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ABSTRACT

Olive oil production is one of the most important industries in the countries of the
Mediterranean region. Olive pomace is the residue generated from these industries that
use a two-phase centrifugation system. These residues have harmful effects in the
environment due to their high organic content and phytotoxicity. Thus, their management
and disposal have raised increasing concern by the environmentalists, researchers and
society in general. On the other hand, these residues present high content of bioactive
compounds with putative health benefits and their recovery has aroused considerable
interest for food industries in developing functional foods, due to the demonstrated
antioxidant, antimicrobial, antiviral, anti-inflammatory and anticancer activities of these

valuable compounds.

lonizing radiation is a simple, modern and environment friendly technology capable to
decompose complex molecules into small ones, as well as to promote an improvement
in the beneficial bioactive properties of different matrices such as industrial and municipal

wastewaters, agro-industrial residues, fresh fruits and aromatic and medicinal plants.

In the present work, the feasibility of using gamma radiation for improving the
extractability of valuable compounds present in olive pomace samples was evaluated.
Furthermore, the extraction conditions to recover the main compounds from the
irradiated olive pomace were also optimized in order to find out the most promising
extract to incorporate as a food preservative in fresh-cut apples and to extend their shelf
life. Two types of olive pomace, Crude Olive Pomace (COP) and Extracted Olive Pomace
(EOP), and different absorbed doses (5, 10, 16 and 22 kGy) were initially assayed to

determine the best conditions to improve the extractability of the natural bioactives.

Hydroxytyrosol was the most abundant compound (25 + 1 mg/g extract in EOP and 23.9
+ 0.3 mg/g extract in COP) present in the studied olive pomace extracts, followed by
hydroxytyrosol-1-B-glucoside (9.8 + 0.4 mg/g extract in EOP and 9.94 + 0.08 mg/g extract
in COP), tyrosol (5.9 + 0.2 mg/g extract in EOP and 5.9 = 0.4 mg/g extract in COP),
luteolin-7-O-rutinoside (3.1 £ 0.1 mg/g extract in EOP and 4.1 + 0.2 mg/g extract in COP),
oleuropein aglycon (3.0 £ 0.3 mg/g extract in EOP and 3.1 + 0.1 mg/g extract in COP)
and verbascoside (2.29 + 0.03 mg/g extract in EOP y 3.4 + 0.2 mg/g extract in COP).
Regarding the effect of gamma radiation, an increasing of at least 2-fold in polyphenols
extractability from EOP extracts was achieved using an absorbed dose of 5 kGy, while
improving the antioxidant activity of the extracts by the inhibition of lipid peroxidation and

antihemolytic activity, maintaining the latter in values similar to those obtained for the
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reference antioxidant, Trolox. Both extracts of COP and EOP samples presented
antimicrobial activity against different studied bacterial (MIC = 20-40 mg/mL) and fungi
(MIC =40 mg/mL) strains, but EOP extracts were more effective against Escherichia coli
and Pseudomonas fluorescens (MIC = 20 mg/mL). Moreover, no toxicity in non-tumor
hepatic cells (PLP2) was observed for any of the extracts and gamma radiation treatment
did not cause variation in the antimicrobial activity and hepatotoxicity of the extracts.

With the achieved results, EOP sample irradiated at 5 kGy was selected to optimize the
extraction conditions of the main bioactive compounds, especially hydroxytyrosol and
tyrosol, present in the extracts using heat-assisted extraction (HAE) and ultrasound-
assisted extraction (UAE). Response Surface Methodology (RSM) was employed to
explore the possible relations between different extraction variables (i.e., time —t, solvent
concentration — S, temperature — T, and Power — P). In the optimal conditions obtained,
UAE reduced the extraction time and the solvent consumption when compared to HAE
(t=28 min, P =490 W and S = 7.3% ethanol for UAE; t =120 min, T=85°C and S =
76% ethanol for HAE) and led to higher extraction yields (UAE yield = 30%; HAE yield =
13.7%). Nevertheless, when comparing the bioactivities of the extracts obtained by the
two processes, HAE extracts presented higher antioxidant capacity, requiring less
concentration of extract to inhibit TBARS formation and oxidative hemolysis, as well as
higher antibacterial and anti-inflammatory activities. Other promising results for the HAE
extracts were obtained by the increased antidiabetic activity, evaluated by the inhibition
in a-amylase and a-glucosidase activities, and cytotoxic effect against breast
adenocarcinoma (MCF-7) cells compared to UAE extracts. In fact, the a-glucosidase
inhibition of HAE extracts (ICso value of 14 £ 1 mg/mL) did not differ significantly from

that of the standard positive control acarbose (ICs value of 11 + 1 mg/mL).

In order to maintain the consumers’ interest in healthier foods, food industries are always
seeking for innovative approaches to develop new functional products, and a great
attention has been given to natural additives. In this sense, extracts of irradiated olive
pomace recovered using HAE optimal conditions were tested as potential substitutes to
ascorbic acid in delaying the oxidation of fresh-cut apples. Besides the antioxidant
capacity, the potential inhibition of microbial growth and changes produced in
physicochemical characteristics (texture, weight loss and colour) were evaluated during
12 days of refrigerated storage. Furthermore, two different films, biodegradable polylactic
acid (PLA) and commercial oriented polypropylene (OPP) films, were explored for
packaging the fruit slices in order to assess the most adequate one to ensure the desired
guality of the fruit. Fresh-cut apples with natural olive pomace extracts presented higher

growth inhibition of mesophilic bacteria and filamentous fungi for 5 days of storage at 4
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°C, and no detection of coliforms was verified along the 12 days of storage, contrary to
what was observed for the samples treated with ascorbic acid. In general, the olive
pomace extracts preserved or improved the phenolic content and antioxidant potential
of the fruits packaged in PLA bags, when compared to ascorbic acid and to OPP bags,
without significant changes in their texture. On the other hand, olive pomace extracts
showed lower microbial diversity than ascorbic acid samples, supporting their potential
to be used as a natural antimicrobial preservative in ready-to-eat foods. A storage of 5
days in refrigerated conditions could be proposed to produce these shacks using olive
pomace extracts with similar or higher quality than the ones using the commercial

antioxidant.

The overall results obtained in this Thesis can be useful to fulfil the needs of the food
industries in producing new ingredients for the development of functional food products
(Sustainable Development Goals — SDG 2 and 3). The reuse of agro-industrial wastes
to recover new compounds as hatural alternatives to the synthetic preservatives
contributes for the sustainability of both agro-industrial sector and environment, also
promoting the circular economy concepts and the awareness of “zero waste” strategy
(SDG 9).
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RESUMEN

La industria del aceite de oliva es una de las mas importantes en los paises de la regién
mediterrdnea. El orujo de aceituna es el residuo generado en estas industrias que
utilizan un sistema de centrifugado en dos fases. Estos residuos tienen efectos nocivos
en el medio ambiente debido a su alto contenido organico Yy fitotoxicidad. Por ello, su
gestion y eliminacién son causa de una creciente preocupacion para ambientalistas,
investigadores y sociedad en general. Por otro lado, estos residuos aun poseen
cantidades relevantes de compuestos bioactivos con potenciales beneficios para la
salud, al presentar una diversidad de actividades biol6gicas, como pueden ser
antioxidante, antimicrobiana, antiviral, antiinflamatoria o anticancerigena, por lo que su
recuperacion ha despertado el interés de las industrias alimentarias, que ven en ellos

una oportunidad para el desarrollo de sustancias nutracéuticas y alimentos funcionales.

La radiacion ionizante es una tecnologia sencilla, moderna y respetuosa con el medio
ambiente capaz de descomponer moléculas complejas en otras mas pequefas, asi
como de promover una mejora en las propiedades bioactivas beneficiosas de diferentes

matrices como vertidos industriales, frutas frescas o plantas aromaticas y medicinales.

En el presente trabajo se evalué la viabilidad del uso de radiacion gamma para mejorar
la extractabilidad de compuestos de interés presentes en muestras de orujo de oliva.
Ademads, se optimizaron las condiciones de extraccidn para recuperar los principales
bioactivos del orujo de oliva irradiado y seleccionar el extracto mas prometedor para
incorporar como conservante en manzanas recién cortadas con el objeto de extender
su vida util. Se partié de dos tipos de orujo de oliva, Orujo de Aceituna Crudo (COP,
crude olive pomace) y Orujo de Oliva Extraido (EOP, extracted olive pomace), que se
sometieron a diferentes dosis de radiacion absorbidas (5, 10, 16 y 22 kGy) con el fin de

encontrar las mejores condiciones de extractabilidad de los componentes bioactivos.

El hidroxitirosol fue el compuesto mas abundante (25 + 1 mg/g extracto en EOP y 23.9
+ 0.3 mg/g extracto en COP) presente en las muestras de orujo de oliva analizadas,
seguido de hidroxitirosol-1-B-glucésido (9.8 + 0.4 mg/g extracto en EOP y 9.94 + 0.08
mg/g extracto en COP), tirosol (5.9 £ 0.2 mg/g extracto en EOP y 5.9 + 0.4 mg/g extracto
en COP), luteolina-7-O-rutinésido (3.1 + 0.1 mg/g extracto en EOP y 4.1 + 0.2 mg/g
extracto en COP), oleuropeina aglicén (3.0 + 0.3 mg/g extracto en EOP y 3.1 + 0.1 mg/g
extracto en COP) y verbascoésido (2.29 + 0.03 mg/g extracto en EOP y 3.4 £ 0.2 mg/g
extracto en COP). Mediante el empleo de radiacibn gamma, se logré un aumento de al

menos 2 veces en la extractabilidad de los polifenoles en los extractos de EOP usando
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una dosis absorbida de 5 kGy, al mismo tiempo que mejoré la actividad antioxidante de
los extractos en su capacidad para inhibir la peroxidacion lipidica y la actividad
antihemolitica, manteniendo esta Ultima valores similares a los obtenidos con el

antioxidante de referencia (Trolox).

Tanto los extractos de las muestras de COP como de EOP presentaron actividad
antimicrobiana contra las cepas bacterianas (MIC = 20-40 mg/mL) y fingicas (MIC = 40
mg/mL) estudiadas, aunque los extractos de EOP fueron mas efectivos para inhibir el
crecimiento de Escherichia coli y Pseudomonas fluorescens (MIC = 20 mg/mL).
Ademas, no se observo toxicidad en células hepéticas no tumorales (PLP2) para ambos
extractos y el tratamiento con radiacién gamma no provoc6 tampoco variacion ni en la

actividad antimicrobiana ni en la hepatotoxicidad de los extractos.

En base a los resultados obtenidos, se seleccioné la muestra de EOP irradiada a 5 kGy
para la optimizacion de las condiciones de extraccion de los principales compuestos
bioactivos presentes en los extractos, principalmente hidroxitirosol y tirosol, mediante
extraccion asistida por calor (HAE, heat-assisted extraction) y extraccion asistida por
ultrasonidos (UAE, ultrasound-assisted extraction). Se empled la metodologia de
superficie de respuesta (RSM, Response Surface Methodology) para explorar las
posibles relaciones entre diferentes variables (tiempo — t, concentracion de solvente —
S, temperatura — T y potencia — P). En las condiciones Optimas obtenidas, la UAE redujo
el tiempo de extraccidén y el consumo de solvente en mayor medida que la HAE (t = 28
min, P =490 W y S = 7,3% de etanol para UAE; t =120 min, T=85°Cy S = 76% de
etanol para HAE), y condujo también a mayores rendimientos de extraccion (rendimiento
de UAE = 30%; rendimiento de HAE = 13.7%). Sin embargo, al comparar las
bioactividades de los extractos obtenidos por los dos procesos, los extractos de HAE
presentaron mayor capacidad antioxidante que los de UAE, requiriendo menor
concentracion de extracto para inhibir la formacion de TBARS y la hemdlisis oxidativa,
asi como mayor actividad antibacteriana y antiinflamatoria. Otro resultado prometedor
para los extractos de HAE fue la mayor actividad antidiabética (evaluada por la inhibicion
de a-amilasa y a-glucosidasa) y efecto citotdéxico en células de adenocarcinoma de
mama (MCF-7) en comparacién con los extractos de UAE. De hecho, la inhibicién de a-
glucosidasa obtenida para los extractos de HAE (ICso = 14 + 1 mg/mL) no difirid

significativamente de la del control positivo acarbosa (ICso = 11 + 1 mg/mL).

Las industrias alimentarias buscan constantemente enfoques innovadores para
desarrollar nuevos productos funcionales que permitan mantener el interés de los
consumidores en alimentos mas saludables y, en este sentido, se ha prestado gran

atencion a los aditivos naturales. Teniendo esto en cuenta, se realizaron ensayos para
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evaluar el empleo de los extractos de orujo de oliva irradiado obtenidos en las
condiciones 6ptimas de HAE como posibles sustitutos del &cido ascorbico para retrasar
la oxidacion de manzanas recién cortadas. Ademas, se estudio el potencial de los
extractos para inhibir el crecimiento microbiano, asi como los posibles cambios
fisicoquimicos (textura, pérdida de peso y color) que podrian producirse a lo largo de 12
dias de almacenamiento en refrigeracién. Se valoraron también dos recubrimientos
diferentes, acido polilactico (PLA, polylactic acid) biodegradable y peliculas de
polipropileno orientado (OPP, oriented polypropylene) comercial, como material para
envasar piezas de fruta fresca recién cortadas, con el objeto de seleccionar el méas
adecuado para asegurar la calidad deseada. La adicion de extractos naturales de orujo
de oliva a las piezas de manzanas fue mas eficaz que la de acido ascorbico para inhibir
el crecimiento de bacterias mesofilas y hongos filamentosos durante 5 dias de
almacenamiento a 4 °C, y no se verifico deteccion de coliformes durante los 12 dias de
almacenamiento. En general, los extractos de orujo de oliva conservaron o mejoraron el
contenido fendlico y el potencial antioxidante de los frutos envasados en bolsas de PLA,
en comparacion con el acido ascoérbico, sin cambios significativos en su textura. Por otro
lado, los extractos de orujo de oliva mostraron una menor diversidad microbiana que las
muestras en acido ascorbico, suportando su potencial para ser utilizados como un
conservante antimicrobiano natural en alimentos frescos listos para el consumo. Los
resultados obtenidos permiten proponer el empleo de extractos de orujo de oliva para
asegurar el almacenamiento de este tipo de aperitivo durante 5 dias en condiciones de

refrigeracion con eficacia similar o superior a los que utilizan &cido ascorbico.

Los resultados globales obtenidos en esta Tesis pueden ser (tiles para la obtencién de
ingredientes naturales que permitan el desarrollo de nuevos productos alimenticios
saludables (Obijetivos de Desarrollo Sostenible - ODS 2 y 3) capaces de satisfacer las
necesidades de las industrias alimentarias y de los consumidores, a la vez que
contribuyen a la sostenibilidad tanto del sector agroindustrial como del medio ambiente,

promoviendo los conceptos de economia circular y “cero residuos” (ODS 9).
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1.1. Residuos agroindustriales

Con el mundo en rapido desarrollo, las industrias agroalimentarias estan generando
grandes cantidades de desechos que pueden tener efectos nocivos en el medio
ambiente con consecuencias sobre la salud humana y animal, mientras que, por otro
lado, pueden aun contener componentes valiosos que podrian ser Utiles en diferentes
sectores industriales. Esta problemética ha obligado a buscar nuevos enfoques para
reutilizar los residuos agroindustriales de manera mas eficiente, brindando beneficios
ambientales y contribuyendo a la sostenibilidad econémica. Asi, por ejemplo, se pueden
utilizar como fertilizantes agricolas, para la produccién de biocombustibles y enzimas, la
preparacion de sistemas poliméricos biodegradables, compostaje o extraccion de
aromatizantes, conservantes y compuestos bioactivos para su empleo en alimentos
(Yusuf, 2017).

1.1.1. Industria del aceite de oliva

La produccion de aceite de oliva es una de las industrias mas importantes para la
economia de los paises de la regidbn mediterranea, en la cual se produce alrededor del
70% de aceite de oliva mundial (Dermeche et al., 2013; Roig et al., 2006).

La extraccion del aceite de oliva comprende diferentes etapas, como son el lavado de
la aceituna, el estrujado, el batido de las pastas resultantes y la propia extraccion, que
constituye la etapa basica del proceso (Roig et al., 2006; Zbakh and El Abbassi, 2012).
La extraccion se puede realizar por procesos discontinuos (prensado tradicional) o
continuos (centrifugacion). Para los procesos de centrifugacion, existen dos sistemas
posibles, denominados sistema trifasico y bifasico. En el sistema trifasico se genera una
torta sdlida y dos productos liquidos, aceite de oliva y grandes cantidades de un residuo
acuoso conocido como alpechin (agua residual de almazara). En el sistema de dos
fases, utilizado en las unidades modernas para reemplazar la tecnologia trifasica, se
usa menos agua (reducciones de alrededor del 80%) durante el proceso, lo que significa
gue el volumen de agua residual producida y los requisitos de energia se reducen en
comparacion con el sistema trifasico (Azbar et al., 2004; Dermeche et al., 2013). En el
proceso bifasico, se genera una fase liquida (aceite) y un residuo semisdlido,
denominado alperujo, constituido por una mezcla de orujo de aceituna y alpechin
(Caporaso et al., 2018; Rodrigues et al., 2015).

