

Data are expressed as the mean value and standard deviation of the different replicates.
Multifactor analyses of variance (MANOVA) were carried out at 0.05 significance level to
evaluate the differences between the samples brought about by storage conditions: RH, time
and presence or absence of light. Furthermore, a Pearson’s correlation analysis between the
bioactive compounds, AOA and AE was carried out at a 95% significance level. All of the
statistical analyses were done using Statgraphics Centurion XVILII (® 2010 StatPoint
Technologies, Inc., Warrenton, VA, USA).

II1.3. Results and discussion
II1.3.1 Bioactives and antioxidant activity of grapefruit samples

The water content of L batch was xw 91 + 1 g/100 g and that of Po 1.5 + 0.7 g/100 g. The
concentration of each bioactive compound analyzed and the AOA of L, LS and Po are shown
in Table 1. The TP, VC and Lp content of the L are consistent with those reported in other
grapefruit studies (Toh et al. 2013; Igual et al. 2015). The addition of solutes produced a
significant reduction (p < 0.05) in Lp (10% loss). The instability of carotenoids is due to the
fact that they are highly unsaturated compounds, whose degradation is fundamentally due to
oxidative processes. Other factors, such as temperature, light or pH, can also produce important
qualitative changes in these compounds as a consequence of isomerization reactions
(Meléndez-Martinez et al. 2010). In the case of citrus juices, some studies stated that
isomerization is favored by the loss of compartmentation brought about by the squeezing of
the citrus, which brings together organic acids and carotenoids (Vanamala et al. 2005;
Meléndez-Martinez et al. 2009). It has been shown that oxidation processes are more
pronounced when the cellular integrity is lost, so that in crushed plant foods, the loss of cellular
compartmentation brings into contact substances that can structurally modify and even destroy
the pigments (Meléndez-Martinez et al. 2010). During the stirring process for the purposes of
blending the carriers, the incorporation of oxygen into the samples and the additional cellular
breakage may have caused the direct exposure of carotenoids to oxygen and other substances
that may accelerate their loss. The addition of solutes did not affect TP and VC content even
though it produced a significant reduction (p < 0.05) in the AOA of LS, regardless of the

measurement method used.
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Table 1. Mean values (with standard deviation) of total phenolic content (TP), vitamin C (VC),
lycopene (Lp) and antioxidant capacity (DPPH, FRAP) of liquidized grapefruit (L), liquidized
grapefruit with solutes mixture (LS) and spray-dried powder (Po).

Sample L LS Po

TP @ 590 (70)? 590 (50)? 570 (10)?
vCc®@ 740 (40)? 750 (10)? 710 (30)?
Lp® 32 (1) 28.8 (0.8)° 8.3 (0.2)°
DPPH @ 1.8 (0.1) 1.51 (0.05)° 1.09 (0.07)°
FRAP @ 5.0 (0.4) 4.0 (0.4)° 1.33 (0.04)°

Different letters within each row indicate significant differences (p < 0.05).

M mg of gallic acid equivalents /100g grapefruit’s own solutes, ® mg ascorbic acid /100g
grapefruit’s own solutes, ® mg lycopene /100g grapefruit’s own solutes, ¥ mmol trolox
equivalents /100g grapefruit’s own solutes.

With respect to the spray-drying process, neither VC nor TP were significantly affected (>90%
retention). Different authors concluded that one disadvantage of spray-drying is the high
operation temperature, as many bioactive compounds are sensitive to heating (Pordevi¢ et al.
2016). However, it may be possible to increase the stability of sensitive compounds during
processing and to improve the quality of the finished product by adding carriers or drying
excipients like those selected in this study (Murugesan and Orsat, 2012). Nevertheless,
obtaining the powder product caused a significant (p < 0.05) drop in the Lp content to 71%. A
significant (p < 0.05) loss in the AOA of the powder was also observed.

I11.3.2 Changes in phytochemical compounds and antioxidant capacity as a function of relative

humidity, light condition and storage time

Figures 1 to 5 show the changes of each bioactive compound and AOA with different storage
conditions. The MANOVAS carried out with each of the three factors considered determined
a significant effect (p < 0.05) of RH, time and light condition in all the parameters studied,
except for Lp which were not affected by this last factor. For each significant factor, the result
of MANOVAS Multiple Range Tests, showing which means are significantly different from
which others, is shown in Figures 1 to 5. Nevertheless, in all the cases the MANOVAS also
showed significant interactions (p < 0.05) among the factors, which are discussed below.

Interaction plots are not shown to not increase the number of figures shown.

The TP were better preserved in darkness. Except for the vacuum stored sample, the phenolic

content decreased until 90 or 180 days, depending on the RH. After this time, the TP remained
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constant at the lowest RH, while at RH >33.1% they seemed to increase until the end of the
storage, regardless of light. Taking into account that phenolic compounds act as substrates in
various types of reactions, their stability or degradation will depend on the molecular
complexes that they can form. In this sense, autoxidation reactions caused by exposure to light
or oxygen may result in the formation of phenol radicals that may subsequently react with other
radicals, forming dimers or new structures, depending on the precise location of the electrons
in the reaction over time (Fraga et al. 2010). The vacuum-packed grapefruit powder that was

stored in darkness was the only sample that preserved its TP content the entire time.
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Fig. 1. Mean values and standard deviation of total phenolics of grapefruit powder, mg gallic
acid equivalents/100 g grapefruit solutes (mg GAE/100 gcs), as a function of storage
conditions: 11.3, 23.1, 33.1, 43.2 and 55.9% relative humidity and vacuum packed (V) after
30, 90, 180 and 270 days of storage, with and without light. The dotted line marks the phenolic
content of the newly spray-dried powder. Different letters indicate significant differences (p <
0.05) between relative humidity (A-F), time (a-d) and light condition (X-Y).

During storage and with increasing RH, the Lp showed a declining trend. Storage conditions
have an essential role in preserving the carotenoid content of processed food (Nagarajan et al.
2017). In this case, losses occurred mostly during the first month of storage, regardless of light
and RH (losses of 75-95%). Other studies showed that light exposure had minor effects on the
loss of total Lp in tomato puree (Shi et al. 2008). After 30 days of storage, the Lp remained
constant when stored under vacuum conditions and at 11.3% RH until 90 days. A certain Lp
decrease was observed from 23.1% RH upwards and it became completely degraded at the
highest RH (43.2 and 55.9%) after 6 months of storage. As commented on above, the

degradation of carotenoids is mainly due to oxidation reactions. Water availability, which
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increases as the RH rises, is also a parameter that greatly affects these compounds (Nagarajan
et al. 2017). The influence of water content on the degradation of lipophilic compounds seems
to be related to the availability of water, from a determined water content, to participate in
degradative reactions or to act as a vehicle that allows the mobility of the different substrates
involved, oxygen among others (Lavelli et al. 2007; Moraga et al. 2012).
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Fig. 2. Mean values and standard deviation of lycopene of grapefruit powder, mg lycopene/100
g grapefruit solutes (mg Lp/100 gas), as a function of storage conditions: 11.3,23.1, 33.1, 43.2
and 55.9% relative humidity and vacuum packed (V) after 30, 90, 180 and 270 days of storage,
with and without light. The dotted line marks the Lp of the newly spray-dried powder. Different
letters indicate significant differences (p < 0.05) between relative humidity (A-F), time (a-d)
and light condition (X-Y).
As regards VC, regardless of the light condition and at a RH <33.1%, its content remained
stable throughout the 180 days of storage, but decreased over the range of RH from this value
up to 55.9%. The greatest losses of this bioactive component occurred in environments with
the higher RH. The water content of the grapefruit powder with this level of aw could be
considered high enough to provoke an increase in the degradation reactions of AA at the storage
time studied. The various reactions involved in the final phases of ascorbate degradation are
important in the formation of flavor compounds and as precursors of non-enzymatic browning
(Belitz et al. 2009). In this case, as with carotenoids, light does not seem to affect the
degradation of this vitamin. AA is easily oxidized, especially in aqueous solutions, and greatly
favored by the presence of oxygen, heavy metal ions, especially Cu?*, Ag", and Fe**, and by

alkaline pH and high temperatures (Du et al. 2012).
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Figure 3 Mean values and standard deviation of vitamin C of grapefruit powder, mg ascorbic
acid/100 g grapefruit solutes (mg AA/100 gas), as a function of storage conditions: 11.3, 23.1,
33.1, 43.2 and 55.9% relative humidity and vacuum packed (V) after 30, 90, 180 and 270 days
of storage, with and without light. The dotted line marks the vitamin C of the newly spray-
dried powder. Different letters indicate significant differences (p < 0.05) between relative
humidity (A-F), time (a-d) and light condition (X-Y).

The grapefruit maintained its AOA measured using the DPPH assay until 90 days of storage at
RH <33.1% and V, regardless of light. From that moment on, the AOA decreased until the end
of storage. Similar results were observed from the FRAP analysis, but in this case, the AOA
values were stable only during the first month and in darkness.
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Figure 4 Mean values and standard deviation of antioxidant capacity of grapefruit powder
measured by DPPH assay, mmol trolox equivalents (TE)/100 g grapefruit solutes (mmol
TE/100 gcs), as a function of storage conditions: 11.3, 23.1, 33.1, 43.2 and 55.9% relative
humidity and vacuum packed (V) after 30, 90, 180 and 270 days of storage, with and without
light. The dotted line marks the antioxidant capacity of the newly spray-dried powder. Different
letters indicate significant differences (p < 0.05) between relative humidity (A-F), time (a-d)
and light condition (X-Y).
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There is some controversy about the influence of the phytochemicals present in fruits and
vegetables with their AOA (Guo et al. 2003). Polyphenols have been reported as responsible
for the antioxidant activity of citrus fruits due to their redox characteristics, which allow them
to act as reducing agents, hydrogen donors, singlet oxygen quenchers, and even metal chelators
(Carocho and Ferreira, 2012). On the other hand, carotenoids show antioxidant characteristics
through quenching 'O and eliminating harmful free radicals, while VC can effectively
scavenge a variety of reactive oxygen species (ROS) and give off semi dehydroascorbic acid,
removing 'Oz and reducing sulfur radicals (Zou et al. 2016). Chemical interactions affecting
free radical scavenging properties between hydrophilic and lipophilic compounds have not
been extensively reported in fruits and vegetables, yet both synergistic and antagonistic
interactions may affect antioxidant capacity (Talcott et al. 2003). In this study a statistical
correlation was carried out to determine the relationship among the bioactive compounds
quantified in the samples and with AOA (Table 2). The results showed that all the bioactive
compounds analyzed in the grapefruit powder, both the hydrophilic and the lipophilic ones,
showed a positive significant (p < 0.05) correlation among them and with the AOA measured
both by using the DPPH and FRAP assays, indicating a complementary and synergistic
antioxidant behavior (Zou et al. 2016). The greatest contribution to the AOA was provided by
the Lp and TP, followed by VC. The results obtained in this work are consistent with other
studies (Igual et al. 2015).
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Figure 5 Mean values and standard dev1at10n of antioxidant capacity of grapefrult powder
measured by FRAP assay, mmol trolox equivalents (TE) /100 g grapefruit solutes (mmol
TE/100 gas), as a function of storage conditions: 11.3, 23.1, 33.1, 43.2 and 55.9% relative
humidity and vacuum packed (V) after 30, 90, 180 and 270 days of storage, with and without
light. The dotted line marks the antioxidant capacity of the newly spray-dried powder. Different
letters indicate significant differences (p < 0.05) between relative humidity (A-F), time (a-d)
and light condition (X-Y).
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Table 2. Pearson’s correlation coefficients among total phenols (TP), lycopene (Lp), vitamin
C (VCO), antioxidant capacity (DPPH and FRAP analysis) and color differences (AE) of the
powder samples with respect to the initial powder Po.

DPPH FRAP TP VC AE
TP 0.7728* 0.7813* - 0.5514* -0.2223
Lp 0.9251* 0.9729*  0.8382* 0.5967*  -0.7642*
VC 0.5990* 0.5737* - - -0.6222*

*Correlation is significant at a significance level of p<0.05

II1.3.3 Changes in mechanical properties and color as a function of relative humidity, light

condition and storage time

The mechanical properties of a powdered product are related to its ability to be compacted and
its negative influence on flow capacity. Compression tests have been widely used in the field
of food powders as a simple and convenient method to measure some physical properties such
as powder compressibility and flowability (Barbosa-Canovas et al. 2005). In powder
technology, great attention has been paid to the general behavior of powders under compressive
stress. The force—distance relationship obtained from the compression test carried out on the
different samples was similar to that shown in Figure 6. The compression process of a food
powder takes place in two stages: filling voids with particles equal in size or smaller than the
voids brought about by particle movement, and filling smaller voids with the particle’s elastic
and/or plastic deformation, or fragmentation. If the free flow of the particles predominates
during compression, it will be necessary to apply greater force to achieve their compaction, as
it occurs in samples stored at RH 11.3 and 23.1% (Figure 6). However, when the deformation
of the particles predominates (samples stored at RH 55.9%, Figure 6), the force observed during

compression will be weaker.

The Fmax values of the powder, stored as previously described, are shown in Figure 6. A
significant effect (p < 0.05) of both RH and time was observed, although, as expected, there
were no differences between samples whether stored in the presence or absence of light. The
Fmax value of the sample stored for 30 days at RH 33.1% is in the order of that shown by the
newly spray-dried powder, which means that Po aw may be ~0.331. In general terms, Fmax was
greater at each storage time in the samples stored under vacuum and at RH <23.1%, and
decreased at higher RH. The increase may be related to a certain water loss at the lower RH,

which increases the powder flowability. The decrease in the Fmax value may be related to the
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transition of the amorphous matrix from the glassy to the rubbery state, this being responsible
for the structural collapse of the powder associated with the development of stickiness and a
softening of the product (Telis and Martinez-Navarrete, 2010). In this way, the aw of the powder
has to be equal to or lower than 0.231 to ensure the flowability of the powder. Despite this, as
the glass transition is a time dependent phenomenon (Roos, 1995), the Fmax decreases over
storage time at any RH so that no more than 6 months of storage are recommended for the

purposes of maintaining the initial mechanical properties of the powder.
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Figure 6 Mean values and standard deviation of the maximum force attained during the
grapefruit powder compression test (Fmax) as a function of storage conditions: 11.3,23.1,33.1,
43.2 and 55.9% relative humidity and vacuum packed (V) after 30, 90, 180 and 270 days of
storage, with and without light. The dotted line marks the newly spray dried powder value. The
inner graph shows an example of the force—distance relationship obtained from the
compression test carried out on the samples stored for 180 days, in darkness, at the different
relative humidities and vacuum packed. Different letters indicate significant differences (p <
0.05) between relative humidity (A-F), time (a-d) and light condition (X-Y).

As regards the color of the grapefruit powder (Table 3), on the whole it was affected more by
the storage time and the RH than by the presence or absence of light. In every case, a darkening
of the powder (decrease in L*) was measured after 3 months of storage, especially at the highest
RH, as was an evolution towards more yellowish tones (increase in hue angle) from the first
30 days onwards when RH was higher than 22.1%. The chrome, or color purity, was the only
color attribute that was dependent on the presence or absence of light, the samples stored in the
absence of light being purer. The chrome of the samples also increased at the highest RH, as

much as the storage time increases. An increase in chrome above powder collapse has also

been described by Telis and Martinez-Navarrete (2009); as related to porosity loss.
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Table 3. Luminosity (L*), hue angle (h*) and chroma (C*) of grapefruit powder stored for
different time periods (t, days) at different relative humidities (RH).

t\&H v 11.3% 23.1% 33.1% 43.2% 55.9%

30 79 bA 79 bA 78 A 80 bAB g1 B 79 SAB
L) 90 78 bA 79 bA 78 oA 80 A 79 oA 81 oA
180 71 2€ 71 8¢ 73 b€ 69 B 68 >B 66 >A
270 72 2C€ 73 2€ 67 B 71 &€ 72 2 62 &A
30 72384 72404 73 A 75.1%4  80.5°A  7435A
(D) 90 7484 73238 74404 80 bB g5 B 78 bB
180 79 bB 76 *B 77.3 B 83 bC g5 B 80 ¢
270 79¢B 76358 78 bB g5 4D 84 4B 75 A
30 10454 115A 11.2 A 1154 11554  17%B
c* 90 10>AB 9 43A 10 ®A 9.4A  1]2BC  13aC
(light) 180 8.5 A g aA 9 ab-A 9.2 A 1124 1528
270 10 3>AB 9 3 2AB 8.0 A 8.1%A 11.4%8  162C
30 11 %A 12 ¢AB 12 ¢AB 12 bAB 13 5B 15.4 ¢
c* 90 11.0%4  11.0beA 1154 11.5%4 1418 18.1¢C
(darkness) 180 9.13A 93 9.33A  10.2A 11> 13438
270 83%  94A 9 aA 9.4 A 14 beB 18 ¢
t RH v® 11.3% 23.1% 33.1% 43.2%  55.9%
30 78.6%A 79.0%A  783°¢A  80.2PAB gl 4B 79cAB
Ly 90 77.5%A 79 PbA 78 A go A 793 ¢A gl oA
180 713¢  70.83¢ 725 b€ 69 B 68 >B 66 >A
270 72 2€ 73 € 67 *B 71 3¢ 72.38C A
30 72334 72484 72834 75 1%A  gp.5eA 743bA
(D) 90 73.6% 73234 7443 799bB  gqgeB 78 bB
180 7958 75738 g73aB gy gbC  gq7eB  goac
270 79¢B 763 5B 78 bB 85.34P g3 74B  758A
30 10.4% 1085  11.2°%%  10.6%* 11.5%4 16.9%B
c* 90 9.9bAB g 4aA 9.7 b4 9.48A  1]123BC 13 6aC
(light) 180 g.5%A  ggaA g73A  gpdA 107424  ]53B
270 9.6AB 9 3aAB 8.0 %A 8.1%A 11.4%8  162C
30 1154 11.7%AB  11.8%AB  11.6%AB  126%B  154°C
c* 90 11.0%*  11.0%A  10.7%  11.5%A 1418  18.1¢C
(darkness) 180 9.1%4 91 9.3%A  102%®A 106 13.4%B
270 8334  94®A 8.7 %A 9434  139beB  177¢C

Standard deviations: L* between 0.9 and 6; h* 0.4-5; C*+light: 0.2-4; C*-light: 0.3-6. ("No significant differences
were observed between samples exposed to light or in darkness. Mean values appear in the table. ®Vacuum
storage. Different superscripts within the same row indicate significant differences (p<0.05) between RH (A-C)
and within the same column indicate significant differences (p<0.05) between time (a-d).