En Portugal, esta industria origin6 mas de 600 000 t de residuos en el afio 2020 (Muniz,

2021), cuyo vertido sin tratamiento tendria un impacto negativo en el medio ambiente.
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No obstante, estos residuos también presentan un valor afiadido potencial para

diferentes y numerosos sectores (Figura 1):

Tratamiento de los suelos, no solo por su bajo coste sino también por su
potencial para mejorar la fertilidad del suelo y reducir los riesgos de degradacion
del suelo (Federici et al., 2017; Majbar et al., 2018; Regni et al., 2017);
Biomasa para producir combustibles renovables (Abu Tayeh et al., 2014; Al-
Addous et al., 2017; Al Afif & Linke, 2019; Messineo et al., 2020; Rincén, et al.,
2013; Romero-Garcia et al., 2014; Serrano et al., 2017; Valenti et al., 2017);
Adsorbentes para el control de la contaminacion del agua (Abdelhadi et al., 2017;
Anastopoulos et al., 2015; Fernandez-Gonzalez et al., 2019; Fernando et al.,
2009; Martin-Lara et al., 2013; Martinez-Garcia et al., 2006; Pagnanelli et al.,
2003);

Fabricacién de ladrillos, reemplazando el agua dulce y reduciendo asi el
consumo de ésta (de la Casa & Castro, 2014; de la Casa et al., 2009; Eliche-
Quesada et al., 2014; Mekki et al., 2006, 2008);

Elaboracion de alimentos para animales (Dunne, 2019; Estaln et al., 2014;
Gerasopoulos et al., 2015; Gerasopoulos, et al.,, 2015; Molina-Alcaide et al.,
2010; Rojas-Cano et al., 2014);

Produccion de materiales de envasado biodegradables (de Moraes Crizel et al.,
2018; Lammi et al., 2018);

Obtencién de ingredientes funcionales para las industrias alimentaria, cosmética
y nutracéutica (Aradjo et al., 2015; Caporaso et al., 2018; Galanakis et al, 2018;
Rodrigues et al., 2015, 2017; Vitali Cepo et al., 2018; Zbakh & El Abbassi, 2012).
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Figura 1. Aplicaciones del orujo de oliva en diferentes sectores.
1.1.2. El orujo de oliva como fuente de compuestos

bioactivos

En el momento actual, la mayor parte de las almazaras, tanto en Espafia como en
Portugal, emplean el sistema bifasico de extraccion. A pesar de la notable reduccion
gue se consigue en la produccion de aguas residuales en relacion con el sistema
trifasico, el orujo humedo de oliva (alperujo) continda siendo uno de los subproductos
agricolas mas contaminantes en la regién mediterrdnea (Papaioannou et al., 2013). Sin
embargo, también contiene altas cantidades de sustancias con interés potencial para la
industria alimentaria, como fibra dietética, azlcares, acidos grasos, fitoesteroles,
terpenoides, tocoferoles, secoiridoides y una variedad de compuestos fendlicos,

incluyendo alcoholes y &cidos fendlicos, flavonoides o lignanos (El-Abbassi et al., 2012;
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Nunes et al.,, 2018; Papaioannou et al., 2013; Yakhlef et al., 2018). Entre otras
actividades, estos compuestos tienen un alto potencial como agentes antioxidantes,
antiinflamatorios y antimicrobianos (Bulotta et al., 2014; Leouifoudi et al., 2014; Ribeiro
et al., 2021b; Schaffer et al., 2010)

De acuerdo con la informacion revisada por Otero et al. (2021), durante la produccién
del aceite de oliva la cantidad de compuestos bioactivos extraidos que pasan a estar
presentes en el aceite es muy baja, quedando la mayoria de ellos en los residuos. Por
otra parte, el tipo y cantidad de compuestos fendlicos en el orujo de aceituna es variable
y puede verse influido por factores diversos, como la variedad y cultivar de aceituna, la
madurez del fruto, las condiciones climaticas y de crecimiento, el momento de la
recoleccién y el proceso de extraccion (Dermeche et al., 2013). Por esta razon, los datos
de composicién fendlica que se encuentran en la literatura no son siempre consistentes,
al derivar de muestras de diferentes paises y regiones, y probablemente obtenidos en
diferentes periodos del afio y mediante distintas metodologias analiticas. Por ejemplo,
oleuropeina (81,7 — 83,9 mg/kg) y ligstrésido aglicon (27,1 — 31,1 mg/kg) fueron
identificados como los compuestos mas abundantes en orujos de oliva del Parque
Nacional del Cilento, en ltalia (Cioffi et al., 2010). En muestras de orujo de Argelia
también se encontré oleuropeina (144 ug/g) como compuesto mayoritario, mientras que
secoxiloganina (55 ug/g), loganina (47 ug/g) y cianidina-3-O-glucésido (39 pg/g) se
detectaron por primera vez en estos residuos (Moudache et al., 2020). Malapert et al.,
(2018) describieron hidroxitirosol (370,7 mg/L), hidroxitirosol glucésido (165,2 mg/L) y
tirosol (148,4 mg/L) como compuestos mayoritarios en orujos de aceituna procedentes
de Baux-de-Provence (Francia). Igualmente, Nunes et al. (2018) observaron
hidroxitirosol (83,6 mg/100 g peso fresco), como compuesto mas abundante en orujo de
aceituna de la region de Tras-Os-Montes (Portugal), representando el 54% de los
compuestos fenolicos presentes, seguido de comselogosido (25% de fenoles totales).
Hidroxitirosol fue también el compuesto fendlico mayoritario (hasta 1624,8 mg/kg de
peso fresco) encontrado en extractos de muestras espafolas de alperujo tratadas
hidrotérrmicamente analizadas por Rubio-Senent et al. (2012), donde también se
detectaron elevadas concentraciones de derivados del secoiridoide &cido elendlico
(hasta 990 mg/kg), producidos durante el proceso de extraccion. Ademas de los
anteriores, una diversidad de compuestos han sido descritos en menor cantidad en
orujos de oliva, como verbascésido, 4cido galico, acido cafeico, acido vanilico, acido p-
cumarico o distintos flavonoides, como rutina (quercetina-3-O-rutinésido), luteolina-7-O-

rutinésido, luteolina-7-O-glucésido o apigenina-7-O-rutinésido (Cioffi et al., 2010;
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Malapert et al., 2018; Peralbo-Molina et al., 2012; Rubio-Senent et al., 2013, 2012)
(Figura 2).
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Figura 2. Estructuras quimicas de los principales compuestos fendlicos del orujo de
oliva.
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1.1.3. Extractos de orujo de oliva como ingredientes
funcionales para productos alimenticios

La preocupacion de los consumidores por productos alimenticios més saludables ha
conducido a una mayor busqueda por parte de las industrias alimentarias de
ingredientes naturales que puedan satisfacer esta demanda al mismo tiempo que
garantizan la calidad de los alimentos. En los Ultimos afios se han desarrollado varias
metodologias para extraer compuestos bioactivos del orujo de oliva, que luego han sido
incorporados a alimentos, fundamentalmente con el objetivo de aumentar la resistencia
de los mismos a la oxidacién, alargando asi la vida Gtil manteniendo o mejorando sus
propiedades nutricionales (Difonzo et al., 2021). Entre otros, se han utilizado en
derivados de pescado (Cedola et al., 2017) y productos lacteos (Ribeiro et al., 2021a) o
de panaderia (Cecchi et al., 2019; Cedola et al., 2020; Cedola et al., 2019; Durante et
al., 2019; Lin et al.,, 2017; Souza et al., 2022). Estos nuevos ingredientes también
pueden proporcionar beneficios para la salud, aumentando aun mas el valor afiadido de
los alimentos suplementados (Araujo et al., 2015; Difonzo et al., 2021; Nunes et al.
2016).

Ribeiro et al. (2021a) demostraron que la incorporacion de orujo de oliva en polvo
aportaba propiedades saludables a los yogures, al aumentar su capacidad antioxidante
debido a la presencia de compuestos fenolicos, asi como la cantidad de acidos grasos
mono- y poliinsaturados. Igualmente, hamburguesas de pescado enriquecidas con un
10% de harina de pasta seca de olivas mostraron una mejora en la actividad
antioxidante, aunque los compuestos fendlicos afadidos aportaban cierto sabor amargo
y picante, haciendo los productos menos agradables para el consumo (Cedola et al.,
2017). Recientemente, Souza et al. (2022) incorporaron extractos de orujo de oliva en
muffins, observando un aumento en los contenidos de fibra dietética, cenizas y lipidos,
asi como efectos positivos en la textura y una tonalidad mas oscura, caracteristica de
estos ingredientes. Lin et al. (2017) también encontraron un aumento en los niveles de
fibra dietética, asociado a un menor indice glucémico en galletas enriquecidas con
extractos de orujo de oliva, en comparacién con los productos tradicionales. El
enriquecimiento de taralli, un producto de panaderia tipico italiano, con extractos de
orujo de oliva fermentados condujo a niveles mas altos de compuestos bioactivos que
el producto convencional, permitiendo mantener en niveles mas bajos el contenido de
acidos grasos saturados durante 90 dias de almacenamiento en establecimientos
minoristas (Durante et al., 2019). La incorporacion de extractos de orujo de oliva en el

pan también mejoré su contenido en compuestos fendlicos y su actividad antioxidante
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(Cedola et al., 2020, 2019). Cecchi et al. (2019) analizaron las propiedades sensoriales
y la aceptacion por parte del consumidor de pasta, pan y barras de granola fortificados
con orujo de oliva seco, observando una fuerte influencia sobre la apariencia de la pasta
y del pan, asi como un aumento en el amargor del pan y la granola, pero no de la pasta.
Aun asi, el 30% de los consumidores elegia la muestra enriquecida con relacion al
control para cada alimento, y el 50% estaba dispuesto a pagar mas por los productos
enriquecidos, lo que hacia este residuo interesante para afiadir valor econdmico
potencial a la industria del aceite de oliva. Ademas, los autores destacaban que el
consumo de 63 g de pasta, 18 g de pany 12 g de barra de granola fortificados podian
ser suficientes para cumplir con la declaracion de propiedades saludables relativa a los
fenoles del aceite de oliva aprobada por la Autoridad Europea de Seguridad Alimentaria
(EFSA) (Cecchi et al., 2019).

1.2. Tecnologias de irradiacion

1.2.1. Breve introduccion a la radiacion ionizante

Las tecnologias de irradiacion desempefian un papel importante en el apoyo al
desarrollo sostenible. Esta tecnologia no requiere adicién de agentes quimicos o calor
para inducir cambios en la materia, lo que supone menos gasto energético y hace que
su huella de carbono sea menor comparada con otras tecnhologias, a la vez que genera
menos residuos. Todo ello hace que sea mas rentable y respetuosa con el medio

ambiente que las alternativas tradicionales (Ferreira et al., 2018).

Las fuentes de irradiacidon mas comunmente utilizadas en la industria y la agricultura son
los rayos gamma Yy los haces de electrones acelerados (Chernyaev et al., 2019). La
radiacibn gamma consiste en fotones emitidos por los isétopos radiactivos cobalto-60 y
cesio-137, con energias de 1,17 y 1,33 MeV (®°Co) y 0,66 MeV (**'Cs). La radiacion
mediante haces de electrones se produce a partir de aceleradores de electrones con
una energia de haz que suele oscilar entre 80 keV y 10 MeV. La principal ventaja de los
rayos gamma es su gran poder de penetracion, mientras que los haces de electrones
implican menores tasas de irradiacion, no involucran una fuente radiactiva y pueden
encenderse y apagarse cuando sea necesario, lo que les convierte en una tecnologia

mas asequible y factible para la aplicacion practica (Jiang and lwahashi, 2020).
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1.2.2. Aplicaciones de las tecnologias de irradiacion

Debido a su versatilidad, las radiaciones ionizantes se utilizan actualmente para
diferentes aplicaciones: esterilizacion de dispositivos médicos (Buchalla et al., 1995;
Parsons, 2012), preparacion y funcionalizacion de materiales hibridos que se utilizan
para aplicaciones biomédicas y envasado de alimentos (Lancastre et al., 2015),
descontaminacién y conservacion de documentos en pergamino (Nunes et al., 2013), o
tratamiento y valorizacion de efluentes de distintas industrias (Borrely et al., 2016;
Madureira et al., 2018a, 2018b, 2017). Ademas, la radiacién ionizante tiene aplicaciones
en procesado de alimentos, habiendo demostrado su eficacia para inhibir bacterias,
hongos, o virus patdgenos, eliminar parasitos, disminuir los brotes postcosecha en
hortalizas como patatas o cebollas, prolongar la vida Gtil de los alimentos perecederos
frescos 0 mejorar la capacidad de extraccibn de algunos compuestos quimicos
(Barkaoui et al., 2021a; Cardoso et al., 2019; Elias et al., 2020; Gryczka et al., 2021;
Guerreiro et al., 2016; Pereira et al., 2018, 2015a, 2015b).

Guerreiro et al. (2016) y Madureira et al. (2019) demostraron que el tratamiento con
haces de electrones a 3,6 kGy asociado a almacenamiento refrigerado conseguia
reducir la poblacion de bacterias mesofilas en cuatro unidades logaritmicas y eliminar
hongos filamentosos y microorganismos patdogenos en tomates cherry, preservando el
contenido de licopeno y la actividad antioxidante, con efectos minimos sobre los
atributos sensoriales y de calidad del fruto. Ademas, los extractos de licopeno de los
tomates cherry irradiados promovieron un efecto inhibidor sobre las células de cancer
de pulmdén humano sin efecto sobre células humanas no cancerosas (Madureira et al.,
2019). Resultados similares se obtuvieron para fresas (Barkaoui et al., 2021a, 2021b) y
frambuesas (Elias et al., 2020) utilizando radiacion gamma y haces de electrones a dosis
de 2-3 kGy, garantizando la seguridad microbiana de los frutos y permitiendo prolongar
al mismo tiempo su vida util en al menos 7 dias, a la vez que se obtenian mejoras en la
calidad sensorial y el contenido bioactivo (Barkaoui et al., 2021a, 2021b). El tratamiento
con radiacion gamma fue, asimismo, capaz de reducir en dos 6rdenes logaritmicos el
numero de unidades formadoras de placa (UFP)/g de norovirus murino (MNV) y de
adenovirus humano (HAdV) en fresas y frambuesas con un tratamiento a 4 kGy, y

también demostrd ser Util como tratamiento de desinfeccién (Pimenta et al., 2019).

En el caso de las plantas aromaticas y medicinales, la radiacién gamma puede utilizarse
como proceso de descontaminacion, mejorando al mismo tiempo la extractabilidad de
los compuestos bioactivos (Pereira et al., 2018, 2015b). Pereira et al. (2015a) sugirieron

1 kGy como dosis 6ptima a aplicar en Ginkgo biloba L. para mantener el perfil nutricional,
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proteger algunas moléculas, como el a-tocoferol y los acidos oxélico y malico, y
aumentar la actividad antioxidante de los extractos obtenidos. La radiacion gamma
también se mostré eficaz para mejorar la capacidad antibacteriana de extractos de
hierba luisa, hierbabuena y tomillo. (Pereira et al., 2018). Estos autores también
observaron que los extractos de hierba luisa irradiados eran capaces de reducir los
niveles virales de MNV y HAdV.

Gryczka et al. (2021) pusieron de manifiesto la importancia de una optimizacion previa
de los parametros mas adecuados en el uso de tecnologias de irradiacion, los cuales
deben seleccionarse considerando las caracteristicas de cada alimento. Los autores
evaluaron el uso de haces de electrones de baja energia para descontaminar pimienta
blanca y negra, concluyendo que todos los niveles de energia ensayados eran capaces
de disminuir eficazmente la carga microbiana en la pimienta blanca, mientras que para
la pimienta negra las energias mas bajas probadas eran insuficientes para penetrar

hasta la profundidad necesaria y lograr la descontaminacion.

La aplicacion de radiaciones ionizantes en Alimentacion y Agricultura figura entre las
misiones de la Agencia Internacional de Energia Atdmica (AIEA) en colaboracién con la
Organizacion de las Naciones Unidas para la Agricultura y la Alimentacion (FAO), que
tienen como objetivo promover el uso pacifico de las tecnologias de radiacion y la

energia nuclear.
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1.3. Hipotesis de partida

Teniendo en cuenta los antecedentes disponibles, la presente Tesis Doctoral basa sus
objetivos en dos hipotesis de partida principales:

1. Las radiaciones ionizantes son capaces de aumentar la extractabilidad de los
compuestos fendlicos de los orujos de aceite de oliva;

2. Los extractos recuperados de los residuos de la industria del aceite de oliva
pueden utilizarse eficazmente como conservantes naturales en la funcionalizacién

de frutas frescas recién cortadas.