The aforementioned color evolution resulted in a global color change of the powder with
respect to the newly obtained one (Figure 7), which is evident (AE >3, Bodart et al. 2008),

before 90 days only if the RH of the sample environment is >43.2% and, from 6 months of
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storage onwards, at any other RH. All of this takes place regardless of the presence or absence
of light. The color stability at low aw and the increase in color changes at intermediate aw values
have been related to the enzymatic browning of the samples, maximum at aw of around 0.5 at
which level the conditions of diffusion and concentration of oxidized phenols are optimal
(Venir et al. 2007; Telis and Martinez-Navarrete, 2009). Nevertheless, the diffusion of

reactants requires a certain time before they coincide and the reaction occurs.

At ) W30 @90 D180 D270 days
Light Darkness

I . l

v 113% 231% 33.1% 432%

559%

| AJ—H J—|_‘ J
[
v 113% 23.1%

Figure 7. Evolution of the color change of grapefruit powder with respect to the newly obtained
one, as a function of storage conditions: 11.3, 23.1, 33.1, 43.2 and 55.9% relative humidity and
vacuum packed (V), after 30, 90, 180 and 270 days of storage, with and without light.

331% 432% 559%

The color change was related to the bioactive compound content by means of the Pearson’s
correlation (Table 2). A significant correlation was found with VC and Lp, but not with TP.
The carotenoid structure, the length of the chromophore, the arrangement of conjugated
double bonds in the end ring and the geometrical (cis/trans) isomers of carotenoids all
influence its perceived color (Meléndez-Martinez et al. 2010). Carotenoids show yellowish
to reddish colors, with Lp contributing more to the yellow hue and carotene more to the red.
The increase in hue could be justified by assuming not only the observed Lp loss but also the
B-carotene loss (Agudelo, 2017). The storage time related to the presence of oxygen,
especially in combination with light and temperature, can lead to oxidative degradation
(Rodriguez-Amaya and Kimura, 2004). As the vacuum-stored grapefruit also showed Lp loss,
both with light and in darkness, storage temperature can be assumed to exert a great influence.
Agudelo (2017) observed that the B-carotene loss at 4°C was half of that at 20°C. On the other
hand, both carotenoid isomerization and oxidation reactions, together with AA oxidation

products, lead to color change (Du et al. 2012; Sant’Anna et al. 2013).

97



II1.4. Conclusions

The TP, VC and Lp content of grapefruit contributed to its antioxidant capacity. Spray-drying
operations, when used with the same conditions as in this study, together with the added solutes
led to an overall preservation of TP and VC, while Lp was found to be very unstable both
during processing and storage. Bioactive compounds, together with the mechanical properties
and color of the spray-dried grapefruit powder achieved a high degree of stability when stored
at 20°C, being the recommended choice using a surrounding RH equal to or lower than 23.1%
and for no more than 6 months. In these conditions, the global color change of the powder will
not be evident to the human eye, the powder flowability will be ensured, none of the VC would

be lost, despite more than 68% of the TP and only 10% of Lp would remain.
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CAPITULO IV

Desarrollo de un nutracéutico de pomelo obtenido mediante atomizacion.

Caracterizacion fisica, composicion quimica y permeabilidad intestinal 3D.
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Abstract

The development of functional and nutraceutical foods comes from a greater awareness
of the relationship between food and health by consumers. In the last years, the idea of
purify and encapsulate bioactive compounds through techniques such as spray drying is
well received by food industry in order to improve bioactivity. The development and
characterization of a grapefruit nutraceutical powder obtained by spray drying adding
biopolymers as encapsulating factors is of great interest. Citrus paradise (grapefruit) is a
source of different bioactive compounds. In the present study, physical properties (water
content, porosity and color) as well as the composition in total phenolic content (TPC),
total flavonoid content (TFC) and antioxidant activity (by radical scavenging activity
(DPPH) and ferric reducing antioxidant power (FRAP)) were evaluated in grapefruit
powder. Besides, the bioavailability of the bioactive compounds was analyzed through a
3D intestinal model that used the combination of Caco-2 and HT29-MTX cell lines. The
bioactive compounds theoretically assimilated by the digestive system were identified by
LC-ESI-MS. Delphenidin-3-glucoside and hesperitin-7-O-glucoside presented a
permeation higher than 50%, followed by hesperidin that was close to 30%. This work
allows to establish that the formulation of grapefruit powder has a great potential as

nutraceutical food.

Keywords: Grapefruit powder; bioactive compounds; LC-ESI-MS; 3D intestinal model,

permeability.
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IV.1. Introduction

Citrus fruits are well known for their richness in ascorbic acid, also presenting
considerable amounts of sugar, calcium, phenols, phosphorus and vitamin B6 [1]. Within
the family of citrus products, Citrus paradise, commonly known as grapefruit, is largely
underestimate by consumers due to its bitter flavour. However, food and beverage
industry as well as cosmetic and pharmaceutical products use grapefruit on a large variety
of formulations due to the valuable compounds present in their skin, seed, pulp and juice
[1, 2]. C. paradisi has a characteristic taste, color and long shelf life, being of huge
popularity in some European countries as well as in Asia and United States. The varieties
of this citrus could be grouped in white and pigmented. Within the pigmented variety, the
Star Ruby is remarkable, presenting an intense coloration, with scarce seeds and high
yield in juice and bioactive compounds [3]. A recent review stated that the bioactive
compounds of grapeftruit juice are distributed in nine general groups of which flavonoids
are the most relevant, being naringin and eriocitrin the major ones, followed by carotenes
and different types of acids, such as ascorbic or malic [4]. The flavonoids mainly appear
in the glycosidated form, that takes place in position 7, in compounds such as rutinose or
neohesperidose [5]. Other glucoside groups identified in grapefruit are nehoespiridine,
didymin and poncirin [6]. Recently, different studies focus on understanding the
interactions of grapefruit bioactive compounds with the positive reduction of chronic

diseases and the health benefits [7].

The formulation of a nutraceutical product in powdered form is of huge interest for
consumers. For this reason, it is important to ensure (i) the selection and development of
an appropriate matrix and technological process able to maintain the active compound
structure from production until consumer consumption and (ii) to guaranty the bioactive
compounds delivery to the physiological target within the organism. Nevertheless, despite
the richness in bioactive compounds that Star Ruby variety can offer, it is important to
identify the main bioactives compounds present as well as to understand their interaction
with the digestive system. /n vitro models are essential tools to evaluate the possible
permeation of bioactive compounds in intestine and their possible health effects [8]. The
most commonly lineage used for the cell culture models is Caco-2, representing the
intestinal line. However, this lineage has some limitations such as the lack of mucins
production that have a great influence on absorption. Therefore, this cell line is normally

complemented with HT29-MTX cell line, responsible for this property in order to
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improve the paracellular permeability of hydrophilic compounds in intestinal 3D models

[9, 107.

The main aim of this paper was to characterize a grapefruit nutraceutical powder at the
level of physical properties as well as its phenolic and antioxidant capacity. Indeed, the
bioavailability of the bioactive compounds of grapefruit nutraceutical was assessed
through a 3D intestinal model, identifying by LC-ESI-MS the bioactive compounds that

could be assimilated by the digestive system.

IV.2. Materials and methods
IV.2.1. Preparation of feed mixture and spray drying conditions

The grapefruit powder was obtained by spray drying of grapefruit liquidized through
addition of high molecular weight biopolymers as encapsulating factor. The powder
formulation was composed of 9.4% of gum arabic (GA), 1.44% of whey protein isolate
(WPI), 1.25% of maltodextrin (MD) and 87.95% of liquefied grapefruit (DeLonghi
Robodiet Compact, Barcelona, Spain), based on the design of optimized response surface
experiments (data not show). The fruits (C. paradisi variety Star Ruby) were obtained in
a local supermarket in Valencia, Spain. The biopolymers GA and MD were supplied by
Alfa Aesar® (Karlsruhe, Germany) and WPI Lacprodan® DI-9212 was from Arla Foods
Ingredients (Viby, Denmark). Once the mixture with all ingredients was prepared, the
sample was spray dried in a Biichi-mini equipment (B-290, Flawil, Switzerland) under
conditions of aspiration speed of 35 m*/h, feed flow of 9 mL/min and an atomizer flow
of 473 L/h at a maximum temperature of 148 °C and a pressure of 5-105 Pa. The powder
was vacuum-packed (Edesa vac-20 SL, Guipuzcoa, Spain) for further characterization

steps.

1V.2.2. Physical properties of the powder

The water content was determined in triplicate by a gravimetric method [11] in a vacuum
oven (VACIOTEM, JP Selecta, Barcelona, Spain) at 60 °C until constant weight and

expressed as g water/100 g powder.
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The bulk density (pa) was determined, in triplicate, based on the measure of the volume
occupied by a known amount of sample (= 1 g) after being subjected to a stage of vibration

at 1600 rpm for 10 s (Infrared Vortex Mixer, F202A0175, Spain) and applying Eq. (1).

pa:m/Vf ( 1)

where p. (g/mL) is the bulk density, m is the mass (g) of powder and vris the volume after

vibration (mL).

The Eq. (2) was used to obtain the porosity (€). The true density (p) was calculated from
the composition in water and carbohydrate of the samples, applying Eq. (3).

= p'pa (2)
p
N (3)
()
pw pCH

where ¢ is the porosity, p is the true density and pa is bulk density (Eq. 1), pw is the water
density at 20 °C (0.9976 g/mL) and pcn is the carbohydrate density at 20 °C (1.4246 g/mL)

and x?, water content of the powder expressed as g water/ g powder.

The color of the samples was measured in triplicate by using a spectrocolorimeter

(MINOLTA, CM3600-D, Spain, reference illuminant D65 and 10 ° observer). The CIE
L*a*b* coordinates were obtained from which the hue angle (h:b, Eq. 4) and the chroma

(C:b, Eq. 5) were calculated.

hy,=arctg <b*/ a*) (4)

\ 2 w2 (5)
Cab: a +b
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IV.2.3. Preparation of the Freeze-dried extracts

In order to find the maximal information from the bioactive composition of the grapefruit
powdered product, two extraction solvents were used: (1) Oxalic Acid (Scharlab S.L,
Barcelona, Spain) with a concentration of 0.1% (w/v) in distilled water and (2) Methanol-
Water (Scharlab S.L, Barcelona, Spain) in a proportion of 70:30 (v/v). 1 g of the powder
was mixed with 9 mL of each extraction solvent. The extraction was carried out with
magnetic stirring of the mixture for 20 min, in darkness at room temperature and after
being centrifuged (EppendorfTm 5810R, Wesseling-Berzdorf, Germany) at 10000 rpm
for 10 min at 4 °C. The supernatant was evaporated in a rotavapor (Biichi R-200, Postfach,
Switzerland) and retained in a plastic container to be subsequently freeze-dried (Telstar®™
CRYODOS-80, Terrassa, Spain). During freeze-drying (72 hours), the temperature was
kept at -55 °C in the condenser. Two extractions which each solvent was carried out. The
extraction yields were quantified by the weight of the freeze-dried Oxalic Acid extract

(FDOA) or freeze-dried Methanol-Water extract (FDMW).

I1V.2.4. Determination of the Total Phenolic Content

The Total Phenolic Content (TPC) was spectrophotometrically determined according to
the Folin-Ciocalteu [12] procedure with minor modifications [13]. Briefly, 30 uL of
reconstituted sample in its respective extractor solvent (till the initial volume before
dehydration) was mixed with 150 pL of Folin-Ciocalteu reagent (Sigma-Aldrich,
Darmstadt, Germany), and mixed with distilled water (1:10) and 120 puL of 7.5% Na2COs3
solution (Sigma-Aldrich, Darmstadt, Germany) and incubated at 40 °C during 15 min.
The mixture was then allowed 30 min at room temperature protected from light before
the absorbance being determined at 765 nm using a Synergy HT Microplate Reader
(BioTek Instruments, Inc., Winoosli, VT, USA). Gallic acid (Sigma-Aldrich, Darmstadt,
Germany) was used as standard and a calibration curve was prepared (5-100 mg/L, R? >
0.999). The TPC of samples was expressed as mg of Gallic Acid Equivalents (GAE) per
100 g dry basis (mg GAE/100 g db).
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IV.2.5. Determination of the Total Flavonoid Content

The Total Flavonoid Content (TFC) was determined by a colorimetric assay [14] with
minor modifications. Briefly, 30 uL of reconstituted sample in its respective extractor
solvent was mixed with 75 pL of distilled water and 45 puL of NaNO2 (1%). After 5
minutes, 45 uL of AICls (5%) was added as well as 60 pL NaOH (1M) and 45 pL of
distilled water. The absorbance was determined at 510 nm using a Synergy HT Microplate
Reader (BioTek Instruments, Inc., Winoosli, VT, USA). A calibration curve was prepared
with Quercetin (5-300 mg/mL, R>> 0.999). The TFC of samples was expressed as mg of
Quercetin Equivalents (QE) per 100 g dry basis (mg QE/100 g db).

IV.2.6. Determination of antioxidant activity

Two different assays were used to screen the antioxidant properties: scavenging activity
on DPPH radical (measuring the decrease in DPPH radical absorption after exposure to
radical scavengers) and reducing power (measuring the conversion of a Fe**/ferricyanide

complex to the ferrous form (Fe?")).

IV.2.6.1. DPPH free radical scavenging assay

Different sample concentrations were prepared to determine the effective concentration
of the antioxidant necessary to decrease the DPPH" (1,1-diphenyl-2-picrylhydrazyl)
concentration by 50% (ICso) [15]. The value ICso was calculated from the graph of radical
scavenging activity (RSA) percentage against extract concentration. Briefly, 30 puL of
reconstituted sample in its respective extractor solvent was mixed with 270 pL of DPPH
(Sigma-Aldrich, Germany) radicals (6x10~° M) dissolved in methanol. The DPPH radical
reduction was determined by measuring the absorption at 525 nm in Synergy HT
Microplate Reader (BioTek Instruments, Inc., Winoosli, VT, USA). A calibration curve
for the standard Trolox (Sigma-Aldrich, Darmstadt, Germany) was prepared (5-175
mg/mL, R?>>0.999). The results were expressed as milligram per milliliter (mg/mL) of

DPPH radical reduce.
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IV.2.6.2. Ferric reducing antioxidant power (FRAP) assay

This analysis was carried according out according to Benzie and Strain [16] procedure,
with minor modifications. Briefly, an aliquot of 35 pL of reconstituted sample in its
respective extractor solvent was added to 265 puL. of FRAP reagent (10 parts of 300
millimol sodium acetate buffer at pH 3.6, 1 part of 10 millimol TPTZ (Sigma-Aldrich,
Darmstadt, Germany) solution and 1 part of 20 millimol FeCl3-6H20 solution) and the
reaction mixture was incubated at 37 °C for 30 min. The absorbance was measured at 595
nm in a Synergy HT Microplate Reader (BioTek Instruments, Inc., Winoosli, VT, USA).
A calibration curve was prepared with Trolox (25-500 uM, R*>0.999). The results were
expressed as millimol Trolox Equivalents (TE) per 100 g dry basis (mg TE/100 g db).

IV.2.7. Cell viability assay
IV.2.7.1. Cell lines and culture conditions

Caco-2 (ATCC HTB-37, passage 31-34) was purchased from the American Type Culture
Collection (ATCC, USA). Dr. T. Lesuffleur (INSERM U178, Villejuif, France) kindly
provided HT29-MTX (passage 40-41) cell line. Cells were grown separately in tissue
culture of 75 cm2 flasks (Orange Scientific) in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% (v/v) of inactivated fetal bovine serum (FBS), 1% (v/v)
of non-essential aminoacids (NEAA) and 1% (v/v) of antibiotic/antimitotic mixture (100
U/mL penicillin and 100 U/mL of Streptomycin). Cells were preserved in a humidified
atmosphere containing 5% CO2 / 95% air at 37 °C (MCO-18ACUV-PE IncuSafe,
Panasonic, Kadoma, Japan), and supplied with fresh medium and washing with Hank's
Balanced Salt Solution (HBSS) every 48 hours. The cells were harvested at 90-95%
confluence using trypsin. DMEM, FBS, NEAA, antibiotic/antimitotic, HBSS and trypsin
were from Invitrogen (Carlsbad, CA, USA). All the cell related procedures were done in
a Thermo ScientificTM MSC-AdvantageTM Class II Biological Safety Cabinets
(Darmstadt, Germany).

IV.2.7.2. MTT assay

Cell were cultured in 96-well micro titer plates at a density of 25 x10° cells per mL culture
medium for 24 h. Then, cells were washed with HBSS and incubated with different
extracts (FDOA, FDMW) concentrations (0.1, 1, 10, 100 and 1000 pg/mL) previously
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dissolved in DMEM. A positive (cell plus DMEM) and a negative (Triton X-100, 1%
w/v) control were used. After this period the extracts were removed and the MTT (3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) was added and incubated for
4 h. Dimethylsulfoxide (DMSO) was used to dissolve the MTT crystals and the
absorbance was measured at 590 nm with a background subtraction at 630 nm. MTT and
DMSO were purchased from Promega (Madison, WI, USA), Triton X-100 was purchased
from Boehringer (Mannheim, Germany). The different concentrations were carried out in

triplicates in three diverse experiences.

IV.2.8. 3D Intestinal permeability assay

The permeability study was carried out through a co-culture model with 90% of Caco-2
and 10% of HT29-MTX, according to Aratjo and Sarmento [17]. The experiments were
performed 21 days after seeding the cells. During this period, the transepithelial electrical
resistance (TEER) was monitored to evaluate the cell monolayer integrity. In the last day,
cell monolayers were pre-equilibrated with fresh HBSS, pH 7.4 at 37 °C during 30 min.
Afterwards, 0.5 mL of FDOA (100 mg/mL) concentration prepared in HBSS was added
to the apical side of the co-culture monolayers and 1.5 mL of HBSS to the basolateral
side. Samples were withdrawn from receptor side at 15, 30, 60, 90, 120, 150 and 180
minutes to determine the bioactive compounds transported across the monolayer. At the
same times, the TEER was evaluated. After each sampling time, the basolateral side was
replaced with the same HBSS volume. Samples were conserved at -20 °C for subsequent

LC-ESI-MS analysis.