1.4. Objetivos y plan de trabajo

El orujo de oliva es una fuente prometedora de compuestos bioactivos naturales que,
ademas de su actividad antioxidante, demuestran propiedades biol6gicas como
antimicrobianos, anticancerigenos o antiinflamatorios, pudiendo asi ser utilizados en
formulaciones de productos farmacéuticos y cosméticos o en la fortificacion de los

alimentos.

Por otra parte, las tecnologias de irradiacion son procesos limpios y respetuosos con el
medio ambiente que no dependen de la adicién de productos quimicos. Entre otras, la
irradiacion tiene la capacidad de degradar moléculas complejas en compuestos de bajo
peso molecular, asi como de mejorar la extraccién y/o las propiedades beneficiosas de

algunos de los compuestos quimicos presentes en alimentos, desechos y plantas.

El objetivo general de esta Tesis Doctoral se centra en la obtencién de bioactivos que
puedan ser empleados como ingredientes alimentarios a partir del orujo de oliva
utilizando las radiaciones ionizantes, en una perspectiva de tratamiento y valorizacién
de este residuo agroindustrial. En este contexto, durante los Ultimos cuatro afios, se

abordaron los siguientes objetivos especificos para lograr este propdsito general:

1) evaluar el impacto de las radiaciones ionizantes sobre el orujo de oliva, mediante
el estudio de la cantidad y el perfil de los principales compuestos fendlicos de los
extractos obtenidos a partir de las muestras irradiadas y evaluar sus propiedades
bioactivas (actividades antioxidante, antimicrobiana, antiinflamatoria, antidiabética y

antiproliferativa);

2) optimizar procesos de extraccion asistida por calor y por ultrasonidos para mejorar
tanto la extractabilidad de compuestos fendlicos como de las propiedades bioactivas

de los extractos; y
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3) explorar la capacidad del extracto de orujo de oliva obtenido empleando las
condiciones mas favorables para preservar la calidad de las frutas recién cortadas y
comparar su eficacia como agente antioxidante y antimicrobiano con la del acido

ascorbico, el aditivo comercial utilizado con este fin por las industrias alimentarias.

El estudio se llevé a cabo utilizando dos tipos diferentes de orujo de oliva recolectados
en la UCASUL — “Unido de Cooperativas Agricolas do Sul” (Portugal): Orujo de Oliva sin
desgrasar o Crudo (COP, crude olive pomace), que consiste en orujo seco antes de la
extraccion del aceite de orujo, y el Orujo de Oliva desgrasado o Extraido (EOP, extracted

olive pomace), que es el residuo que queda tras la extraccion del aceite de orujo.

Un esquema del plan de trabajo se muestra en la Figura 3.
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Figura 3. Diagrama esquematico del trabajo experimental desarrollado en la Tesis.

En las siguientes secciones, se presentan los trabajos a los que ha dado lugar esta Tesis
Doctoral y se realiza una discusion integrada de todos ellos, para resaltar la coherencia
del enfoque experimental y la relevancia de los resultados obtenidos. Finalmente, se
extrae una conclusion general con los principales resultados de todo el trabajo, y se

comentan brevemente las perspectivas futuras para su continuacion.

Se espera que los resultados de este trabajo proporcionen impactos positivos tanto

ambientales como econémicos para las industrias alimentaria y del aceite de oliva.
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Publicacion 1. Effects of Irradiation on Food Bioactives

Joana Madureira, Lillian Barros, Fernanda M. A. Margaca, Celestino Santos-Buelga,
Isabel C. F. R. Ferreira, Sandra Cabo Verde

Capitulo de libro publicado en: Jafari, S.M., Capanoglu, E. (eds) Retention of Bioactives
in Food Processing. Food Bioactive Ingredients. Springer, Cham, pp 429-465 (2022).
ISSN 2661-8966. Doi: https://doi.org/10.1007/978-3-030-96885-4

Resumen

La irradiacion es una tecnologia prometedora basada en la utilizacion de radiaciones
ionizantes (rayos gamma, haces de electrones acelerados y rayos X) para el
procesamiento de alimentos. Aunque su empleo en alimentos fue propuesto hace mas
de 100 afos, solo estuvo disponible para su uso con fines comerciales a partir de la
década de 1960. Se trata de un proceso no térmico, limpio y ecoldgico, que no implica
el uso de productos quimicos ni genera residuos. Es una tecnologia considerada segura
y eficaz por la Organizaciéon Mundial de la Salud (OMS), la Organizacién para la
Agricultura y la Alimentacién (FAQO) y la Agencia Internacional de la Energia Atbmica
(AIEA).

Los efectos de las radiaciones ionizantes sobre los alimentos dependen del tipo de
matriz, tamafio, estado, temperatura y condiciones de irradiacion. Esta firmemente
establecido que no provoca radiactividad en los alimentos, los cuales pueden ser,
ademas, tratados en su envase final, lo que evita la recontaminacién y hace que estén

disponibles de manera inmediata para su salida a la cadena de distribucion.

En este capitulo, se revisan aspectos generales sobre los procesos de irradiacion y se
discuten los efectos de esta tecnologia sobre los componentes bioactivos, asi como las
potenciales aplicaciones industriales de los compuestos recuperados, promoviendo asi

la economia circular para el desarrollo sostenible.

La revision realizada pone de manifiesto el valor afiadido de los compuestos hioactivos
extraidos a partir de distintas fuentes alimentarias irradiadas, asi como la necesidad de
profundizar en la investigacion sobre su aplicabilidad para la preparacion de nuevas

formulaciones en los sectores alimentario, cosmético y farmacéutico.
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Chapter 14
Effects of Irradiation on Food Bioactives  guie

Joana Madureira, Lillian Barros, Fernanda M. A. Margaca, Celestino Santos-
Buelga, Isabel C. F. R. Ferreira, and Sandra Cabo Verde

14.1 Introduction

Food irradiation is a promising technology that uses ionizing radiation for food
processing. Although the history of using food irradiation for several benefits has
more than 100 years, only after the 1960’s the concept of commercial radiation
sources became available. Irradiation is a non-thermal, clean and eco-friendly pro-
cess, not involving the use of chemicals or generating chemical residues. It has been
considered a safe and effective technology by the World Health Organization
(WHO), the Food and Agriculture Organization (FAO) and the International Atomic
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Energy Agency (IAEA). Furthermore, it is firmly established that the food does not
become radioactive, can be treated in its final packaging, which avoids re-
contamination of the products and makes it available for immediate distribution to
food suppliers.

In this chapter, after presenting general aspects about irradiation processes, we
will discuss the effects of this technology on the food bioactives, as well as the
potential applications of these recovered compounds in food, cosmetic and pharma-
ceutical industries thus promoting the circular economy for sustainable development.

14.2 Irradiation Processes

The three forms of ionizing radiation authorized to be used in food irradiation appli-
cations are gamma rays, X-rays and electron-beam accelerators (WHO 1988).

14.2.1 Gamma Radiation

Gamma radiation is generated by photons emitted from the radioactive isotopes
cobalt-60 and cesium-137, with energies of 1.17 and 1.33 MeV (*Co) and 0.66 MeV
(I37CS)_

Cobalt-60 is the most common source of gamma radiation used for food process-
ing. There are more than 200 large-scale gamma plants operating worldwide and
this number is growing. The main advantage of these radioisotopes is the high effi-
ciency due to their penetrating power. Nevertheless, when not being used, the
gamma sources have to be stored in a water pool in order to absorb the energy and
protect workers. In a gamma facility, the food product can be treated in the same
boxes or pallets in which they will be transported and distributed, being thus carried
into the irradiator, submitted to the radiation source and taken back out again. The
isotope source is constituted most often by multiple pencils in known positions
(Fig. 14.1). Gamma irradiators are designed to provide an acceptable distribution of
absorbed dose within the product through an arrangement of, or pathway for, prod-
ucts in irradiation containers around the radiation source (Fig. 14.1), which allows
the products to absorb the radiation from multiple angles (Ferreira et al. 2018).

14.2.2 Electron-Beam Radiation

Electron-beam radiation is produced from electron accelerators (Fig. 14.2) and it
can be used directly or, indirectly, converted to X-rays. The beam energy of e-beam
accelerators is usually from 80 keV to 10 MeV.
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Fig. 14.2 Schematic diagram of an e-beam irradiator

The advantage of electron-beam irradiation is that the source equipment can be
switched on and off depending on the necessity and do not rely on a radioactive
source that radiates nonstop thus needing to be replaced after some time. In this
way, the electron-beam irradiation is a more controlled and energy efficient process
and it can also be considered a more environmentally acceptable alternative to “’Co
(Ferreira et al. 2018), yet with the disadvantages of a greater complexity of mainte-
nance, lower dose uniformity and lower penetration in the products.

In an accelerator facility, there is a material handling system, the conveyor, that
transports the food products to and from the irradiation zone in a precisely and con-
trolled manner (Fig. 14.2) and, in some cases, moves them into and out of the facil-
ity Miller 2005).
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14.2.3 X-Rays

X-rays are generated by the same technology that produces electron-beams at or
below an energy of 5 MeV, by a process known as Bremsstrahlung conversion
(Miller 2005) which happens when electrons are accelerated to a metallic target
(e.g. tantalum, tungsten or gold) to be converted to an X-ray steam. Nevertheless,
most of the energy required to produce X-rays is lost as heat in the target, turning
this process more inefficient and expensive than gamma or electron-beam radiation.
Therefore, its throughput efficiency is quite low when compared to that obtained by
e-beam. The photons in X-rays are similar to gamma radiation, meaning that they
have very high penetration, but without using isotopes as source.

14.3 Dose Range and Dosimetry

Irradiation processing has been studied extensively worldwide and has become
accepted as a proven and effective post-harvest treatment to reduce pathogenic con-
tamination, prevent sprouting, eliminate parasites, extend the shelf-life of fresh per-
ishable foods, and provide ready-to-eat food for astronauts and emergency rations
and diets for immune-compromised patients, among other applications.

The different purposes on the use of irradiation technology depend on the
absorbed radiation dose (Table 14.1), which is the accumulated energy that is trans-
ferred to the matter, i.e., absorbed energy per mass unit. The SI unit for dose is the
“Gray” (Gy), defined as the absorption of one joule in a mass of 1 kg (1 Gy=1Jkg™)
of irradiated matter.

Dosimetry provides essential important information in radiation processing.
When the food product is exposed to radiation, the absorbed doses and dose rates
must be measured prior to its irradiation to determine the performance of the irra-
diation facility. The dosimetry system consists of the dosimeters, the measurement
instruments and their associated reference standards and procedures for correct use.
These systems are recommended to characterize the radiation facility for opera-
tional qualification, perform dose mappings, quality control and validation of the
processes. In this way, the dosimetry systems must be calibrated to ensure that the
irradiator is capable of operating and delivering the adequate doses to the product
(ISO/ASTM 52303:2015). The minimum (D,;,) and the maximum (D,,,) absorbed
doses that are applied to a food product in order to achieve the final purpose, main-
taining its quality control and assurance, are based on the routine dose monitoring
and regulatory limits that may be applicable. The ratio of the maximum dose
received by a product stack to the minimum dose received is commonly referred to
as the “Dose Uniformity Ratio” (DUR), with DUR = 1.0 as the ideal value. DUR
must be optimized by changing, for example, the position of the product in relation
to the source or the irradiator design. In food products with high density, the ideal
DUR is difficult to achieve.
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Table 14.1 Applications of food irradiation and recommended dose ranges

Dose
range
Purpose (kGy) Examples of food treated
Low doses (0.1-1 kGy)
+ TInhibition of spfglllillg | 0.05-0.15 | Potatoes, onions, garlic, ginger-root,

| chestnuts

» Insect disinfestation and parasite | 0.15-0.50 | Cereals and pulses, fresh and dried fruits,
~ disinfection dried fish and meat, fresh pork

. Delay of physiological process 10.50-1.0 | Fresh fruits and 7vggetables
(e.g., ripening)
Medium dose (1-10 kGy)

» Extension of shelf-life 1.0-3.0 | Fresh fish, strawberries, asparagus

» Inhibition of spoilage and 1.0-7.0 | Fresh and frozen seafood, raw or frozen

pathogenic microorganisms ‘ | poultry and meat

» Improving technological 2.0-7.0 VGmpcs (increasing juice yield),

properties | dehydrated vegetables (reduced cooking
| time)

High dose (10-50 kGy)

* Industrial sterilization (in 30-50 | Meat, poultry, seafood, prepared foods,

combination with mild heat) sterilized hospital diets

* Decontamination of certain food 10-50 | Spices. enzyme preparations, natural

additives and ingredients gum

Various dosimeters can be used for food processing with a reproducible response
to radiation, such as polymethyl methacrylate (PMMA) dosimeters, radiochromic
dosimeters and alanine dosimeters. PMMA dosimeters can be measured in a cali-
brated spectrophotometer at a given specific wavelength to determine the response,
the specific absorbance after irradiation and the dosimeter thickness. Alanine dosim-
eters can be produced in pellets or films and the concentration of free radicals
formed during irradiation can be measured by Electron Spin Resonance (ESR). The
American Society for Testing and Materials (ASTM) E61 ‘Radiation Processing’ is
an international group of experts who have established and maintained standard
practices, methods and guides for ionizing radiation processing and dosimetry.

14.4 International Standards on Food Processing

The Codex Alimentarius, also known as “food code”, is a compilation of all the
standards, codes of practice, guidelines and recommendations of the Codex
Alimentarius Commission, with the objective of protecting consumers’ health and
ensuring fair practices in the food trade. The proposed guidelines for irradiation are
based on findings of the Joint Expert Committee on Food Irradiation (JECFI) com-
posed by experts of the Food and Agriculture Organization, International Atomic
Energy A gency and World Health Organization (FAO/IAEA/WHO). In 1981, WHO
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published a document stating that irradiation of food at doses up to 10.0 kGy is safe
and introduces no further toxicological or nutritional problem (JECFI 1981). In
1997, the FAO/IAEA/WHO Study Group on High-Dose Irradiation (JSGHDI 1999)
concluded that food irradiated to any dose appropriate to achieve the intended tech-
nological objective is both safe to consume and nutritionally adequate and that no
upper dose limit has to be imposed.

Food that has been irradiated must be labeled as “irradiated” or “treated with
ionizing radiation” together with the Radura symbol (Fig. 14.3) and the name of the
product. The word “radura” derived from radurization, a term composed of the ini-
tial letters of the word “radiation” and the terms “durus” (Latin word for “hard” or
“lasting”) (Maherani et al. 2016). Generally, the symbol is green and resembles a
plant in a circle that illustrates the rays from the sources (Fig. 14.3).

Currently, food irradiation is approved for using in more than 50 countries world-
wide for over 60 products, including Australia, Belgium, Brazil, Canada, China,
India, Russia, South Africa, Thailand, USA and Vietnam. In 2015, more than
700,000 tons of foods were irradiated (Eustice 2018), including spices, meat, fresh
fruits and vegetables. Based on the Codex standards for the Labeling of Prepackaged
Foods (CAC 1985), many countries have developed their own national regulations
for irradiated food labeling and in most countries there is still no requirement to use
the Radura symbol. Furthermore, the list of products allowed to be irradiated differs
from country to country. For instance, in the European Union, the Directive 1999/3/
EC only permits the irradiation of dried aromatic herbs, spices and vegetable sea-
sonings (European Union 1999).

Fig. 14.3 The Radura
symbol

\ 4
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14.5 Consumers’ Acceptance

Perhaps consumers’ acceptance is the most difficult barrier to cross on the use of
irradiation, making their perception an interesting and important point to take into
consideration. Although consumers are always interested in new technologies, the
truth is that they confuse irradiated food with radioactive food that can cause dam-
age to human health or environment (Ornellas et al. 2006; Junqueira-Gongalves
et al. 2011; Roberts 2014). Actually, the main worries of the consumers include
safety, nutrition, detection and labeling of irradiated food. Even so, the public would
consider consuming irradiated food if their benefits are explained or if they are
informed about the use of “Radura™ symbol, which is believed to transmit confi-
dence and safety. In this way, an effort on the education of consumers has to be
done, providing scientific and credible information in order to familiarize them with
the principles, aims and benefits of irradiated products, which may lead to change
their opinion (Maherani et al. 2016).

14.6 Effects of Irradiation on Food Bioactives

Bioactive compounds are phytochemicals naturally found in fruits, vegetables or
whole grains that may provide beneficial health effects, including antioxidant, anti-
inflammatory, antimicrobial, anticancer and immunomodulatory activities (Kris-
Etherton et al. 2002; Shashirekha et al. 2015). They include different classes of
compounds, such as polyphenols, carotenoids, tocopherols, phytosterols, organo-
sulfur compounds, fatty acids, betalains, essential oils (terpenes) and alkaloids.
They have different chemical structures and solubility (hydrophilic or lipophilic),
distribution in nature, range of concentrations in foods, bioavailability in the human
bodys, sites of action, effectiveness against harmful species, specificity and biologi-
cal action.