The permeability results were expressed in relative percentage of transport.

IV.2.9. LC-ESI-MS analysis

To analyze the flavones that potentially crossed the 3D intestinal model, the methodology
developed by Teixeira et al. [18] was employed. Samples (FDOA) were analyzed by
Liquid Chormatography-Electrospray lIonization-Mass spectrometry (LC-ESI-MS)
performed in a Finnigan Surveyor Plus HPLC fitted with a PDA Plus detector, an auto-
sampler Plus and a LC quaternary pump plus coupled to a Finnigan LCQ Deca XP Plus

mass detector equipped with an ESI source and an ion trap quadrupole. The stationary

115



phase was a Thermo Finnigan Hypersil Gold column (150 x 4.6 mm i.d., 5 um) at 25 °C.
The mass spectrometer was operated in the negative-ion mode with source, with a
capillary temperature of 275 °C and capillary voltages of 4.5 kV. The mass spectra were
recorded between 250 and 2000 m/z.

The mobile phase was composed by solvent A, 1% (v/v) formic acid, and solvent B, 100%
(v/v) acetonitrile. The flow rate was 0.50 mL/min and the gradient method started with a
linear gradient ranging from 90% A to 50% A in 50 min, then reaching 100% B in 10 min,
a final isocratic gradient of 100% B during 5 min and a final re-equilibration isocratic

gradient of 90% A for 5 min.

IV.2.10. Statistical analysis

All the results were expressed as mean + standard deviation. To study the possible
significant differences between the samples, analyzes of the unifactorial variance
(ANOVA) and multifactorial (MANOVA) were performed, with a confidence level of
95% (p<0.05). Pearson correlations were also obtained between the antioxidant activity
and the bioactive compounds analyzed. The Statgraphics Centurion XVI program was

used to perform the analysis.

I'V.3. Results and discussion

IV.3.1 Nutraceutical product characterization

The spray drying process involves complex interactions that influence the final product
quality. According to Murugesan and Orsat, spray drying has been frequently described
as a harsh drying method due to its often high-temperature operation [19]. The
physicochemical properties of the final product mainly depend on the feed flow rate,
particle size, viscosity, food matrix, spray dryer inlet and outlet temperatures, pressure
and type of equipment [20]. One of the properties influenced by the process of spray
drying is the water content of the obtained powder. Water content influences other
characteristics, such as porosity, compaction or flowability, also affecting the

electrochemical and biological properties. Thus, food, pharmaceuticals and chemical
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industries always take into account this characteristic [21]. The obtained grapefruit
powder presented 1.5 + 0.2 g water/100 g powder. The low water content of a
nutraceutical product leads to a longer shelf life, minimizing the microbial growth and
chemical deterioration [22]. Also, it is more convenient to use and cheaper to transport
due to its reduced weight and volume [19]. The porosity is related with the free-flowing
properties of the powder, the greater the € value the better is flowability [23]. The porosity
of the obtained powder was set in 75% + 0.12.

Colour is one of the principal attributes of foods. Although it does not necessarily reflects
nutritional, flavour or functional values, the colour of powdered foods may be associated
with the original food and determines the consumers’ acceptability. The grapefruit
powder showed an L*=80.0 + 1.8, h"a= 61.7 + 0.4 and a C"a = of 11.4 + 0.6. These
colour values fall within the range of those reported by Gonzalez et al. [22] and Telis and
Martinez-Navarrete [24] in a similar grapefruit product obtained by spray-drying and

freeze-drying, respectively .

In every process of product creation, not only the physical appearance is essential but
most important, the benefits for consumer must be guarantee. In the case of a
nutraceutical, the biodisponibility of the bioactive compounds should be assured. As
almost all food products are complex mixtures of vitamins, sugar, lipids, fibers, and
phytochemicals, the extraction of bioactive compounds from food matrix is a matter of
interest [25]. Different extraction methodologies that use solvents in different proportions
are available and each one has advantages and disadvantages, which can be exploited
according to the interest of the bioactive compound studied. Trying to find the maximal
information from the bioactive composition of the grapefruit powdered product, two
extraction solvents were used in this study. Afterwards the corresponding liquid extracts
were freeze-dried. The yield of this process was 85% + 2 and 51.0% = 1.2 for the FDOA
and the FDMW extracts, respectively.

Table 1 summarizes the TPC, TFC and antioxidant activity of the freeze-dried extracts.
In general terms, there were significant differences (p<0.05) between the antioxidant

capacity of the extracts.

No statistical differences (p>0.05) were observed in the TPC of both freeze-dried extracts,
while TFC was higher (»p<0.05) in FDOA. Haminiuk et al. reported different

methodologies of phenolic compounds extraction, being the values obtained in the present
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study similar to those of strawberry, acai and fig [26]. Polyphenols have been reported as
responsible for the antioxidant activity of citrus fruits due to their redox characteristics
[27]. Therefore, the high values of TPC and TFC of the grapefruit product provide high
expectations in its role of chemo preventive properties, as well as its antioxidant, anti-
inflammatory and antimicrobial activity for human health. The greatest antioxidant
capacity (p<0.05) expressed as ICso was obtained in the FDOA extract, while FDMW
showed more ability to reduce Fe*" to Fe?" (»p<0.05). The antioxidant capacity of the
nutraceutical product was similar to those found in other citrus fruits studied by Klimczak
et al. [28], Chen et al. [29] and Alvarez et al. [30]. These results indicated that the
powdered product, despite being exposed to changes in its structure, still has similar
values to different fresh products [31, 32]. Although it is true that the main advantage of
the methods established for the quantification of antioxidant activity is it simplicity, the
biggest disadvantage is that the results can be influenced by many factors, such as the
interaction of the antioxidants in the sample, reagents, pH, times or free radicals

production [33].

Table 1 Total Phenolic Content (TPC), Total Flavonoid Content (TFC), radical scavenging
activity (RSA) ICsp values and antioxidant activities based on their abilities to reduce ferric iron
(Fe*) to ferrous iron (Fe*") in the extracts. Values are expressed as means + standard deviation
(n=9). Different letters (a, b) in the same column indicate significant differences between mean
values (p < 0.05).

ICat FRAP TPC TFC

e miy QTS (RO e
FDOA 0.48+0.04 10.3+0.6 1274+48? 6592+627°
FDMW 0.72+0.16° 12.7+0.6 1294+98* 43144519°

GAE, gallic acid equivalents. QE, quercetin equivalents. TE, trolox equivalents. FDOA, freeze-
dried oxalic acid extract. FDMW, freeze-dried methanol-water extract. db, dry basis..

There is some controversy about the influence of the bioactive compounds present in
fruits and vegetables with their antioxidant capacity [34]. Chemical interactions affecting
free radical scavenging properties between phytochemicals have not been extensively
reported in fruits and vegetables, yet both synergistic and antagonistic interactions may
affect antioxidant capacity [35]. In this sense, in order to better understand the interactions

of TPC and TFC with the antioxidant capacity of the extracts, a Pearson correlation was
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performed (Table 2). According to Table 2, the Pearson correlation coefficient between
FRAP (-0.9830, oxalic acid solvent extract) and ICso (-0.9306, methanol and water

solvent extract) is higher, validating that both techniques are complementary.

Table 2. Pearson correlation coefficients among total Phenolic Content (TPC), total Flavonoid
Content (TFC), radical scavenging activity ICso values and antioxidant activities based on their
abilities to reduce ferric iron (Fe’") to ferrous iron (Fe **) (FRAP analysis).

Interaction Pearson coefficient Pearson coefficient
FDOA FDMW
FRAP vs. TPC 0.5262 0.5392
FRAP vs. TFC 0.7449%* 0.6739*
FRAP vs. ICso -0.9830* -0.9306*
TPC vs. TFC 0.4348 0.8003*
TPC vs. ICso -0.8399* -0.7352%*
TFC vs. ICso -0.4654 -0.8843*

Freeze-dried oxalic acid extract (FDOA), Freeze-dried methanol-water extract (FDMW), Total
Phenolic Content (TPC), Total Flavonoid Content (TFC), radical scavenging activity 1C50
values and FRAP antioxidant activity. *p < 0.05 indicate statistically significant correlations at
the 95% confidence level. These correlation coefficients range between -1 and +1 and measure
the strength of the linear relationship between the variables.

A similar correlation was produced between TPC or TFC and antioxidant capacity (ICso),
but with a negative tendency according to Pearson. These results indicate that the phenolic
capacity was linked to a high or low antioxidant capacity. Opposite results were found a
correlation was evaluated between TPC or TFC and FRAP. However, it must be taken
into account that the changes can be due to the extractor agent. The interactions that occur
with oxalic acid can be explained based on its strong acidity, being soluble in water and
alcoholic compounds and presenting a great power of interaction in the presence of strong
oxidative agents (due to the presence of the carboxyl group in its composition). In
addition, the antioxidant properties are conferred to flavonoids by the phenolic hydroxyl
groups attached to ring structures as they can act as reducing agents, like hydrogen
donators, singlet oxygen quenchers, superoxide radical scavengers and even as metal
chelators [27]. These characteristics, together with the interactive power of the extract,

generate the relations in a positive or negative way.