When food is exposed to ionizing radiation, some primary effects are induced in
food matrices due to the presence of water molecules, via ionization and excitation,
which exponentially increase by the secondary action of the free radicals formed
during this process. Due to the high water contents in food, the products that are
formed during water radiolysis are considered the main responsible for the potential
effects on food composition. These products include several chemical species:
hydrated electrons (e™,y). hydroxyl radicals (HO"), hydrogen radicals (H’), excited
water molecules (H,O"), ionized water molecules (H,O*), hydrogen peroxide (H,0,)
and diatomic hydrogen molecules (H,) (Le Caér 2011). The occurring modifications
in atoms and molecules are known as the primary or direct effects of radiation,
which result in the formation of new chemical compounds and free radicals, both
chemically unstable and reactive. These radical species can interact with themselves
and/or continue to react with other food components, that could lead to the forma-
tion of new compounds that are not present in non-irradiated food (Ferreira et al.

56



436 J. Madureira et al.

2018). These new reaction products can also interact with the above-mentioned free
radicals, representing the secondary or indirect chemical effects of radiation pro-
cessing (Ferreira et al. 2018).

The irradiation can alter and/or improve the chemical components on food,
enhance the extractability of some molecules and change its bioactivity, and these
changes may depend on the irradiation conditions (water content, temperature, pH,
dose and dose rate). Furthermore, the effects induced by ionizing radiation on the
bioactive compounds are also dependent on the food composition. The observed
increase in the extractability of compounds can be explained by changes in cellular
structures, namely by the depolymerization and dissolution of the cell wall polysac-
charides by irradiation (Harrison and Were 2007; Behgar et al. 2011). Thus, the
improvement of total phenolic and/or flavonoid contents on irradiated samples can
be related with their release from matrix structures, increasing extractability of cer-
tain molecules, but also to the degradation of larger compounds into smaller ones by
irradiation. The degradation of ascorbic acid, an important vitamin found in differ-
ent fruits, usually observed after food irradiation can be easily attributed to the
reversible oxidation of ascorbic acid to dehydroascorbic acid that can be further
hydrolyzed and oxidized irreversibly to 2,3-diketogulonic acid (Deutsch 2000).
Oppositely, the increase in the antioxidant activity sometimes produced after irra-
diation can be associated to an enhancement in enzymes activity (e.g., phenylala-
nine ammonia-lyase or peroxidase). For instance, stimulation of phenylalanine
ammonia-lyase activity may promote the accumulation of anthocyanins, flavonoids
and other phenolic compounds (Given et al. 1988; Oufedjikh et al. 2000). It is also
pertinent to mention that the increase or decrease in the extraction yield is strongly
dependent on the solvents used for the extraction (Pérez et al. 2007; Khattak
et al. 2008).

The effects induced by ionizing radiation on food bioactive compounds have
been studied for many years and will be reviewed on this section.

14.6.1 Fruits and Vegetables

Fruits and vegetables are colorful, flavorful and nutritious components rich in bioac-
tive compounds, such as polyphenols, carotenoids, vitamins, phytoestrogens, gluco-
sinolates and anthocyanins. Carotenoids and anthocyanins are also important
compounds as they are pigments that impart the color to fruits and vegetables.
Some studies have reported the effects of gamma and electron-beam radiation on
the major compounds of berry fruits. Barkaoui et al. (2020) compared the impact of
gamma and electron-beam radiation on the antioxidants of strawberries (Fragaria x
ananassa), being both treatments capable of preserving the phenolic content and
increasing the antioxidant activity of the fruits at 2 kGy. On the other hand, both
treatments induced a significant reduction on the amount of L-ascorbic acid (vita-
min C). In fact, it is documented that ascorbic acid of berry fruits is sensitive to
irradiation (Hussain et al. 2012; Tezotto-Uliana et al. 2013; Elias et al. 2020) and
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can be oxidized to dehydroascorbic and, consequently, to 2,3-diketogulonic acid
(Deutsch 2000). Maraei and Elsawy (2017) reported an increase of phenolic and
anthocyanin contents and antioxidant activity in strawberries irradiated at 600 Gy.
Furthermore, gamma irradiation at 0.5 kGy was observed to increase the concentra-
tion of anthocyanins (Tezotto-Uliana et al. 2013) and doses up to 2 kGy enhanced
the phenolic content and antioxidant activity (Cabo Verde et al. 2013; Guimaries
etal. 2013) in raspberries (Rubus idaeus L.). Electron-beam radiation at 3 kGy pre-
served the phenolic content and antioxidant activity of raspberries (Elias et al.
2020), and the total anthocyanin content, the antioxidant activity and ascorbic acid
amount in blueberries (Vaccinium corymbosum, cvs. Collins, Bluecrop) (Kong
et al. 2014).

Different effects of ionizing radiation have been found in tomatoes (Solanum
lycopersicum var. cerasiforme) depending on the variety and/or the harvest condi-
tions. Guerreiro et al. (2016) reported slight increases on total phenolic content of
cherry tomatoes irradiated at 3.2 kGy, while a decrease in the concentration of indi-
vidual phenolic compounds was observed in round tomato (Schindler et al. 2005),
not affecting the anthocyanin content (Singh et al. 2016). A decrease in the levels of
lycopene, the most representative carotenoid in tomatoes, was reported with 1.5 kGy
electron-beam doses (Madureira et al. 2019), which was associated to the isomeri-
zation of lycopene. On the other hand, fluctuations in the content of lycopene were
observed by Loro et al. (2018) in tomatoes, with increasing and decreasing values at
doses up to 1.5 kGy.

Najafabadi et al. (2017) found that gamma radiation at doses up to 2.5 kGy not
only increased the content of the total phenol and anthocyanins, but also improved
the amount of vitamin C in jujube (Ziziphus jujuba var. vulgaris) fruit, while other
water-soluble vitamins, as folic acid, thiamine (B,) and pyridoxine (Bg), decreased
significantly at this absorbed dose. Concerning mangoes (Mangifera indica L.), the
studies developed by Reyes and Cisneros-Zevallos (2007) suggested that electron-
beam radiation at doses up to 3.1 kGy did not affect the total phenolic and total
carotenoid contents or the antioxidant capacity even after 18 days of storage, despite
the observed increase in the levels of flavonols and phenolic acids and the decrease
in ascorbic acid content. Other authors reported an increase in phenolic and carot-
enoid compounds and a decrease in ascorbic acid concentration in stored mangoes
irradiated (1-1.5 kGy) with gamma (El-Samahy et al. 2000) and electron-beam
(Moreno et al. 2007) radiation. It was also verified that gamma radiation (1-2 kGy)
enhanced the antioxidant properties of peach (Prunus persica Bausch, Cv. Elberta),
due to the increase in total phenolic content via enhancement of phenylalanine
ammonia-lyase (PAL) activity (Hussain et al. 2010), despite a reduction of the
ascorbic acid concentration. As for irradiated chestnuts (Castanea sativa Mill.), it
was reported that electron-beam and gamma radiation could preserve total pheno-
lics but not flavonoid content, and increase the antioxidant potential of the fruit, at
1 and 3 kGy, respectively (Carocho et al. 2012). In another study performed by
Carocho et al. (2014), 1 kGy absorbed dose was described as capable of preserving
phenolic profile and antioxidant properties of chestnuts, leading to higher values of
tocopherols and p-carotene bleaching inhibition.
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No antioxidant activity assay exactly reflects the antioxidant capacity of the sam-
ples. In fact, it is important to assess the antioxidant potential using methods that
take into account different mechanisms of action (Moharram and Youssef 2014;
Shahidi and Zhong 2015), including, among others, hydrogen atom transfer (HAT),
single electron transfer (SET), reducing power and metal chelation. In a study per-
formed by Kavitha et al. (2015) different tendencies were obtained in the evaluation
of antioxidant activity of Zizyphus mauritiana Lam. fruit using different methodolo-
gies. A significant rise was observed in total flavonoids, 1,1-diphenyl-2-picryl-
hydrazil (DPPH) scavenging activity and super oxide anion radical scavenging
activity, while reducing power, total phenolic content and antioxidant activity mea-
sured by thiobarbituric acid reactive substances (TBARS) assay decreased with
increasing irradiation doses (0.25-1.0 kGy).

In dry fruits, it was demonstrated that gamma irradiation at 5 kGy was capable of
improving the contents of phenolic (>40%) and flavonoid (>56%) compounds, the
DPPH scavenging activity (>18%) and the antibacterial potentials of two genotypes
of Egyptian date palm fruits, Phoenix dactylifera L. (El-Beltagi et al. 2019). Sun
dried apricots (Prunus armeniaca L.) also underwent a significant increase of total
phenols and flavonoids, B-carotene and antioxidant activity after gamma radiation at
a dose of 3 kGy (Hussain et al. 2011, 2013). Those authors also analyzed the effect
of gamma radiation on individual phenolic acids and flavonoids, observing signifi-
cant increases in the concentrations of gallic acid (26%), ellagic acid (24%), quer-
cetin (26%) and apigenin (37%) induced by the treatment (Hussain et al. 2013).

The effect of gamma radiation was also evaluated in fresh green vegetables, such
as watercress (Nasturtium officinale R. Br.) (Pinela et al. 2016, 2018), fenugreek
(Trigonella foenum—graceum L.) and spinach (Spinacia oleracea L.). Gamma radi-
ation at 5 kGy combined with modified atmosphere packaging (MAP) induced an
increase on monounsaturated fatty acids (MUFA), tocopherols and total phenolic
acids (Pinela et al. 2016, 2018). An increase in total phenols, flavonoids and carot-
enoids was observed for fenugreek and spinach at doses above 0.75 kGy, which
were responsible for increasing the antioxidant activity (Hussain et al. 2016). In
spinach, after 1.5 kGy irradiation dose, total phenols, flavonoids and carotenoids
increased 3.7%, 15.1% and 21.7%. respectively. Concerning the irradiated fenu-
greek samples, increases of 2.1%, 3.3% and 8.4% in the concentrations were
observed for phenols, flavonoids and carotenoids, respectively. A decrease in the
ascorbic acid content and increase on dehydroascorbic acid was also verified after
irradiation of both vegetables. Fan (2005) reported that irradiation up to 2 kGy
increased the phenolic content and antioxidant capacity of endive (Cichorium
endiva L), Romaine and Iceberg lettuce (Lactuca sativa L) further stored at 7-8 °C
for 8 days. After that time, and comparing with non-irradiated samples, the phenolic
content increased by 40%, 60% and 25% for Romaine and Iceberg lettuce and
endive leaf tissues, respectively. Concerning the antioxidant activity, the increases
were 52%, 88% and 34% for Romaine and Iceberg lettuce and endive leaf tissues,
respectively. On the other hand, irradiation of baby carrots induced a reduction in
the phenolic content of 20% at 1 kGy gamma radiation dose (Hirashimaet al. 2013).
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Table 14.2 summarizes the documented effects of irradiation on bioactive com-
pounds in fruits and vegetables.

Table 14.2 Effects of ionizing radiation on bioactive compounds in fruits and vegetables

Radiation | Applied
Fruit/vegetable |source doses Main results References
Fragaria x y-radiation | 1,2 and Preservation of phenolic content: Barkaoui
ananassa 3 kGy increase of DDPH scavenging et al. (2020)
activity at 2 kGy; degradation of
L-ascorbic acid
e-beam 1,2 and Preservation of phenolic compounds;
3 kGy increase of DPPH scavenging activity
at 2 kGy; higher reducing power at 1
and 3 kGy: degradation of L-ascorbic
acid
y-radiation | 300, 600 | Increase of phenolic and anthocyanin | Maraei and
and contents and antioxidant activity at | Elsawy
900 Gy 600 Gy and during storage; (2017)
degradation of ascorbic acid
Rubus idaeus y-radiation | 0.5, 1.0 Decrease of ascorbic acid levels; Tezotto-
L. and increase of anthocyanin content at Uliana et al.
20kGy | 0.5kGy (2013)
0.5, 1.0 ' Higher values of phenolics and Cabo Verde
and antioxidant activity at 1.5 kGy et al. (2013)
1.5 kGy
0.5, 1.0, Increase of phenolic content and Guimaraes
and antioxidant activity at 2 kGy after etal (2013)
2.0 kGy 12 days of cold storage; variable
tendency of ascorbic acid depending
on the absorbed dose
e-beam 3 kGy Preservation of phenolic content and | Elias et al.
antioxidant activity; loss of ascorbic | (2020)
acid
Vaccinium e-beam 05,12 Preservation of anthocyanins after Kong et al.
corymbosum, and 3 kGy | treatment and storage; no significant | (2014)
cvs. Collins, difference on antioxidant activity and
Bluecrop ascorbic acid between non-treated
and treated samples, although
decreasing with storage
Solanum y-radiation | 1.3, 3.2 Slight increase of phenolic content at | Guerreiro
lvcopersicum and 3.2 kGy et al. (2016)
var. cerasiforme 5.7 kGy
e-beam 1.5 and Decrease of lycopene content at Madureira
3.1 kGy 1.5 kGy and preservation of DPPH | et al. (2019)
scavenging activity
Lycopersicon | y-radiation | 0.5, 0.75, | Preservation of anthocyanins content | Singh et al.
esculentum 1.0, 1.5, (2016)
Mill. 2.0,3.0
and
4.0 kGy
(continued)
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Radiation | Applied
Fruit/vegetable |source doses Main results References
05,1.0 Preservation of ascorbic acid up to Loro et al.
and 1.5 kGy, although degradation with | (2018)
1.5 kGy storage; increase of lycopene at
0.5 kGy
2.4 and Radiolytic degradation of ferulic acid, | Schindler
6 kGy p-coumaric acid, rutin and naringenin | et al. (2005)
Ziziphus jujuba |y-radiation | 0.5, 1.0, Significant increase in total Najafabadi
var. vulgans 2.5 and monomeric anthocyanin (~12%) and | et al. (2017)
5.0 kGy total phenolic contents (~6%) up to
2.5 kGy: significant decrease in both
parameters at 5 kGy; increase of
vitamin C content at 2.5 kGy
e-beam 1. 1.5. and | Preservation of total phenolic content, | Reyes and
3.1 kGy carotenoid content and antioxidant Cisneros-
capacity even after 18 days of Zevallos
storage; increase in flavonols and (2007)
phenolic acids; decrease of ascorbic
acid content
Mangifera e-beam 1.0, 15 Significant increase of phenolic Moreno
indica L. and (55%) and carotenoids (91%) et al. (2007)
3.0 kGy concentrations and antioxidant
activity (6%) at 1 kGy
y-radiation | 0.5, 0.75, | Increase of phenolic content with El-Samahy
1.0 and increasing absorbed doses and et al. (2000)
1.5 kGy storage time; increase in carotenoid
concentrations with storage, in
particular, at 1.5 kGy; slight decrease
in ascorbic acid concentration with
' radiation
Prunus persica | y-radiation | 1.0, 1.2, Increase of phenolic and anthocyanin | Hussain
Bausch, Cv. 14, 1.6, contents and PAL activity with et al. (2010)
Elberta 1.8 and irradiation dose and storage until
2.0 kGy 21 days; reduction of ascorbic acid
content with doses higher than
1.6 kGy; improvement of DPPH
scavenging activity and FRAP with
radiation
Castanea y-radiation | 0.5, 1 and | Increase of phenolics (53%), DPPH | Carocho
sativa Mill. 3 kGy scavenging activity (71%), f-carotene | et al. (2012)

bleaching inhibition (61%) and
TBARS inhibition (83%) at 3 kGy;
decrease in flavonoids content (65%)
at 1 kGy

(continued)
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14.6.2 Beverages
Table 14.2 (continued)
Radiation | Applied
Fruit/vegetable |source | doses Main results References
e-beam 0.5, 1 and | Increase of phenolics (126%), DPPH
3 kGy scavenging activity (37%), reducing
power (60%), f-carotene bleaching
inhibition (67%) and TBARS
inhibition (84%) at 1 kGy; decrease
1 { of flavonoids content (87%) at 1 kGy
y-radiation | 1 kGy Increase of tocopherols, namely Carocho
y-tocopherol: increase of -carotene | et al. (2014)
bleaching inhibition
e-beam | 1kGy Increase of «- and y-tocopherols;
increase of f-carotene bleaching
inhibition
Zizyphus y-radiation | 0.25. 0.5, | Increase of total flavonoid and Kavitha
mauritiana 0.75and | decrease of total phenolic contents at | et al. (2015)
Lam. 1 kGy doses up to 1 kGy; increase of DPPH
scavenging activity and reduction of
reducing power with increasing doses
Dried Phoenix | y-radiation | 2.5, 5.0 Improvement of phenolic (>40%), El-Beltagi
dactylifera L. and flavonoid (>56%) contents, DPPH et al. (2019)
fruits 10.0kGy | scavenging activity (>18%) and
‘ | antibacterial potential at 5 kGy
Dried Prunus | y-radiation | 1.0, 1.5, Linear increase of p-carotene with Hussain
armeniaca L. 20,25 increasing absorbed doses et al. (2011)
fruits and
3.0 kGy
3 kGy Significant increase of total phenolics | Hussain
(12%). total flavonoids (16%) and et al. (2013)
f-carotene (37%); increase in DPPH
scavenging activity (23%), FRAP
(14%) and P-carotene bleaching
inhibition (74%); enhancement of
gallic acid (26%), ellagic acid (24%),
quercetin (26%) and apigenin (37%)
‘ concentrations
Nasturtium y-radiation | 1, 2 and Preservation of antioxidant activity | Pinela et al.
officinale R. Br. 5 kGy and total flavonoids at 5 kGy; (2016)
- increase of MUFA, tocopherols and
‘ total phenolics at 5 kGy
Trigonella y-radiation | 0.25, 0.5, | Increase of total phenols (2.1%). Hussain
foenum— 0.75, 1.0, | flavonoids (3.3%) and carotenoids et al. (2016)
graceum L. 125and | (8.4%) and antioxidant potential at
1.5 kGy 1.5 kGys; loss of ascorbic acid and

increase in dehydroascorbic acid after
irradiation

(continued)
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Table 14.2 (continued)
Radiation | Applied