These results were expected, since grapefruit is mainly known for its richness in citric

and ascorbic acid [36]. Both organic acids provide enzymatic browning and contribute to
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the antioxidant capacity. Nevertheless, grapefruit also present high amounts of
flavonoids, phytochemicals related to anti-inflammatory, antimicrobial and anticancer

properties, already reported by different authors [2, 37, 38].

IV.3.2. Cell viability assay

In order to determine if the bioactive compounds of the nutraceutical product could lead
to negative effects on cell proliferation or direct cytotoxic properties that lead to cell
death, cell viability assays were performed. In this case, FDOA and FDMW were
evaluated in different concentrations (0.1 — 1000 pg/mL). Figure 1 summarize the

obtained results.

160 1

Cell viability (%)
(0.9]
[a)

FDOA FDMW
Extractor solvent

OCaco-2 @HT29-MTX

Figure 1. Interactions of cell line and extractor solvent. Freeze-dried acid oxalic extract
(FDOA), freeze-dried Methanol-Water extract (FDMW). Different letters (A-B, a-b) indicate
significant differences between mean values of extractor solvent and cell line (p < 0.05).

As it is possible to observe, initially there were significant differences (p<0.05) between
the different extraction solvents. The highest viability in HT29-MTX cells was obtained
with FDOA (130%), while for Caco-2 the FDMW presented the best result (135%).

However, in both extracts the cell viability was above 90%.
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The MANOVA analysis indicated that the main effects that influence cell viability
(p<0.05) were the different solvent extractors and their respective concentrations.
Analyzing the effect of concentrations (Figure 2), it is possible to observe that the cell

viability remains above 90% in all extracts from 0.1 to 100 pg/mL.

Cell viability (%)
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100 FDOA HT29-MTX
80 FDMW HT29-MTX
60 ——— Control Caco-2
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Fig. 2. Cell viability in different concentrations according to the extracts in Caco-2 and
HT29-MTX cell lines. Freeze-dried acid oxalic extract (FDOA), freeze-dried Methanol-
Water extract (FDMW) and positive Control (dashed lines). Different letters (a-b)
indicate significant differences between mean values to concentrations (p < 0.05).

At high concentrations, the cell viability decreases, probably due to the extract
composition. Nevertheless, in the maximum concentration tested (1000 ug/mL), Caco-2
cells showed a significant (p<0.05) viability decrease, not exceeding 80% survival in
FDMW and up to 50 % survival in FDOA. Conversely, HT29-MTX cells in this
concentration exceed 100%. However, within the same concentration in the different
extractor solvent, significant differences (p<0.05) were observed in Caco-2 and HT29-
MTX cells. These results are in accordance with Laitinen et al. that evaluated the extracts
effects of food supplements and food fractions in Caco-2 cells, obtaining a greater cell
viability at lower concentrations (0.02 and 0.2 mg/mL) and finding a minimum viability
of 77% in all samples [39]. Similar results were reported by Xu ef al. in a study focused

on citrus juices, in which grapefruit juice did not affect the viability of Caco-2 cells [40].
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Equally, Chen and Kitts reported good results in orange peel in Caco-2 cells using 7.5%
ethanol as extract solvent [41]. In fact, FDOA an FDMW did not lead to a toxic effect in
both cell lines (p<0.05). This could indicate a protective effect of these extracts (in
concentrations between 0.1 and 100 pg /mL) in both cell line, since instead of causing
damage to the cell, it keeps it in good condition [42, 43]. Nevertheless, a more detailed

study has to be performed to support this protective effect.

IV.3.3. 3D Intestinal permeability assay
IV.3.3.1. Identification of bioactive compounds

Citrus fruits are rich in bioactive compounds, especially the Star ruby variety [44].
Flavonoids are among these compounds, being characterized by a skeleton of 15 carbons,
mostly linked to one or more sugar molecules. According to Theile ef al. [45], grapefruit
presents high flavonoid glycosides contents, being characterized by the presence of
rutinoside (such as hesperidin and narirutin) and neohesperidoside flavonoids (namely
naringin and neohesperidin). Figure 3 show the phenolic profile obtained for grapefruit

in FDOA, indicating the presence of flavonoids, particularly between 20 and 35 minutes.
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Figure 3. Example of the LC-ESI-MS analysis of the FDAO in its different wavelengths. 1:
Delphinidin-3-glucuside or herperitin-7-O-glucodide; 2: Eriodictyol-7-O-neohesperidiside; 3:
Eriodictyol-7-O-rutinoside; 4: Hesperidin or neohesperidin; 5 and 6: Didymin, poncirin or
saponarin; 7 and 8: Naringin or narirutin; 9: Hesperidin.
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Table 3 summarize the different phenolic compounds identified.

Table 3. Tentative identification of grapefruit nutraceutical powder main compounds. Time
retention (tr), molecular ion with negative charge [MS] (m/z), fragments of ions [MS2]
[MS3] (m/z), wavelength at maximum visible absorption (Amax).

Compound (n:irn) [MS] MS? MS? Amax (nm)  Possible Compounds References
Delphinidin-3-
1 2279 465 303 247; 328  glucoside/hesperitin-7-O- 12, 13,19, 21
glucoside
5 2323 595 287 280 Neoeriocitrin (Eriodictyol-7- 2.3.5.9,1921

O-neohesperidiside)
Eriocitrin (Eriodictyol-7-O- 1,2,45,6,9,

3 2415 595 287 283; 325 oo -
4 2622 611 449 303 280;320 Hesperidin/Neohesperidin > 2 1011,
. ; espe eohespe 14,15, 17,20

5 33.88 595 433 287 280 Didymin/Poncirin/Saponarin 11, 17,20

6 3505 595 433 287 289;320 Didymin/Poncirin/Saponarin 11, 17,20
7 2035 581 419 273 280320  Naringin/Narirutin 1, 155(}7’ 19,
2035 581 419 273 280320  Naringin/Narirutin 1, 1159 12% 17,

2035 611 449 280: 320 Hesperidin 15,17, 20

In the analysis of the initial sample, different compounds were identified depending on
the wavelength evaluated, the retention times and the maximum fragments that the mass
spectrometer can detect. A possible identification was performed based on these
characteristics. Compound 1 could be an anthocyanin (delphinidin-3-glucoside),
according to the molecular weight and the fragments obtained (465, 303 m/z). However,
taking into account its wavelength and retention time, it could also be a flavonone
(hesperitin-7-O-glucoside). Compounds 2 and 3, due to their closeness in molecular
weights (595 m/z) and fragments (287 m/z) with differences in retention time (23.23 and
24.25 min) and wavelengths, could be a flavonone of 7-O-glucoside group. In this case,
compound 2 would be neoeriocitin (eriodictyol-7-O-neoheperidiside) and compound 3
eriocitrin (eriodictyol-7-O-rutinoside). According to the literature, compound 4 is
probably a hesperidin or a neohesperidin [46-48]. In what concerns to compounds 5 and
6 that present similar molecular weight and fragments (595, 433 and 287 m/z) are
probably didymin, poncirin or saponarin, while compounds 7, 8 and 9 were identified by

their molecular weight and respective fragments. In the case of compounds 7 and 8 (581,
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419 and 273 m/z) a naringin or a narirutin are probably present. Compound 9 could be
more accurately hesperidin (611, 449 m/z), being similar to compound 4 and differing in

the fragments obtained.
IV.3.3.2. 3D Intestinal permeability

In order to ensure the intestinal permeability, it is necessary to monitor the co-culture
TEER. TEER is a very sensitive and reliable method to confirm the integrity and
permeability of cells culture, being a non-invasive method that can be applied to monitor
living cells during various stages of growth and differentiation [10]. Figure 4 shows the

TEER measurements during the 21 days.
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Figure 4. Transepithelial electrical resistance (TEER) measurements of coculture cells (90%
Caco-2 and 10% HT29-MTX) during the 21 days and 180 minutes of permeability assay. N1, N2,
N3: number of repetitions made.

Similar TEER measurements were made during the permeability experience to guarantee
the viability process. The values confirm the integrity of the 3D model, presenting

comparable TEER to the one reported by Pereira et al. [10].

Once the 180 minutes of permeation in the co-culture was finished, different results were
obtained regarding permeability (Figure 5). Figure 5 shows the two working wavelengths

and the compounds that were detected initially, at time zero of the experience. Also, the
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permeation graph expressed in relative percentage of release, taking into account the
apparent permeability that was calculated as the ratio of the original relative percentage
permeated through the monolayer, between the apical chamber (time cero min) and the

basolateral chamber (time 180 min).
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Figure 5. A: Work wavelengths. B: Permeability of bioactive compounds at time 0 and after 180
minutes. 1: Delphinidin-3-glucuside or herperitin-7-O-glucodide; 2: Eriodictyol-7-O-
neohesperidiside; 3: Eriodictyol-7-O-rutinoside; 4: Hesperidin or neohesperidin; 7 and 8&:
Naringin or narirutin; 9: Hesperidin.