Fruit/vegetable |source doses Main results References
Spinacia Increase of total phenols (3.7%).
oleracea L. flavonoids (15.1%) and carotenoids

(21.7%) and antioxidant activity after
1.5 kGy; reduction of ascorbic acid
content and increase in
dehydroascorbic acid after irradiation

Cichorium y-radiation | 0.5, 1 and | Increase of phenolic content (25%) Fan (2005)
endiva L. 2 kGy and antioxidant capacity (34%) at
2 kGy. after 8 days of storage
Romaine Increase of phenolic content (40%)
Lactuca sativa and antioxidant capacity (52%) at
L ‘ 2 kGy, after 8 days of storage
Iceberg Increase of phenolic content (60%)
Lactuca sativa and antioxidant capacity (88%) at
L: 2 kGy. after 8 days of storage
Baby carrots y-radiation | 0.5 and 20% reduction of phenolic content at | Hirashima
1 kGy 1 kGy etal (2013)

Notes: PAL (Phenylalanine ammonia-lyase); DPPH (2.2-Diphenyl-1-picrylhydrazyl); FRAP
(Ferric reducing power); TBARS (Thiobarbituric acid reactive substances): MUFA
(Monounsaturated fatty acids)

Juices from vegetables (Song et al. 2006 Lee et al. 2009) and fruits (Girennavar
etal. 2008; McDonald et al. 2013; Eissaet al. 2014; Shahbaz et al. 2014; Arjeh et al.
2015; Naresh et al. 2015) showed interesting results when subjected to radiation. In
carrot (Daucus carota var. sativa) juices, after storage of 3 days, an increase in the
phenolic content (1912.5 pg/mL of sample) and FRAP value (1349.7 mM FRAP/
mL of sample) were observed in irradiated samples when compared to the non-
irradiated and non-stored sample (1732.9 pg/mL of sample and 931.3 mM FRAP/
mL, respectively, for phenolic and FRAP values) (Song et al. 2006). On the con-
trary, the levels of total phenolics (9121.7 pg/mL of sample) and antioxidant poten-
tial value (5776.2 mM FRAP/mL of sample) in irradiated kale (Brassica oleracea
var. acephala) juice were significantly lower than the control (9635.5 pg/mL and
6251.8 mM FRAP/mL, respectively) (Song et al. 2006), and flavonoid content did
not change (Jo et al. 2012). In irradiated tamarind (Tamarindus indica L.) juice,
higher phenolic content and antioxidant activity were found at 5 kGy (Lee
et al. 2009).

Low doses (up to 600 Gy) of gamma radiation caused no effect on ascorbic acid,
phenolic content and antioxidant activity of orange juice (Citrus sinensis L. Osbeck)
(McDonald et al. 2013). Inwatermelon (Citrullus lanatus cv.) and mango (Mangifera
indica L.) juices (fresh and stored) irradiated at 3 and 5 kGy, both total phenolics
and flavonoids contents were higher (15-48%) than in non-irradiated samples,
although vitamin C and lycopene contents were lower (Eissa et al. 2014; Naresh
etal. 2015). An enhancement in the antioxidant activity in both irradiated juices was
also observed with increasing irradiation dose. Furthermore, gamma radiation
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induced increases in the levels of individual phenolic acids present in mango juice,
as gallic acid, chlorogenic acid and syringic acid by 3.2, 2.3 and 2.5 fold, respec-
tively (Naresh et al. 2015). Shahbaz et al. (2014) observed a decrease in DPPH and
ABTS scavenging activities probably associated with a reduction on anthocyanins
and total phenolic contents of irradiated (1-2 kGy) pomegranate (Punica granatum
L.) juice. The same observations were made by Arjeh et al. (2015) for sour cherry
(Prunus cerasus L.) juice, with reductions in monomeric anthocyanins of more than
60% at 3 kGy after 60 days. In a study performed on grapefruit (Citrus paradisi
Macf.) irradiated at doses ranging from 1 to 10 kGy and further juiced, electron-
beam radiation was found to significantly reduce the vitamin C and lycopene con-
tents, as well as those of nomilin (a terpenoid limonoid) and dihydroxybergamottin
(a furanomcoumarin); on the other hand, naringin level was significantly higher in
irradiated juice in comparison with the control sample (Girennavar et al. 2008).

Teas are the most widely consumed beverages in the world. In black tea, made
from leaves of Camellia sinensis (L.) O. Kuntze, gamma radiation up to 2 kGy
increased the total phenolic content, with lower water activity having positive influ-
ence on the obtained results (Fanaro et al. 2014). Gerolis et al. (2017) studied the
effect of gamma radiation on total antioxidant capacity of green tea (Camellia
sinensis (L.) O. Kuntze), yerba mate ({/lex paraguariensis A. St. Hil.) and chamo-
mile tea (Matricaria recutita L.), reporting that this technology can reduce the
capacity of some antioxidants and improve the capacity of others, which depends on
the compounds present, solvents used and also the method of assessment. In another
study developed by Janiak et al. (2017), different Bulgarian teas were studied:
Mursalski tea (Sideritis scardica Gris), Mashterka tea (Thymus serpyllum L.), Good
Night tea (tea mix), Staroplaninski tea (Balkan tea mix), Trakia tea (tea mix), and
Mountain tea (Planinski tea mix). The authors observed improvement in tannin and
phenolic contents and antioxidant capacity in some teas but not in others. Tables
14.3 and 14.4 outline the reported effects of ionizing radiation on the bioactivity of
beverages.

14.6.3 Meat

Meat is widely consumed as a main source of proteins, vitamins, minerals and fatty
acids. Losses of a-tocopherol and thiamine and riboflavin were observed in irradi-
ated beef, lamb, pork and turkey with doses up to 9 kGy (Fox et al. 1995; Lakritz
et al. 1995). On the other hand, significant higher levels of riboflavin and niacin
were detected in pork chops and chicken breasts irradiated at the dose range 24 kGy
(Fox et al. 1989). Fatty acids present in beef and ground beef were also significantly
increased at doses up to 7 kGy (Yilmaz and Gecgel 2007; Haque et al. 2017). On
Table 14.5 the reported effects of irradiation on the bioactives content of meat are
collected.
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Table 14.3 Effects of ionizing radiation on the bioactivity of beverages

Fruit/
vegetable Radiation | Applied
beverage source doses Main results References
Daucus y-radiation | 3 and Significant increase of phenolic content | Song et al.
carota var. 5 kGy and FRAP value in irradiated samples, (2006)
sativa juice even after 3 days of storage
Brassica Lower phenolic content and FRAP value
oleracea var. in iradiated samples
acephala
Juice
1,3,and | Slight increase of phenolic content with | Jo et al.
5 kGy irradiation; no variation of flavonoid (2012)
content; reduction of ascorbic acid
content with irradiation
Angelica y-radiation | 1, 3,and | Slight increase of phenolic content with | Jo et al.
keiskei Tto 5 kGy irradiation; no variation of flavonoid (2012)
Juice content; reduction of ascorbic acid
i content with irradiation
Tamarindus | y-radiation | 1,3,and | Higher total phenolic content and Leeetal.
indica L. 5 kGy antioxidant activity by DPPH and FRAP | (2009)
Jjuice at 3 and 5 kGy
Citrus y-radiation | 200,400 |No effect on ascorbic acid, phenolic McDonald
sinensis and content and antioxidant activity. etal.
L. Osbeck 600 Gy (2013)
Juice
Citrullus y-radiation | 1,3 and | Increase of phenolics and flavonoids Eissa et al.
lanatus cv. 5kGy contents with irradiation; reduction of (2014)
Juice vitamin C at 3 and 5 kGy; lower lycopene
content at 1 kGy; enhancement of DPPH
scavenging activity
Mangifera y-radiation | 1,3 and |Increase of total phenolic content with Naresh
indica L. 5 kGy increasing doses; increase of total etal.
Jjuice flavonoids at 3 and 5 kGy: decrease of (2015)
ascorbic acid concentration with
increasing doses; increase of DPPH
scavenging activity with doses;
enhancement in the concentrations of
individual phenolic at 3 and 5 kGy: gallic
acid, protocatechuic acid, syringic acid,
chlorogenic acid, and rutin, and ellagic
acid and p-coumaric acid at 5 kGy
Punica y-radiation | 0.4, 1, and | Decrease in total phenolic compounds, Shahbaz
granatum L. 2 kGy DPPH and ABTS scavenging abilities at | et al.
Juice 1 and 2 kGy (2014)
(continued)
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Table 14.3 (continued)

Fruit/
vegetable Radiation | Applied
beverage source doses Main results | References
Prunus y-radiation | 0.5, 1.5, | No significant difference in total phenolic | Arjeh et al.
cerasus L. 3.0,4.5, | content with irradiation; reduction of [ (2015)
Juice and monomeric anthocyanins (>60%) at
6.0 kGy |3 kGy after 60 days; decrease of DPPH

scavenging activity at doses >3 kGy

(21%) and storage (29%): decrease in

FRAP values by 20% after irradiation and

27% after storage ‘
Citrus e-beam 1.0,2.5. |Significant reduction of the vitamin C | Girennavar
paradisi 5.0,and | and lycopene contents at doses >2.5 kGy; |etal.
Macf. juice 10.0 kGy | preservation of f-carotene; decrease of | (2008)

nomilin and dihydroxybergamottin

contents; increase of naringin at doses

>2.5 kGy 1

Notes: PAL (Phenylalanine ammonia-lyase); DPPH (2,2-Diphenyl-1-picrylhydrazyl); FRAP
(Ferric reducing power); TBARS (Thiobarbituric acid reactive substances);: MUFA
(Monounsaturated fatty acids); ABTS (2.2"-Azinobis-(3-ethylbenzthiazolin-6-sulfonic acid)

14.6.4 Aromatic and Medicinal Plants

The effect of ionizing radiation on the phytochemicals can vary according to the
plant material and the applied dose. Pereira and co-workers showed that gamma
radiation at 10 kGy increased significantly (>1-fold) the content of polyphenols in
ethanolic extracts and infusions of Mentha x piperita L. (peppermint), Aloysia
citrodora Paldu (lemon verbena) and Thymus vulgaris L. (thyme) in comparison
with the control sample (0 kGy) (Pereira et al. 2017, 2018).

In other studies, the same authors observed that an absorbed dose of 10 kGy of
gamma radiation could improve the extractability of phenolic compounds (3.5-5.5
fold) and their antioxidant properties in both infusions and methanol/water extracts
of Ginkgo biloba L. (Pereira et al. 2015a, b). An increase of 35% in total phenolic
content was reported in water extracts of Rosmarinus officinalis L. irradiated at
30 kGy, but not in methanol or ethanol extracts (Pérez et al. 2007). The authors
hypothesized that this increase could be associated with the presence of phenolic
diterpenes in rosemary that result in water-soluble quinone-type compounds by
gamma radiation. A previous study developed by Horvithova et al. (2007) revealed
a slight increase in the total phenolic content of Origanum vulgare L. extracts pre-
pared from samples irradiated at 10 kGy. Gamma irradiation of Petroselinum
crispum (Mill.) Fuss var. neapolitanum induced a reduction in vitamin C content at
2.7 kGy, while increased total polyphenols in doses up to 2.0 kGy (Catunescu et al.
2017). By contrast, Salvia officinalis L. gamma irradiated at 2 and 4 kGy demon-
strated lower antioxidant capacity associated to a lower polyphenolic content (30
and 45%, respectively) (Salem et al. 2013).
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Table 14.4 Effects of ionizing radiation on teas

Radiation | Applied
Tea | source doses Main results References
Camellia sinensis | y-radiation | 1.0, 1.5, 2.0, | Increase of total phenolic Fanaro
L. O. Kuntze 2.5.5.0.7.5 |compounds at 2 kGy (for 0.183 and | et al. (2014)
and 0.651 water activity) or at 5 kGy
10.0 kGy (for 0.924 water activity);
preservation of antioxidant activity;
increase of caffeine concentration
at 10 kGy
20 kGy Decrease of phenolics level; Gerolis
decrease of flavonoids contents in | et al. (2017)
methanolic extracts; no significant
difference in ABTS activity
between irradiated and non-
‘ irradiated samples
Ilex y-radiation |20 kGy Decrease of phenolics content;
paraguariensis preservation of flavonoids content;
A. St. Hil. no significant difference in ABTS
activity; decrease of DPHH
scavenging activity
Matricaria | y-radiation |20 kGy Preservation of phenolics content;
recutita L. decrease of flavonoids content in
methanolic extracts; increase of
[-carotene bleaching inhibition of
water infusions with irradiation;
decrease of DPPH scavenging
activity
Mursalski tea ' y-radiation |5 kGy Improvement of FRAP values and | Janiak et al.
(Sideritis ABTS scavenging activity with (2017)
scardica Gris) | irradiation
Mashterkatea | y-radiation Increase of DPPH scavenging
(Thymus activity in irradiated samples
serpyllum L.) »
Good Night tea | y-radiation Preservation of phenolics content
and antioxidant activity
Staroplaninski | y-radiation Increase of DPPH scavenging
tea activity with irradiation;
improvement of FRAP values and
ABTS scavenging activity with
irradiation
Trakia tea y-radiation Increase of total phenolics and

tannins contents; improvement of
FRAP values and ABTS
scavenging activity with irradiation

Mountain tea

y-radiation

Increase of tannins content;
improvement of FRAP values and
ABTS scavenging activity with
irradiation

Notes: DPPH (é,Z-Diphenyl-l-picrylhydrazyl); FRAP (Ferric reducing power); ABTS
(2.2"-Azinobis-(3-Ethylbenzthiazolin-6-sulfonic acid)
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Table 14.5 Effects of ionizing radiation on bioactive compounds of meat
Radiation
Meat source Applied doses Main results References
Beef y-radiation |2, 4 and 6 kGy Increase of free fatty acids with | Haque et al.
irradiation (2017)
0.24,0.47,0.94. Loss of a-tocopherol Lakritz et al.
1.88,2.81,5.62 (1995)
and 9.37 kGy | - - )
Reduction of thiamine and Fox et al.
riboflavin levels with irradiation | (1995)
Ground | y-radiation |1.3.5and7kGy | Significant increase of trans fatty | Yilmaz and
beef , | | acids with irradiation Geggel (2007)
Turkey | y-radiation |0.24,0.47,0.94, Loss of a-tocopherol Lakritz et al.
1.88,2.81.5.62 (1995)
and 9.37 kGy
Reduction of thiamine and Fox et al.
riboflavin levels with irradiation | (1995)
Pork y-radiation | 0.24, 0.47, 0.94, Loss of a-tocopherol Lakritz et al.
1.88, 2.81, 5.62 (1995)
and 9.37 kGy
Reduction of thiamine and Fox et al.
riboflavin levels with irradiation | (1995)
0.5, 1.75, 3.50, Loss of thiamine with increasing | Fox et al.
5.25 and 7.0 kGy | doses; increase of riboflavin and | (1989)
niacin levels at 4 kGy ‘
Lamb y-radiation | 0.24, 0.47, 0.94, Loss of a-tocopherol Lakritz et al.
1.88,2.81,5.62 (1995)
and 9.37 kGy
Chicken |y-radiation |0.5, 1.75, 3.50, Loss of thiamine with increasing | Fox et al.
525 and 7.0 kGy | doses; increase of riboflavin and | (1989)
niacin levels at 4 kGy
0.24, 0.47, 0.94, Reduction of thiamine and Fox et al.
1.88.2.81,5.62 riboflavin levels with irradiation | (1995)
and 9.37 kGy

Concerning medicinal plants, Pereira et al. (2014) observed higher contents of

phenolics (107.45 mg GAE/g) and flavonoids (and 33.77 mg CE/g) in the methano-
lic extracts of medicinal plant borututu (Cochlospermum angolensis Welw.) irradi-
ated at 10 kGy, which was correlated with an increase in the antioxidant activity.
Similarly, the scavenging activity of Amoora rohitaka ethanolic extracts improved
by 112%, while the phenolic content and reducing power of methanolic extracts was

enhanced by more than 30% at 5 kGy (Rajurkar and Gaikwad 2012). A summary of

the results regarding bioactive compounds in irradiated aromatic and medicinal
plants is collected in Table 14.6.
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14.6.5 Legumes, Cereals and Grains

Legumes are an important group of plant foodstuffs, especially in developing coun-
tries, being recognized as a cheap source of protein. Zhu et al. (2010) evaluated the
effect of gamma radiation (2-10 kGy) on the phenolic compounds of three different
genotypes (black, red and white) of Oryza sativa L. grains. The authors reported an
increase of phenolic acids content in black rice extracts irradiated at 8 kGy
(423.3 mg/kg) compared with the control (381.6 mg/kg), although lower doses pro-
moted a decrease on these acids. On the other hand, irradiation at 6 kGy caused a
significant increase (378.3 mg/kg) in anthocyanins content, in comparison with the
control (346.6 mg/kg). Similarly, distinct effects of irradiation were observed in dif-
ferent genotypes of rice grains depending on the analyzed variable and absorbed
doses (Shao et al. 2013).

The extraction of phenolic compounds from Nigella sativa L. seeds using differ-
ent solvents was evaluated by Khattak et al. (2008). The authors reported that a
radiation dose up to 16 kGy improved total extraction yields (3.7%, 4.2%, 9.0% and
5.6% for hexane, acetone, methanol and water, respectively), phenolic contents
(2.7% in acetone extracts) and DPPH scavenging activity (10.6% and 5.4% in ace-
tone and methanol extracts, respectively). In a study conducted by Bhat et al. (2007),
the levels of total phenolics of Mucuna pruriens L. seeds were found to be dose-
dependent, significantly increasing at doses higher than 2.5 kGy (73.4 g/kg and
116 g/kg for control and 30 kGy, respectively) while doses higher than 7.5 kGy
resulted in a tannin concentration increase (2.62 g/kg for control and 5.81 g/kg for
30 kGy). Also, Siddhuraju et al. (2002) found that irradiation (2-6 kGy) after aque-
ous soaking increased (>1-fold) the phenolics levels in seeds of three different spe-
cies of Sesbania (Sesbania aculeata, S. rostrata and S. cannabina) and one species
of Vigna (Vigna radiata), attributing this increase to a higher extractability by depo-
lymerization and dissolution of cell wall polysaccharides by irradiation.

Concerning the irradiation of soybeans (Glycine max (L.) Merr.), an absorbed
dose of 1 kGy was enough to increase total phenolics (10%) and tannins (21.6%),
which was correlated with an increase in the antioxidant activity (Stajner et al.
2007). Also, the total isoflavone content (genistein, daidzein, genistin and daidzin)
increased at an applied dose of 10 kGy (666.1 mg/kg for control sample and
755.2 mg/kg for 10 kGy sample) (Popovic etal. 2013). Variyaretal. (2004) observed
an increase higher than onefold in aglycon content with the increase in absorbed
doses (0.5-5 kGy) and consequent increase in DPPH scavenging activity, associated
with the higher levels of isoflavones in treated samples. Gamma radiation at 1 kGy
applied in red kidney beans (Phaseolus vulgaris), slightly improved phenolic con-
tent and antioxidant activity by DPPH free radical scavenging assay and inhibition
in lipid peroxidation, keeping constant even after 6 months of storage (Marathe
et al. 2016). Table 14.7 summarizes the effects of irradiation on the bioactive com-
pounds in legumes, cereals and other grains.
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Table 14.6 Effects of ionizing radiation on bioactive compounds of aromatic and medicinal plants

Aromatic and
medicinal plant

Radiation

. source

Applied
doses

Main results

References

Aloysia citrodora L. | y-radiation | 1, 5 and

10 kGy

Increase of verbascoside at 1 kGy |

Pereira et al.
(2018)

Mentha x piperita
L.

Thymus vulgaris L.

Increase of eriodictyol-7-O-
rutinoside, luteolin-7-O- rutinoside
and rosmarinic acid concentrations
at 5 kGy

Increase of luteolin-7-0O-
glucuronide, luteolin-0O-
glucuronide and
eriodictyol-O-glucuronide at

5 kGy; increase of apigenin-6.8-C-
dihexoside and eriodictyol-7-O-
glucuronide at 10 kGy

Ginkgo biloba L.

Rosmarinus
officinalis L.

Origanum vulgare
L.

y-radiation

'y«radiation

y-radiation

1 and
10 kGy

130 kGy

'5. 10 and

30 kGy

Improvement of the extractability
of phenolic acids and flavonoids at
10 kGy in infusions and methanol/

water extracts.

Increase of a-tocopherol levels at
1 kGy; increase of antioxidant

activity with irradiation

Increase of total phenolic content
by 35% in water extracts after
treatment; increase of antioxidant
activity (DPPH scavenging and
reducing power) in ethanol and
water extracts

Significant increase of total

phenolic content at 10 kGy;
preservation of DPPH scavenging
activity

| Pereira et al.

(2015b)

Pereira et al.

(2015a)

Pérez et al.

(2007)

Horvithova
et al. (2007)

Salvia officinalis L.

y-radiation

2 and
4 kGy

Decrease of total phenolics
(>30%) and antioxidant activity
(>11%) with irradiation

Salem et al.
(2013)

Petroselinum
crispum (Mill.)
Fuss Var.
Neapolitanum

y-radiation

07,14,
2.0 and
2.7 kGy

Decrease of ascorbic acid with
irradiation; increase of total
polyphenols at 0.7 and 2 kGy;
decrease in radical scavenging
activity at 2.7 kGy

Catunescu
etal. (2017)

(continued)

70



450 J. Madureira et al.

Table 14.6 (continued)

Aromatic and Radiation | Applied
medicinal plant source doses | Main results References

Cochlospernum y-radiation ' 1and ' Increase of tocopherols at 1 kGy; | Pereira et al.
angolensis Welw. 10kGy | increase of phenolics and (2014)

flavonoids at 10 kGy; higher

antioxidant activity (DPPH

scavenging activity, reducing

power, B-carotene bleaching

inhibition and TBARS inhibition)

in infusions irradiated at 10 kGy;

higher antioxidant activity (DPPH

scavenging activity, reducing

power and TBARS inhibition) in

infusions irradiated at 10 kGy
Amoora rohitaka | y-radiation | 1,3 and |Increase of total phenolics with Rajurkar and
(Rxb.) Wight & Arn 5 kGy irradiation; increase of ABTS Gaikwad

scavenging activity; increase of (2012)

FRAP values in methanol extracts

up to 5 kGy: increase of DPPH

scavenging activity in aqueous and

| ethanol extracts

Notes: DPPH (2.2-Diphenyl-1-picrylhydrazyl); ABTS (2.2'-Azinobis-(3-Ethylbenzthiazolin-6-
sulfonic acid)

14.6.6 Spices

Even in small quantities, spices are a potential source of natural contamination by
mesophylic, sporogenic, and asporogenic bacteria, hyphomycetes, and faecal coli-
forms into foodstuffs where they are added (Sadecka 2007). Hence, ionizing radia-
tion treatment is mostly used in order to eliminate the microbial contamination.
Furthermore, some studies were also performed reporting the impact of this tech-
nology on the antioxidant properties of different spices.

Variyar et al. (1998) studied the effect of gamma radiation (10 kGy) in five com-
mercially important spices: cinnamon (Cinnamomum verum J. Presl.), clove
(Zyzygium aromaticum), cardamom (Elettaria cardamomum (L.) Maton), nutmeg
and mace (Myristica fragrans Houtt.). In clove, the concentrations of gallic acid and
syringic acid increased considerably (384.9 + 11.6 and 33.0 + 4.7 mg/kg dry weight,
respectively) in the 10 kGy sample in comparison with the control sample
(174.7 £ 7.29 and 7.9 = 1.3 mg/kg dry weight, respectively). In irradiated nutmeg,
the concentrations of some observed phenolic acids, such as syringic acid, caffeic
acid + vanillic acid, gentisic acid + p-hydroxybenzoic acid, also increased at 10 kGy
irradiation dose (five-fold, three-fold and six-fold, respectively). The increased level
of these phenolic acids in clove and nutmeg could be justified by the degradation of
hydrolysable tannins and consequent higher extractability of phenolic acids.

The antioxidant properties of irradiated (5-30 kGy) black pepper (Piper nigrum
L.), clove (Syzygium aromaticum (L.) Merr. & L.M.Perry) and ginger (Zingiber
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Table 14.7 Effects of ionizing radiation on bioactive compounds of legumes, cereals and grains

Legume.
cerealand | Radiation | Applied
grain source doses Main results References
Black rice | y-radiation | 2.4, 6.8. |Increase of phenolic acids content at Zhu et al.
and 8 kGy; highest level of anthocyanins at | (2010)
10 kGy 6 kGy
2,4,6,8, | Increase of antioxidant activity with Shao et al.
and doses 2-8 kGy (2013)
10 kGy
White rice | y-radiation | 2,4, 6,8, | Decrease of phenolic acids content with | Zhu et al.
and irradiation (2010)
10 kGy
2,4,6,8, | Increase of total phenolics at 10 kGy; Shao et al.
and significant increase of antioxidant activity | (2013)
10 kGy at 10 kGy
Red rice y-radiation | 2,4, 6,8, | Decrease of phenolic acids content with | Zhu et al.
and irradiation (2010)
10 kGy
2,4,6.8, | Enhancement of total phenolics at Shao et al.
and >6 kGy; Significant increase of (2013)
10 kGy antioxidant activity at 8 kGy
Nigella y-radiation | 2,4, 8, 10, | Improvement in the extraction yields Khattak
sativa L. 12 and (3.7%, 4.2%. 9.0% and 5.6% for hexane, | etal. (2008)
16 kGy acetone, methanol and water.
respectively) at doses up to 16 kGy;
increase by 2.7% of phenolic contents at
16 kGy in acetone extracts; enhancement
of DPPH scavenging activity by 10.6% in
acetone and 5.4% in methanol extracts
Mucuna y-radiation | 2.5, 5.0, 2-Fold increase of total phenolics for Bhat et al.
pruriens L. 7.5. 10, 15 | doses >2.5 kGy and tannins (2007)
and concentrations at doses >7.5 kGy
30 kGy
Sesbania y-radiation | 2, 4 and Increase of total phenolics at 2 kGy; Siddhuraju
aculeate 6 kGy preservation of tannins with irradiation | etal. (2002)
(Willd.)
Pers.
Sesbania Increase of total phenolics at 2 kGy;
rostrate preservation of tannins with irradiation
Bremek. &
Oberm
Sesbania Preservation of total phenolics tannins
cannabina with irradiation
(Retz.) Pers.
Vigna Increase of total phenolics and tannins at
radiate (L.) 2 kGy; increase of condensed tannins
R.Wilczek with irradiation
(continued)
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Table 14.7 (continued)

Legume,
cerealand | Radiation | Applied
grain | source doses Main results References

Glycine max | y-radiation | 1. 2, 4. 6,8  Highest values of phenolic compounds Stajner
(L.) Merr. and and tannins at 1 kGy; increase (17%) of | etal. (2007)
10 kGy FRAP value at 1 kGy: increase of DPPH
scavenging activity with increasing
| irradiation doses
1.2,4and | Significant increase of total isoflavone Popovié
10 kGy content at 10 kGy: significant increase of | etal. (2013)
genistein, daidzein, genistin and daidzin
concentrations at 4 kGys; significant
increase of total phenolic and tannin
contents with irradiation; increase of
DPPH scavenging activity with
irradiation

0.5, 1, and Decrease of total isoflavones with Variyar
5 kGy irradiation; increase (>1-fold) of etal. (2004)
isoflavone aglycones content with the
increasing of absorbed doses; significant
increase in DPPH scavenging activity
| with irradiation
Phaseolus | y-radiation | 0.25, 1.0, | Increase of fatty acids at 10 kGy: Marathe
vulgaris L 5.0 and increase of free phenolic compounds and | etal. (2016)
10.0kGy | antioxidant activity at 1 kGy

Notes: DPPH (2,2-Diphenyl-1-picrylhydrazyl); FRAP (Ferric reducing power)

officinale Roscoe) were also evaluated (Suhaj et al. 2006; Suhaj and Horvathova
2007). The results demonstrated that DPPH scavenging activity of black pepper
extracts initially decreased with increasing doses, however, after 2 months of stor-
age, a significant increase of those values occurred due to the increase of dry matter
content during the storage. On the other hand, a decrease in the reducing power of
these samples was observed with increasing dose and during storage (Suhaj et al.
2006). Suhaj and Horvithova (2007) did not detect variations in phenolic com-
pounds, antiradical activity and reducing power of irradiated clove extracts, even
after 5 months of storage, except for phenolic compounds, which were observed to
decrease. Contrarily, in ginger, all the parameters (phenolics, antiradical activity
and reducing power) kept constant immediately after irradiation but significantly
increased by 10% with storage, in particular in those irradiated at 10 and 20 kGy. In
Table 14.8 the main effects of irradiation on the bioactive compounds of spices are
outlined.
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14.6.7 Edible Flowers

Edible flowers have been used in many culinary preparations to improve the senso-
rial and nutritional qualities of food, by adding color, flavor, taste and visual appeal
to salads, sauces, garnish, entrees, drinks or desserts. In this way, it is important to
improve the conservation and safety of these products.

Viola tricolor L. (heartseases) and Tropaeolum majus L. (garden nasturtium)
flowers irradiated by gamma and electron beam radiation at 1 kGy demonstrated
higher capacity to scavenge DPPH and to inhibit 3-carotene bleaching than not
irradiated samples, attributed to an increase in the levels of phenolic compounds,
despite the content of anthocyanins decreased (Koike et al. 2015a, b). In addition,
the authors reported no significant differences in the observed effects between
gamma and electron-beam irradiation, concluding that both technologies can be
used to preserve the edible flowers quality (Table 14.9).

Table 14.8 Effects of ionizing radiation on bioactive compounds of spices

Radiation | Applied
Spice source doses Main results References
Cinnamomum y-radiation | 10kGy | Increase of protocatechuic acid Variyar et al.
verum J.Presl concentration (1998)
Zvzygium Significant increase of gallic acid
aromaticum and syringic acid concentrations;
decrease of p-coumaric acid and
ferulic acid + sinapic acid
concentrations
Elettaria Preservation of phenolic acids
cardamomum (L.) contents
Maton
Myristica Preservation of phenolic acids
fragrans Houtt. concentrations
Nutmeg Significant increase of gentisic acid
+ p-hydroxybenzoic acid, caffeic
acid + vanillic acid and syringic
acid concentrations
Piper nigrum L. | y-radiation | 5,7.5, 10, | Significant decrease of DPPH Suhaj et al.
20. and scavenging activity; decrease of (2006)
30kGy | reducing power with irradiation
Svzygium y-radiation | 5,10, 20 | Preservation of DPPH scavenging | Suhaj and
aromaticum (L.) and activity, reducing power and total | Horvithova
Merr. & 30kGy | phenols (2007)
L.M.Perry
Zingiber Preservation of DPPH scavenging
officinale Roscoe activity and reducing power with
irradiation; increase of DPPH
scavenging activity during storage
at 10 and 20 kGy

Notes: DPPH (2,2-Diphenyl-1-picrylhydrazyl)
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Table 14.9 Effects of ionizing radiation on the bioactive content of edible flowers

Edible Radiation | Doses
flower source applied | Main results References
Viola y-radiation |0.5,0.8 | Higher amounts of phenolic compounds at | Koike et al.
tricolor L. and 1 kGy: increase of DPPH scavenging (2015a)
1 kGy | activity and p-carotene bleaching inhibition
at 1 kGy
e-beam 0.5, 0.8 | Higher amounts of phenolic compounds at
and 1 kGy: highest DPPH scavenging activity
1 kGy | and B-carotene bleaching inhibition at
1 kGy
Tropaeolum | y-radiation |0.5,0.8 | Increase of non-anthocyanin phenolics and | Koike et al.
majus L. and decrease of anthocyanin concentrations (2015b)

1 kGy | with irradiation; decrease of DPPH
scavenging activity with irradiation;
increase of p-carotene bleaching inhibition

at | kGy
e-beam 0.5, 0.8 | Increase of non-anthocyanin phenolics and
and decrease of anthocyanin concentrations

1 kGy | with irradiation; decrease of DPPH
scavenging activity with irradiation;
enhancement of f-carotene bleaching
inhibition at 1 kGy

Notes: DPPH (2.2-Diphenyl-1-picrylhydrazyl)

14.6.8 Mushrooms

Mushrooms are one of the most perishable products and their short shelf-life is an
obstacle for the distribution of the fresh product (Fernandes et al. 2013a). In fact,
some studies highlighted the use of gamma irradiation as a conservation process
since the results showed that this technology is effective in maintaining the chemi-
cal characteristics of Lactarius deliciosus L., Boletus edulis Bull.: Fr and Hydnum
repandum L.: Fr (Fernandes et al. 2013a, b). Several studies were performed in
order to evaluate the effect of gamma and electron-beam irradiation in the antioxi-
dant properties of different wild and cultivated mushrooms species. Fernandes et al.
(2013c) demonstrated that gamma radiation at 0.6 kGy was the most efficient
method to preserve the chemical composition of fresh Macrolepiota procera (Scop.)
Singer when compared with other processing treatments such as freezing (at
—20°C) and drying (at 30 °C). Fernandes et al. (2014) studied the effects of electron-
beam irradiation on different dried wild mushrooms (B. edulis Bull. and Russula
delica Fr.) on nutritional, chemical and antioxidant parameters. The antioxidant
activity was improved significantly at 6 kGy for both mushroom species, attributed
to the increased levels of tocopherols. The same effect was observed in the antioxi-
dant activity for Amanita caesarea and A. curtipes irradiated at 2, 6 and 10 kGy,
which was correlated with the increase in the levels of phenolic compounds
(Fernandes et al. 2015). Studies in fresh samples of Agaricus bisporus Portobello
using gamma and electron beam radiation were performed to evaluate the
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effectiveness of these technologies on the conservation of this mushroom (Cardoso
et al. 2019). In that work, gamma radiation treatment was associated with the
increase of ergosterol, monounsaturated fatty acids and p-tocopherol, while e-beam
led to higher values of polyunsaturated fatty acids.