Regarding all the bioactive compounds identified, only didymin, poncirin or saponarin
(compounds 5 and 6) were not detected. Nevertheless, a high permeation was achieved
for compound 1 (delphenidin-3-glucoside or hesperitin-7-O-glucoside) and compound 9
(hesperidin), with compound 1 presenting a permeation higher than 50%, followed by
hesperidin that was close to 30%. Naringin or narirutin presented a permeability lower
than 25% as well as the compound identified as neohesperidin or hesperidin. Tian et al.
[49] found similar permeation result with flavonoid compounds, namely hesperetin,

eriodictyol and naringenin, obtaining values not greater than 60% in Caco-2 cells.

A number of factors interfere with the transport of bioactive compounds present in
nutraceutical products, such as the concentration used, the extraction form, the molecule
size, the permeation time or even the TEER variability. In addition another factor to take
into account is the matrix that protects the bioactive compounds, which refers to the
biopolymers (GA, MD and WPI) added during the formulation of the grapefruit

nutraceutical product, which can be barriers against permeability [50]. Oxidative stress
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may be the main cause in the transference of bioactive compounds, since this mechanism
is activated during cell permeation [51]. The compounds that were not transported in their
entirety were probably retained within the cell model. This phenomena may be due to the
fact that bioactive compounds of citrus origin can be used as elements of cell

cytoprotection, reducing the oxidative stress, which is in accordance with Cilla ez al. [52].

According to the obtained results, compound 1, 4 and 9 were easily transported. This may
be due to the encapsulation process carried out by means of spray draying. Compounds 1
and 9 are the bioactive with the best results. Delphenidin-3-glucoside (compound 1) was
extensively studied as a suppressive element in cancer cells [53]. However, it can also be
hesperitin-7-O-glucoside and hesperidin (compound 9) that agree to be the main bioactive
compounds of citrus fruits presenting various pharmacological activities, such as

antioxidant, antibacterial, anti-inflammatory or anticancer [54].

The nutraceutical product derived from the grapefruit and obtained by means of the spray
drying process has a great potential as a nutraceutical. The results support that the
bioactive compounds were able to be encapsulated and the behavior in cell viability and
permeability test showed that there is a likelihood that compounds such as delphinidin-3-
glucoside, hesperitin-7-O-glucoside, hesperidin, neohesperidin reach the body target,

being a source of oxidative protection.

IV.4. Conclusion

In the last decade, functional and nutraceutical foods have obtained a great demand
among consumers due to the potential health benefits that they can offer. In the present
study, a grapefruit nutraceutical powder has been obtained by spray drying and
characterized regarding different physical and chemical parameters as well as in its
intestinal permeability. The obtained results support the good stability in what concerns
to moisture and porosity, also presenting an attractive grapefruit color, as well as
antioxidant capacity and high content of phenols and flavonoids. The main conclusion of
this study is the bioavailability that this product offers to encapsulate the most important
C. paradise bioactive compounds, such as delphinidin-3-glucoside, hesperitin-7-O-
glucoside, hesperidin or neohesperidin, which showed a permeation up to 50% in the 3D
intestinal model. Thus, spray-drying technique can be classified as a great alternative in

food industry for these products as well as the biopolymers employed in this process.
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Para el estudio del impacto de la incorporacion de distintos biopolimeros en algunas
propiedades de un polvo de pomelo obtenido por atomizacion, en una primera etapa, se trabajo
con GA, CMC, MD y WPI. En esta parte del trabajo se ha ensayado la metodologia de
superficie de respuesta como herramienta con la que optimizar tanto la temperatura de entrada
del aire en el atomizador como la formulacion del licuado de pomelo. Para la optimizacion se
buscd maximizar el rendimiento del proceso y obtener un polvo con la menor humedad, mayor
porosidad, ademas de muy luminoso, bajo en croma y con un tono mas amarillo que naranja-
rojizo. Este color, aunque no es el mas parecido al del licuado de pomelo, es el que corresponde
a un polvo suelto, con baja pegajosidad, que es una caracteristica esperable de cualquier
producto en polvo. Este solo se obtiene si se afiaden biopolimeros al licuado, los cuales actian
como carriers del proceso, pero también afectan al color del polvo obtenido. De hecho, al
producto atomizado obtenido con un tipico color de pomelo, ni si quiera se le pudo medir la

porosidad por el método utilizado.

Con la metodologia de superficie de respuesta se pudo establecer, ademas de una correlacion
entre las variables independientes y las variables respuesta, a través de ecuaciones polindmicas
que explican mas del 50% de la variabilidad de la respuesta, el nivel optimo de las primeras.
Como efectos mas significativos se ha visto, por una parte, como GA y MD contribuyen a
aumentar el rendimiento del proceso y la porosidad del producto, aunque con una interaccion
negativa entre ellas. Por su parte, GA también contribuye al aumento de la humedad del polvo
obtenido, mientras que CMC disminuye el rendimiento, pero aumenta la porosidad del polvo.
En cuanto a la temperatura de atomizacion, las interacciones observadas llevan a concluir que
se consigue mejor calidad del polvo trabajando a temperaturas intermedias. Asi, los resultados
obtenidos permiten proponer, como condiciones para la obtencion del mejor producto en polvo,
preparar el licuado de pomelo afiadiendo, bien 12.82 g de GA/100g licuado o bien (9.4 g
GA+1.25 g MD+1.4 g WPI)/100 g licuado y atomizar a 141.9 °C o 148 °C, respectivamente.
El uso moderado tanto de MD como de WPI permite disminuir el coste asociado al uso tnico
de GA como materia prima, aunque a costa de obtener un rendimiento en materia seca
ligeramente menor (64 % vs. 59 %). En cuanto a la calidad del producto en polvo obtenido,
¢éste presenta propiedades muy similares en ambos casos. Por este motivo, se propone como
producto en polvo optimizado para continuar con el estudio el obtenido afiadiendo (9.4 g

GA+1.25 g MD+1.4 g WPI)/100 g licuado y atomizando a 148 °C.
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El trabajo realizado hasta el momento y los resultados obtenidos permiten proponer la
metodologia de superficie de respuesta como una herramienta 1til en estudios de este tipo, en
los que contemplar todas las combinaciones de todas las variables independientes, en diferentes
niveles, supondria abordar un nimero de experiencias muy elevado. Es cierto que con esta
metodologia se minimiza el nimero de experiencias, pero no es menos cierto que, desde el
punto de vista “cientifico” siempre hay algunas combinaciones de las variables que resulta
interesante estudiar y quedan fuera del disefio, asi como otras de las que se incluyen que, quizas,
podrian obviarse. En este sentido, y desde la experiencia adquirida en este trabajo, esta
metodologia resulta muy interesante cuando ya se tiene algo de informacion de las variables
independientes y su viabilidad, de manera que lo que se pretende es afinar en el nivel al que

deben aplicarse.

Vista la formulacion optimizada conseguida hasta el momento y continuando con el objetivo
de disminuir los costes del proceso de atomizacion y/o para simplificar la formulacion, en la
siguiente etapa del trabajo se hicieron dos consideraciones a dicha formulacién, en este caso
planteando sélo una serie de experiencias que pusieran de manifiesto la viabilidad o no de
ambas. En primer lugar, se disenaron una serie de experiencias tratando de confirmar, por una
parte, el interés de utilizar los 3 biopolimeros en las cantidades propuestas o si podrian
combinarse entre ellos de otra forma y, por otra, la posibilidad de sustituir alguno(s) de ellos
por OSA. Los resultados obtenidos confirman que la formulacion optimizada es la que permite
obtener el mayor rendimiento, ademas de un producto en polvo con la menor humedad y mayor
porosidad. Por otra parte, no se desprende una ventaja clara del uso de OSA. En este caso, se
obtienen productos mas porosos, mas secos y con un mayor contenido en vitamina C, aunque
con menor contenido en compuestos fenolicos y menor rendimiento, ademas de que el color se
ve mas afectado. Como segunda consideracion respecto a la formulacion del licuado, se estudio
la necesidad de diluirlo, al mezclarlo con los biopolimeros, con el fin de disminuir la viscosidad
y favorecer el proceso de atomizacion. Los resultados obtenidos permiten concluir que no es
necesaria esta etapa. De esta forma, se reduce considerablemente el tiempo del proceso vy,
aunque se obtienen productos de menor porosidad, estos no se ven afectados en cuanto a su
humedad final, ni al contenido en compuestos bioactivos, ademas de que el rendimiento en

producto en polvo es mayor.