Regarding the irradiation of truffles, total phenolics content significantly
increased in Tuber aestivum after gamma irradiation with 1.0-2.5 kGy (Adamo
etal. 2004; Tejedor-Calvo et al. 2020), although ergosterol and total sterols concen-
trations did not significantly change (Tejedor-Calvo et al. 2020). However, in irradi-
ated 7. melanosporum no significant changes were noticed in sterols even after
storage of 35 days. Moreover, electron beam irradiation at 2.5 kGy enhanced the
concentration of phenolic compounds up to 21 days of storage by almost three-fold
(Tejedor-Calvo et al. 2019). Table 14.10 gathers the effects of irradiation treatments
on the bioactive compounds of mushrooms.

14.7 Valorization of Food Bioactives: A Forthcoming
Application of Food Irradiation

Although bioactive compounds are naturally present in many foods, after suitable
isolation and purification, they can be used as ingredients on the development of
functional foods, on cosmetics and/or on health care products.

Irradiation treatment can improve the food bioactivity, as it was highlighted in
the previous sections. This potentiality could be applied to valorize other products
through the improved extraction of bioactive compounds from irradiated materials
and further incorporation in food, cosmetic or pharmaceutical products. To the best
of our knowledge there is no documented application regarding the use of bioactives
from irradiated sources in other products, but there are several encouraging outputs
on the incorporation of bioactive compounds in food that will be detailed bellow.

The fortification of food through the incorporation of bioactive compounds in
order to improve their quality or biological properties has been explored, especially
in yogurts, meat, sausages or bread (Dall’Asta et al. 2013; Amirdivani and Baba
2014; Ribas-Agusti et al. 2014; Guiné et al. 2016; Turgut et al. 2017). Green tea
(Camellia sinensis) infusions used during milk fermentation to produce yogurt were
reported to promote the growth of beneficial yogurt bacteria and enhance the anti-
oxidant activity of yogurt (Amirdivani and Baba 2014). Guiné et al. (2016) obtained
yogurts enriched with antioxidants extracted from wine, observing an increase in
antioxidant activity without affecting acidity. Chestnut flour was utilized in the for-
mulation of functional bread (Dall’Asta et al. 2013), with a ratio of 50/50 (soft
wheat/chestnut flour) leading to the highest value of antioxidant capacity in the final
product. Moreover, bread produced with wheat flour fortified at 1, 2, and 3% (w/w)
with dried leafy vegetable presented higher concentrations of polyphenols and
higher values of antioxidant activity than the controls (Alashi et al. 2019). Other
study investigated the incorporation of pomegranate peel extract at 0.5% and 1.0%
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Table 14.10 Effects of ionizing radiation on mushrooms bioactive compounds

Radiation | Applied
Mushroom source doses Main results References
Lactarius y-radiation | 0.5 and | Reduction of total tocopherols; increase | Fernandes
deliciosus L. 1.0 kGy |of phenolics at 0.5 kGy; increase of etal.
antioxidant activity at 0.5 kGy (2013a)
Boletus edulis | y-radiation | 1 and Increase of 6- and y-tocopherols at Fernandes
Bull.:Fr. 2 kGy 1 kGy; increase of MUFA and decrease | et al,
of PUFA at 1 kGy: preservation of total | (2013b)
phenolics at 2 kGy; increase of TBARS
formation inhibition; decrease of DPPH
scavenging activity
Hydnum Increase of 8-tocopherol at 1 kGy:
repandum L.:Fr. increase of MUFA and decrease of
PUFA at 1 kGy: higher total phenolic
content at 1 kGy; increase of lipid
peroxidation inhibition; decrease of
DPPH scavenging activity
Macrolepiota y-radiation | 0.6 kGy |Increase of MUFA content; Fernandes
procera (Scop.) enhancement of a- and y-tocopherol etal.
Singer contents; decrease of phenolics; (2013c)
increase of B-carotene bleaching
inhibition and TBARS inhibition
Boletus edulis | e-beam 2,6 and | Higher concentration of p-coumaric Fernandes
Bull. 10kGy |acid at 2 kGy; higher concentration of | etal. (2014)
cinnamic acid at 10 kGy; increase of
total tocopherols with irradiation;
decrease of total phenolics with
irradiation; higher DPPH scavenging
activity and p-carotene bleaching
inhibition at 6 kGy
Russula delica Higher concentrations of gallic acid
Fr. and cinnamic acid at 6 kGy; higher
values of total tocopherols and total
phenolics at 6 kGy; higher DPPH
scavenging activity and f-carotene
bleaching inhibition at 6 kGy
Amanita e-beam 2,6and |Increase of p-hydroxybenzoic acid Fernandes
caesarea (Scop.) 10kGy | concentration at 2 kGy; increase of etal. (2015)
Pers. MUFA at 10 kGy; higher values of
tocopherols at 10 kGy; increase of total
phenolics with irradiation; increase of
antioxidant activity with irradiation
Amanita Increase of MUFA at 10 kGy; increase
curtipes Gilbert of tocopherols; increase of total
phenolics at 10 kGy: increase of
antioxidant activity at 10 kGy
Agaricus y-radiation | 1, 2and | Higher amount of ergosterol at 2kGy | Cardoso
bisporus | 5 kGy etal. (2019)
Portobello |

(continued)
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Table 14.10 (continued)

Radiation | Applied
Mushroom source | doses Main results References
e-beam Higher amount of ergosterol at 2 kGy
Tuber aestivum | y-radiation | 1.0, 1.5 | Increase of phenolic compounds at Adamo
and 1.5-2.5 kGy etal. (2004)
|25 kGy
10.5, 1.0, |Increase of total phenolics with Tejedor-
1.5 and |irradiation; preservation of total sterols. | Calvo et al.
[ 2.5 kGy (2020)
Tuber y-radiation | 1.5 and | Decrease of total phenolic compounds | Tejedor-
melanosporum 125 kGy |at 2.5 kGy; preservation of total sterols | Calvo et al.
(2019)
e-beam Increase of total phenolic compounds
at 1.5 kGy: preservation of total sterols

Notes: DPPH (2.2-Diphenyl-1-picrylhydrazyl); FRAP (Ferric reducing power); TBARS
(Thiobarbituric acid reactive substances); MUFA (Monounsaturated fatty acids); PUFA
(Polyunsaturated fatty acids)

concentrations in beef meatballs which was effective on retarding lipid and protein
oxidations and on preventing rancid odor formation (Turgut et al. 2017). Moreover,
Ribas-Agusti et al. (2014) demonstrated that it is possible to produce dry fermented
sausages with natural antioxidants from grape seed and cocoa extracts without
changing their sensory properties. Recently, a maceration industrial-scale extraction
process was demonstrated to be effective on the recovery of bioactive compounds
from unripe red grapes (cv. Sangiovese) with a high extraction yield (Fia et al.
2020). The obtained extract showed greater phenolic compound and water-soluble
vitamin contents and antioxidant activity than those measured in the traditional
product (called “verjuice”) obtained from unripe grapes. The process was suitable
to be transferred to the wine industry to produce extracts that can be used as ingre-
dients for other industries and enhance the sustainability of the wine sector.

Concerning the pharmaceutical industry, natural bioactive compounds, in par-
ticular, omega-3 fatty acids from fish and fish oil, plant sterol esters and/or phenolic
compounds from, e.g., green tea or red wine, have been combined with major hypo-
lipidemic drugs. This co-therapy appeared to be safe and effective to prevent or treat
cardiovascular diseases progression (Scolaro et al. 2018) even if further research
has to be done to understand the biochemical mechanisms involved in these protec-
tive effects.

Relating to the use of food bioactive compounds in cosmetics products, there are
some in vivo studies in the literature with positive results. In a study with 20 volun-
teers, it was demonstrated that a formulation containing green tea extract was able
to inhibit the photoaging and tumor generation (Li et al. 2009). Also, a product
developed as a combination of resveratrol, green tea polyphenols and caffeine was
evaluated in a 12-week study with 16 volunteers and revealed to reduce facial red-
ness (Ferzli et al. 2013). Black grape seed extract was also efficiently used in a
water-in-oil cream as demonstrated to increase the skin elasticity, decrease
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erythema effects and/or skin sebum content (Sharif et al. 2015). Nevertheless, it
becomes important to continue studying the best way to recover bioactive com-
pounds from food products and also to explain their potential added-value to the
producers.

There are some patents on the application of bioactive compounds extracted
from food sources in pharmaceutical and functional foods. As an example, a method
to produce grape extracts with high values of Oxygen Radical Absorbance Capacity
(ORAC) was patented to be added to foodstuffs and nutritional supplements as a
beneficial antioxidant (Ying et al. 2011). The development of nutraceutical products
from the antioxidants present in different fruits extracts and, in particular, from
Grewia asiatica L. (phalsa) was patented based on their in vitro and in vivo antioxi-
dant potential (Choudhary et al. 2014). Furthermore, a nutraceutical composition
using resveratrol in combination with other components, e.g. genistein, lycopene,
hydroxytyrosol or polyunsaturated fatty acids, was patented for delaying aging and/
or for the treatment or prevention of age-related diseases in animals was patented
(Raederstorff et al. 2008). Also, the production of pharmaceutical formulations to
deliver biologically active compounds in a controlled manner so as to increase the
bioavailability of compounds protecting them from in vivo degradation, has been
the object of patents (Yuhua and Chien 2009). Slavko (2012) also invented a new
pharmaceutical formulation that comprises silica earth, resveratrol, grape seeds
extract, green tea extract and tomato powder with antioxidant effects.

14.8 Concluding Remarks

Food products are extremely rich in bioactive compounds. Due to the growing
demand in society for new ingredients that can be reused on foods, cosmetics or
pharmaceuticals, scientific communities are searching and developing new formu-
lations and optimizing extraction processes. The findings presented in this chapter
turn evident the potential added-value of the bioactive compounds extracted from
irradiated plant and food sources. Nevertheless, further research should be per-
formed on their applicability for the preparation of new formulations in different
industries.
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Resumen

Los desechos agroindustriales pueden ser naturaleza muy diversa, distinguiéndose
entre residuos de campo y residuos de procesos. Pueden incluir diferentes partes de
vegetales, como hojas, tallos, vainas, cascaras, pulpa o pieles, asi como subproductos
del procesado industrial, como orujos resultantes de la extraccion de aceites o de la
elaboracion de vinos, melazas, suero de leche, fangos de la produccion de lana,

celulosa, salvado, almidones, etc.

En un mundo en rapido desarrollo, el cada vez mas elevado volumen de desechos
representa un grave problema para su eliminacion, con efectos nocivos para el medio
ambiente y para la salud humana y animal, a la vez que supone una pérdida de biomasa,
nutrientes y sustancias bioactivas, que son infrautilizados. Esta problematica impone la
necesidad de encontrar estrategias para reutilizar los residuos agroindustriales valiosos
de manera mas eficiente, aportando, de este modo, beneficios ambientales vy
contribuyendo a la sostenibilidad econdmica. En este sentido, los residuos
agroindustriales pueden encontrar utilidad como fertilizantes agricolas, compostaje
reciclado, producciéon de biocombustibles, obtencion de enzimas, preparacién de
polimeros biodegradables o extraccién de nutrientes, saborizantes, conservantes o

compuestos bioactivos.

Actualmente, los consumidores son mas conscientes y estan mas interesados por su
alimentacion, aumentando asi la demanda de alimentos con caracteristicas mas
saludables. La industria alimentaria trata de responder a este desafio a través del
desarrollo de productos funcionales innovadores y con ingredientes naturales y seguros
gue puedan reemplazar a los sintéticos actualmente empleados, confiriendo mayor valor

afiadido al producto.
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El objeto de esta revision es actualizar el conocimiento acerca de la recuperacion de
compuestos bioactivos a partir de desechos agroindustriales, con vistas al desarrollo de
alimentos funcionales/saludables. Se resume el estado actual de la extraccion de estos
compuestos y, por primera vez, se discute el impacto de las tecnologias de irradiacién

en la mejora de su extractabilidad.
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ABSTRACT: Due to the growing demand in society for healthier foods, scientific communities are searching and developing new
ingredients. In this context, agro-industrial residues, which can have a negative impact on the environment, represent a natural source
for bicactive compounds and their recovery can contribute to economic and environmental sustainability. lonizing radiation is a
clean and eco-friendly technology that can be used to improve the extraction of bioactive compounds, The aim of this review, after
presenting general aspects about bioactive compounds in agro-industrial residues and radiation technologies, is to focus on the
effects of ionizing radiation on the extraction of bicactive compounds from these residues and related bioactive properties. Irradiated
residues were demonstrated to have enhanced bicactive characteristics that turn the prepared extracts suitable for applications in
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food industry, resulting in high-added-value products as well as reducing adverse impacts on the environment.
KEYWORDS: agro-industrial residues, extraction, bioactive compounds, bioactivities, lonizing radiation

1. INTRODUCTION

The agro-industrial residues can be many and different wastes
from agriculture and industry, Agriculture residues can be
divided into field residues and process residues and can include
leavex, stalks, seedpods, stems, molasses, husks, pulp, and
peels,’ These wastes can also comprise the byproducts of the
agro-food industry such as ol cakes from oil extraction,
degummed fruits and legumes, coffee dregs, milk serum, sludge
from wool, cellulose, bran, starch, juice, and sugars.”

With the fast developing world, the high volume of wastes
produced by these industries generates large quantities for
disposal and represents a loss of underutilized biomass and
nutrients. Although some of them can be discharged safely,
others are considered to have harmful effects on the
environment with consequences to human and animal health.
This problem imposes the need to find strategies to reuse the
valuable agro-industrial residues in a more efficient way,
providing environmental benefits and contributing to the
economic sustainability. The agro-industsial residues can be
used as fertilizers in agriculture, biofuel and enzyme
production, preparation of biodegradable polymeric systems,
recycled agricultural composting and extnction of food
flavoring, preservative and bioactive compounds.”’

Nowadays, consumers are more conscious and interested in
what they eat, thus increasing the demand for healthier
foodstuffs.” In this way, the food industry tried to answer this
challenge and started to develop innovative and natural
functional products” that could be used to replace the existing
synthetic ones or as new added-value ingredients. The
extractable antioxidant and antimicrobial compounds from
agro-industrial residues offer a more natural and safer
alternative to the food industry,”

© 2020 Amwncan Chamical Society

A 4 ACS Publications

The purpose of this review is to provide an overview of the
bicactive compounds recovery from agro-industrial wastes to
develop functional/health foods. The current status of the
extraction of agro-industrial bioactive compounds is ar-
ized, and for the first time, we discuss the positive impact of
the jonizing radiation technology on the extractability of these
compounds.

2. EXTRACTION OF BIOACTIVE COMPOUNDS

Bioactive ¢« ds are c ts naturally present in
plant and food products that pﬂmdc health benefits and
wellness, including antioxidant, anti-inflammatory, antimicro-
bial, anticancer, and immunomodulatory activities.” Natural
bioactive compounds have diverse structures and function-
alities with molecules having enormous potential for the
production of nutraceuticals, functional foods, and food
additives.” With this purpose, these compounds are being
intensively studied to evaluate their effects on health, showing
benefic effects for candiovascular disease, cancens, and others,
They comprise compounds with different chemical structures
(hydrophilic or lipophilic), distrbution in nature, range of
concentrations, possible site of action, effectiveness against
oxidative species, specificity, and biological action. The main
dasses of bioactive compounds include polyphenalic com-
pounds, carotenoids, tocopherok, phytosterols, organosulfur
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compounds, fatty acids, betalains, essential oils (terpenes), and
alkaloids.