Teniendo en cuenta los resultados anteriores, se program6 un estudio de almacenamiento del
pomelo atomizado para comprobar su estabilidad. Para ello se trabajoé con el polvo obtenido

atomizando, a 148 °C, un licuado de pomelo al que se afiadieron, sin dilucién previa, 9.4 g
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GA+1.25 g MD+1.4 g WPI/100 g licuado. Se estudio tanto el impacto de la atomizacion como
la evolucidn, con el tiempo, de la vitamina C (VC), los fenoles (FT) y licopeno (Lp) totales, la
actividad antioxidante (AOA), el color y las propiedades mecanicas del polvo, expuesto o no a
la luz y a diferentes humedades relativas (HR). La adicion de solutos produjo una reduccion
significativa (p<0.05) de Lp (10% de pérdida), que puede justificarse por la incorporacion de
oxigeno en las muestras y la ruptura celular adicional durante el proceso de agitacion para su
mezclado, poniendo en contacto a los carotenoides con el oxigeno y con otras sustancias que
pueden acelerar su pérdida. No obstante, este proceso no afectd al contenido de FT ni de VC,
aunque si que produjo una reduccion significativa (p<0.05) de AOA. De la misma forma, la
atomizacion tampoco afecto significativamente a FT ni a VC (> 90% de retencidn) pero si a
Lp (pérdida del 71%) y también a AOA. Con respecto a la estabilidad durante el
almacenamiento, en general, FT se conservaron mejor en oscuridad. Los fenoles son
compuestos altamente reactivos, cuya estabilidad o degradacién dependera de los complejos
moleculares que puedan formar. El polvo de pomelo envasado al vacio almacenado en
oscuridad fue la inica muestra que conservo su contenido de FT todo el tiempo. En general,
durante el almacenamiento y al aumentar HR, Lp disminuy6. Las pérdidas ocurren
principalmente durante el primer mes de almacenamiento, independientemente de la luz y de
HR (pérdidas del 75-95%). Con respecto a la evolucion de VC, independientemente de la
presencia o no de luz, las mayores pérdidas ocurren en ambientes con mayor HR. Los
resultados obtenidos mostraron que todos los compuestos bioactivos analizados en el polvo de
pomelo, tanto los hidréfilos como los lipéfilos, especialmente Lp y FT, presentaron una

correlacion positiva significativa (p <0.05) entre ellos y con AOA.

La capacidad de compactacion de un producto en polvo, relacionada negativamente con su
flotabilidad o capacidad de fluir en aire, es consecuencia de sus propiedades mecdanicas y
pueden cuantificarse, por ejemplo, aplicando ensayos de compresion (Barbosa-Céanovas et al.
2005)™., Los resultados obtenidos de aplicar este ensayo al producto en polvo atomizado
pusieron de manifiesto un efecto significativo (p<0.05) de HR y del tiempo de almacenamiento,
aunque no de la presencia o ausencia de luz. Asi, los mayores valores de fuerza de compresion
se obtienen cuando el flujo libre de las particulas predomina durante la compresion, lo que
ocurre en las muestras almacenadas a RH 11.3 y 23.1%. Sin embargo, cuando predomina la
deformacion de las particulas (muestras almacenadas a HR 55.9%), la fuerza registrada durante
la compresion es mas débil. Esto tltimo se asocia al colapso estructural del polvo, que se da

con el paso de la matriz amorfa de estado vitreo a gomoso (Telis y Martinez-Navarrete, 2010)'.
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De esta manera, la aw del polvo debe ser igual o inferior a 0.231 para garantizar su fluidez. Pero
ademas, como la transicién vitrea es un fendmeno dependiente del tiempo (Roos, 1995)!, se
observo una disminucién de la fuerza de compresion con el tiempo de almacenamiento, a
cualquier HR. Por ello no se recomiendan mas de 6 meses de almacenamiento para mantener

las propiedades mecénicas iniciales del polvo.

Al igual que las propiedades mecanicas, el color se vio mas afectado por HR y por el tiempo
de almacenamiento que por la presencia o ausencia de luz. Al aumentar el tiempo y/o HR, las
muestras se vuelven mas oscuras y adquieren un tono mds amarillento y mas puro. Esta
evolucidn del color supone una diferencia de color perceptible al ojo humano antes de los 90
dias si la HR del entorno del polvo es > 43,2% y a partir de 6 meses de almacenamiento a
menor HR (Bodart et al. 2008)"'. Los cambios de color observados se correlacionaron (p<0.05)
con la pérdida de VC y CT, en relacion con su oxidacion, promovida por temperaturas
moderadas como los 20 °C utilizados en este estudio para el almacenamiento de los polvos

(Agudelo 2017; Du et al. 2012; Sant’ Anna et al. 2013),

En resumen, los resultados obtenidos del estudio de almacenamiento ponen de manifiesto la
gran inestabilidad del licopeno y recomiendan, para asegurar la flotabilidad del polvo y la
estabilidad del color, de la vitamina C y de la capacidad antioxidante durante al menos 6 meses,

almacenar el producto a una HR<23.1% si la temperatura es de 20 °C.

Por ultimo, con el fin de estudiar el potencial del polvo de pomelo optimizado como
nutracéutico, se planted un estudio de bioaccesibilidad de algunos compuestos bioactivos a
través de un modelo intestinal 3D que utiliz6 la combinacién de las lineas celulares Caco-2 y
HT29-MTX. Los compuestos bioactivos tedricamente asimilados por el sistema digestivo
fueron identificados por Cromatografia Liquida de Alta Resolucion acoplada a un
Espectrometro de Masas con lonizacion por Electrospray. Para ello se trabajé con 2 medios
disolventes de extraccion: acido oxdlico:agua y metanol:agua y los extractos se liofilizaron
para su andlisis en cuanto al contenido en fenoles y flavonoides (totales y mayoritarios), asi
como en cuanto su actividad antioxidante. Los altos valores de compuestos fenolicos
encontrados en el polvo de pomelo proporcionan altas expectativas para la salud humana, por
su papel preventivo frente a la quimioterapia, asi como su capacidad antioxidante,
antiinflamatoria y antimicrobiana (Gioxari et al. 2015)"Y. En términos generales, hubo
diferencias significativas (p<0.05) entre la capacidad antioxidante de los extractos obtenida

tanto por ICso como por FRAP. Los resultados mostraron que los flavonoides se extraen mejor
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con el disolvente acido oxalico:agua, por lo que se eligio este extracto para continuar con el

trabajo.

Con respecto a la bioaccesibilidad del extracto reconstituido a diferente concentracion, en
primer lugar, se realizaron ensayos de viabilidad celular con el fin de determinar si los
compuestos bioactivos del producto nutracéutico podrian producir efectos negativos en la
proliferacion celular o propiedades citotoxicas directas que eventualmente conducirian a la
muerte celular. Una vez comprobada que la viabilidad celular del extracto fue superior al 90
%, en todos los casos, a concentraciones desde 0.1 a 100 pug/mL, se realizaron ensayos de
permeabilidad intestinal, previa identificacion tentativa de los compuestos bioactivos
existentes segun el espectro de masas obtenido, que parecen pertenecer al grupo de la
delfenidina o hesperitina; hesperidina o neohesperidina; neoeriocitina; eriocitrina; naringina
0 narirutina; didimina, poncirina o saponarina. De todos estos compuestos, no se detectd
permeabilidad del ultimo grupo y los mas permeables fueron los 2 primeros (50 % y 30 %,
respectivamente), seguidos del resto (< 25%). Estos compuestos ven facilitado su transporte
celular, probablemente debido al efecto encapsulante de los biopolimeros GA, MD y WPI,
utilizados en la formulacion del licuado. Los compuestos de los dos primeros grupos parecen
ser los principales compuestos bioactivos de los citricos que presentan diversas actividades
farmacologicas, como antioxidantes, antibacterianos, antiinflamatorios o anticancerigenos
(Yangetal. 2016, Wang et al. 2016)!"V. El transporte a través de las células es lo que les permite
alcanzar los puntos diana del organismo en los que ejercen la proteccion oxidativa. En base a
estos resultados, parece que los extractos del pomelo en polvo obtenido por atomizacion tienen
un gran potencial como nutracéutico. Sin embargo, convendria hacer estudios de
biodisponibilidad que permitieran confirmar las actividades bioldgicas in vivo de los

compuestos identificados.
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GENERAL CONCLUSIONS
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With the variables considered in this study, the response surface methodology may be proposed

as an adequate tool to optimize the spray drying process.

Among the biopolymers tested as carriers for the spray drying of liquidized grapefruit, gum
arabic is the one that allows to carry out the process at a lower temperature and to obtain the

highest product yield.

It is possible to decrease the amount of GA at the expense of increasing the amount of MD and
WPI, in decreasing order, respectively. Although this slightly reduces the yield, it affects
obtaining a powder with lower humidity and better color, although somewhat less porous. In

this case the temperature recommended for spray drying increases.

The process optimized in this study is the result of formulating the liquidized grapefruit by
adding 9.4 g GA + 1.25 % de MD + 1.4% de WPI / 100 g liquidized and spray drying at 148
°C.

CMC is not recommended for this product, especially because the yield is greatly reduced.

It is recommended to add the biopolymers directly to the liquidized grapefruit, in order to not
dilute it this lengthening the process time and decreasing its yield. The previous hydration of
the biopolymers does not imply a greater encapsulating power.

The use of OSA to replace GA or MD allows obtaining more porous and drier powders, with
a higher content of vitamin C, but with a lower content of phenolic compounds, in addition to

slightly decreasing the yield.

Bioactive compounds, especially the FT and the VC, together with the mechanical properties
and color of the spray-dried grapefruit powder achieved a high degree of stability when stored
at 20°C, RH < 23.1% and for no more than 6 months. In these conditions, the color change of
the powder is not appreciated, the powder flowability is ensured, and a product rich in VC and
FT is obtained.

Spray drying seems an interesting alternative as to obtain a nutraceutical product from
grapefruit powder, which shows a permeability of up to 50% of bioactive compounds such as
delphinidin-3-glucoside, hesperitin-7-O-glucoside, hesperidin or neohesperidin, according to
the 3D intestinal model used in this study.
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