The extraction of these compounds can be performed by
using conventional and nonconventional methods. Conven-
tional techniques are based on solid—liquid extraction
requining the use of organic soivents, temperature, and
agitation and include percolation, maceration (ME), decoction,
and hydrodistillation. Some extraction variables such as type of
solvent and product/solvent ratio, time and temperature of
extraction, and mode of stirring are significant influencing
factors on the recovery of bioactive con})omds and should be
considered tn the process optimization.

To overcome limitations of conventional methods, such as
long extraction time, requirement of costly, high purity, and
safe solvents, evaporation of the large amount of solvent, and/
of low extraction selectivity, new and promising techniques
have been introduced'™'" such as ultrasound-assisted extrac-
tion (UAE),"™"" pulsed electric field (PEF) extraction,'*’*
enzyme-assisted extraction (EAE),"™"" microwave-assisted
extraction (MAE),"™" pressurized liquid extraction (PLE),"
supercritical fluid extraction (SFE),” pressurized low-polarity
water extraction, and molecular distillation. M'hini, Ioannou,
Paris, Ghoul, and Boudhrioua (2016)"" compared the
efficiencies of different methods (ME, UAE, MAE, high
pressure extraction (HPE), and supercritical CO, extraction
(SC-CO,)) for antioxidant extraction from Citrus simensis (L.)
Osbeck peel, evaluating selectivity, total phenol content, total
and individual flavonoids, and antioxadant activity; they
concluded that MAE was the extracting method to obtain
higher contents of phenols, flavonoids, and individual
flavonoids, Tabaraki and Ghadiri (2016)*" also obtained the
best results on the extraction of antioxidants from Pistacia vera
L hull using MAE when compared with UAE and conven-
tional extraction. Vieira et al. (2017)"" compared conventional
maceration and MAE for the extraction of valuable compounds
from Juglans regia L. leaves, also attributing to MAE better
outcomes. On the other hand, UAE using acdified water—
ethanol mixtures as solvent was considered the optimal
technique to extract bioactive anthocyanin pigments from
Ficus carica L. peel, when compared with heat-assisted
extraction (HAE) and MAE® In another study, the
multifrequency multimode modulated (MMM) ultrasonic
technique increased the recovery of phenolic compounds
from olive pomace and its antioxidant activity when compared
to the conventional extraction,”

In general, although the results regarding the technique of
choice differ depending on the study, the assisted extraction
methods showed to be more effective than the conventional
ones to extract polyphenol antioxidants from agricultural

byproducts,

3. ISOLATION AND CHARACTERIZATION OF
BIOACTIVE COMPOUNDS

After extraction, the obtained extracts contain complex
mixtures of nmatural compounds that have to be isolated,
purified, and further characterized. The development of
efficient methods for isolation/purification/charactenzation
of the bicactive compounds has been an important challenge
for researchers, which depends on the chemical and physical
characteristics of them."~"

The isolation and purification of the compounds involves
different chromatographic techniques, such as thin-layer
chromatography (TLC), column chromatography, flash

chromatography, and high-performance liquid chromatography
(HPLC). TLC is a simple, cost-effective, and rapid chromato-
graphic technique, which gives the number of components
present in the mixture but can also identify the compound
comparing with a standard one, and HPLC is a versatile and
widely used technique for the isolation of compounds from
agro-industrial residues. "

The structure and biological activity of the purified
compounds are then determined using different method-
ologies. Fourier transform infrared spectroscopy (FTIR) can
be considered as a fingerprinting tool due to their unigue
spectra of pure compounds, allowing the identification of
functional groups present in a compound,’’ Furthermore,
HPLC can be coupled with simple detectoss, such as UV
detectors, or detectors for hyphenated systems, such as UV.
diode array (DAD), mass spectrometry (MS), or nuclear
magnetic resonance (NMR), producing multidimensional data
for online identification and dereplication purposes.” An
overview of the employed methodologies in extraction,
wsolation, and characterization of bioactive compounds from
residues of agro-food industries can be found in Figure 1.

B

CONVENTIONAL TECHNIOUES
* Macaration
* Decocton
* Percolation

NON CONVENTDONAL TECHNIGUES
* Nicrowinve- sssistind ety acson
* Ultrasound assisted extracson
+ Supercritical fluid extraction
* Pressus lzed baudd extraction
+ Enzyme assisted extraction

PURFICATION

TLC, Column Clwomoatoge aphy, HPLC

STRUCTURE ELUCDATION BIOCHEMICAL CHNARACTERIZATION
« FTIR
* HPLCAV-D/0
. LM
* GO MS
* 1N

Figure 1. Methodologies used i extraction, isolation, and character-
ization of bioactive ds from agro-industrial resid

These techniques can be combined in order to provide a rapid
and accurate identification of compounds, especially when the
pure compound is unknown and not available. Hence, it is
important to precisely select the methods to use from the
extraction to the separation and purification, as this is crucial to
obtain accurate results,
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4, BIOACTIVE COMPOUNDS IN AGRO-INDUSTRIAL
RESIDUES

Agro-industrial residues have been explored as a source of
natural bioactive compounds, such as flavonoids, phenolic
acids (e.g, hydroxycinnamic and hydroxybenzoic acid
derivatives), tannins, carotenoids, tocopherols, phytosterols,
or arabinoxylans. These bioactive compounds exhibit a wide
range of potential healthy properties including antiallergenic,
antiatherogenic, anti-inflammatory, antimicrobial, anticarcino-
genle, antithrombotic, antioxidant, cardioprotective, vaso-
dilatory, or prebiotic effects, w others.™"" Numerous
examples of the extraction of bioactive compounds from agro-
industrial wastes can be found in the literature, as summarized
in Table 1.,

Phenolic compounds with antioxidant potential have been
identified in agrcultural residues, such as sugar cane bagasse,
com husk, peanut husk, coffee cherry husk, rice bran, or wheat
bran.”*™" Vijayalaxmi et al. (2015)"7 identified five com-
pounds as the major bioactive compounds present in most of
these residues: gallic acid, ferulic acid, epicatechin, quercetin,
and kaempferol derivatives. Huang and Lai (2016)"
established the profiles of bioactive compounds of outer and
inner 0. sattva L. bran from six colored rice samples, detecting
protocatechuic, vanillic, ferulic, and p-coumaric acids as the
most abundant phenolic acids present and a- and p-
tocopherols and py-tocotrienol as the main vitamin E
components. The major anthocyanins present in both black
and red O, sativa L. were peonidin 3-glucoside, cyanidin 3.
rutinoside, and cyanidin 3-glucoside.

A detailed work about the most abundant phenolic
compounds in cork and pulp industrial residues was developed
by S. A. O. Santos and co-workers.™* ™" The barks of
Eucalyptus globulus Labill, Eucalyptus grandis W.Hill, Exca-
Iyptus wograndis (E. grandis WHill. X E wropiylla S.T.Blake),
and Eucalyptus maidenii F.Muell, as well as the cork from
Quercus suber L. and its byproducts (cork powder and black
condensates) are constituted by different types of phenolic
compounds. Epicatechin and quercetin-glucuronide  were
revealed ax the major phenolic compounds in E. grandis and
E. urograndis bark, followed by ellagic acid-rhamnoside and
cllagic acd in E. grandis and by galloyl-bis-hexahydroxydiphe-
noyl (HHDP)-glucose and gallic aad in E. wrograndis.
Catechin, chlorogenic acid, and methyl-cllagic acid-pentose
were the major compounds in E. maidenii bark. Moreover,
ellagic add-rhamnoside, dihydroxy-tsopropylchromone-hexo-
side, and dihydroxy-(methylpropyl Jisopropylchromone-hexo-
side were referenced for the first time In these spedes.” Santos
etal. (2011)" obtained the phenolic profile of E. globulus bark
using different solvents (methanol, water, and methanol/
water), with methanol/water mixtures being the most efficient
to isolate polyphencls. Digalloylglucose was identified as the
major compound in the methanol and methanol/water
extracts, followed by isorhamnetin-thamnoside in the methanol
extract and by catechin in the methanol/water extract, whereas
in the water extract catechin and galloyl-HHDP-glucose were
identified as the predonunant components. Other compounds
were referenced for the first time as constituents of E. globidus
bark, namely, quinic, dihydroxyphenylacetic, and caffeic acids,
bis(hexahydroxydiphenoyl (HHDP))-glucose, galloyl-bis-
(HHDP)-glucose, galloyl- HHDP-glucose, isothamnetin-hexo-
side, quercetin-hexoside, methylellagic acid (EA)-pentose
confugate, myricetin-rhamnoside, Isorhamnetin-thamnoside,

mearnsetin, phlondzin, meamsetin-hexoside, luteolin, and a
proanthocyanidin  B-type dimer. In another work, Santos,
Villaverde, and Silva et al. (2012)"" analyzed the supercritical
fluid extraction of phenolic compounds from E. globulus bark,
using supercritical CO, alone and modified with water, ethyl
acetate, and ethanol. In terms of the extraction yield and
antioxidant activity of phenolic components, the best results
were achieved with CO,/EtOH, recovering much higher
quantities of enodictyol, naringenin, and isothamentin than in
the conventional solid/liquid extracts obtained before.

The major components identified in the cork from Quercis
suber L. were ellagic acid, followed by gallic, protocatechuic,
and caffeic acids and esculetin.” Those authors identified for
the first time salicylic acid, ertodictyol, and quinic acid in cork
extracts, Another byproduct from the cork industry is the
cffluent generated from the plank immersion on boiled water
to improve characteristics such as elasticity and homogeneity
and to make it flat. This wastewater also contains considerable

ts of phenolic compounds, namely, tannins and
phenolic acids, such as gallic, protocatechuic, syringic, ferulic,
and ellagic acids.**

From the cocoa and chocolate industry, the main byproducts
obtained from the cocoa bean are pod husks, bean shells, and
mucilage, which are recognized as important sources of
bioactive compounds.’ Phenolic compounds recovered from
Theobroma cacao L. pod husk mostly consist of catechin,
quercetin, epicatechin, and gallic, coumaric, and protocate-
chuic acids”’ and also flavonok (kaempferol) and flavones
(linarin), "

The wastes generated in the olive oil industry are also
important sources of phenolic compounds’ ™" with
antiproliferative and antimicrobial properties.’™"™*' Besides
differences in the olive oil extraction technique, the phenolic
composition of the olive wastes depends on the geographical
areas, as they influence agncultural, varietal, and seasonal
practices, eg, the fruit variety and maturity stage.'”"
Oleuropein is the most abundant compound present in Olea
europaca L. leaves,'"**** followed by verbascoside and
isoverbascoside, oleoside, hydroxytyrosol (3,4-dihydroxyphe-
nokethanol; 3,4-DHPEA), luteolin-7-O-glucoside, and ligstro-
side,” as well as apigenin-7-O-glucoside and luteolin-4'-0-
glucoside.’ Studies were performed to characterize the
phenolic profile of olive wastes (mill wastewaters and olive
cake) from four different areas of a region in Moroceo,"*"
conduding that the phenolic composition was different
according to the geographical area, with hydroxytyrosol,
tyrosol, p-coumaric acid, and hydroxytyrosol glucoside as the
main compounds. El-Abbassi et al (2012)"" also reported
hydroxytyrosol, gallic acid, and p-coumaric acid as the most
abundant phenolic compounds in the olive mill wastewaters.
Obied et al. (2008)" identified verbascoside as the most
potent antioxidant present in Australian olive mill wastes,
followed by 34-dihydroxyphenylethyl alcohol-deacetoxyele-
nolic acid dialdehyde (3,4-DHPEA-DEDA).

As mentioned above, the total phenolic content and
composition recovered from the biomass also depend on the
extraction procedure. The most interesting residue of the olive
oil industry is the olive pomace, also known as olive cake. High
amounts of oleuropein derivatives, such as elenalic acid (EA),
the dialdchydic form of elenolic acid linked to hydroxytyrosol
(3,4DHPEA-EDA), oleuropein aglycone (34-DHPEA-EA),
the dialdehydic form of elenolic acid linked to tyrosol (p-
HPEA-EDA), and hydroxytyrosol, were lsolated from olive
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pomaces from the region of Les Garrigues (Catalonia
Spain).”" Cioffi et al. (2010)"" studied the phenalic
composition of virgin olive oil and olive oil pomace from the
Campania region, in Italy, and found that oleuropein,
oleuropein aglycone, ligstroside aglycone, hydroxytyrosol,
tyrosol, and gallic acid are the most abundant phenclic
compounds in both of samples. More recently, Antonia
Nunes et al (2018)"" compared a multifrequency multimode
modulated (MMM) ultrasonic technique with a conventional
solid—liquid method for the extraction of phenolic compounds
from olive pomace of the Tras-os-Montes region in Portugal.
The MMM technique increased the concentration of the
extracted antioxidant compounds in a shorter period of time.
In this sample, the major compounds identified were
hydroxytyrosol > ¢ logoside > elenolic acid derivative >
tyrosol > oleoside riboside.

Several fruits and vegetable wastes have also been reported
to contain relevant ts of phenolic compounds with hi,
antioxidant potential. As examples. potato peel,™ fruit Fn.-el
and pulp,” onionskin,” and tomato processing wastes
be indicated. Gorinstein et al, (2001)" evaluated the
antioxidant properties of some citrus fruit wastes, namely,
Citrus fimon (L.} Osbeck, Citrus sinensis (L) Osbeck, and
Citrus paradise Macfad. peels, reporting high contents of
ferulic, sinapic, p-coumaric, caffeic; and ascorbic acids.
Concerning onion wastes, Benitez et al. (2011)" observed
that brown skin, outer and inner scales and top and bottom of
Allisvm cepa L. were particularly rich in quercetin4’.0-
glucoside and quercetin-3,4'-O-diglucoside, In Lycopersicon
esculentsm L. processing wastes, mainly consisting of skin and
seeds, the major compounds detected were p-coumaric, caffeic,
and chlorogenic acids as phenolic acids and chrysin and
naringenin as flavonoids."” Castro-Vargas et al, (2019)"
explored the potential of the agro-industrial waste from two
Colombian mango cultivars, "sugar mango” and “Tommy
Atkins”, as sources of bioactive phenolic compounds. The
“sugar mango” kernel extracts presented the highest bioactive
properties, with mangiferin and several galloyl glucosides as the
most abundant compounds. Chlorogenic, gallic, vanillic, and
protocatechuic acids were the major phenoi«. compounds
found in Mangifera indica L. “Ataulfo” pulp,™ which tended to
increase with fruit ripening and also their contribution for
antioxidant activity. More recently, Coelho et al. (2019)"
demonstrated that mango peels could be used to produce
liqueurs by alcoholic maceration. These liqueurs were revealed
to have high antioxidant activity, and quantitatively, the main
bioactive compounds found were flavanols (epicatechin gallate,
cpigallocatechin gallate), flavonols (quercetin-3-O-glucoside
and rutin), and phenolic acids (gallic acid, ocoumaric acid, and
syringic acid).

Wine production generates diﬂ'emnt wastes, such as stem,
skin, and seeds”™" and pomaces,” ™ Ribeiro et al {2015)"
reported the presence of high amounts of gallic, syningic,
vanillic, and caffeic acids, quercetin, rutin, and catechin, in
addition to anthocyaning, especially malvidin-3-0-glucoside,
malvidin-3-O-acetylglucoside, and malvidin-3-0-, p{ounuroyl
glucoside, in Vitis vinifera L. pomace Doshi et al. (2015)"
suggested that grape seeds, skin, and stem extracts not only
have high antioxidant properties bu: ako have the potential as
insulin secretagogues, which might be useful in the treatment
of type 1l diabetes, Gallic acid, catechin, and epicatechin were
identified as major phenolic compounds in winery wastes,”
but hydroxytyrosol, tyrosol, cyanidin glycosides, and vadous

phenolic acids, such as caffeic, syringic, vanillic, p-coumaric,
and o-coumaric acids, were also found.

5. IONIZING RADIATION TECHNOLOGIES

Radiation technologies offer versatile tools that play an
important role in supporting sustainable development”
lonizing radiation does not require the addition of chemicals
or heat to induce changes in the matter, having a much lower
carbon footprint than other technologies, In this way, it is
more cost-effective and environmentally friendly than tradi-
tional .\llemaums, requiring less energy and generating less
waste.”

There are different sources of ionizing radlauon used in
different sectors of industry and agriculture:”""* y-radiation,
that is constituted by photons produced from radicactive
isotopes cobalt-60 (*'Co) and cesium-137 ('VCs), and
acocleraton, capable of producing electron beams and X-rays.
R are useful due to their permanent source, high
efficiency associated with their penctrating power and their
easy replacement. Electron-beam accelerators do not rely on a
radivactive source and present the advantage that they are able
to be switched on and off depending on the necessity,

Radiation technologies are safe processes becoming part of
the solution for many countries to develop new tools and
approaches mn different areas, ranging from health and the
environment to mdustry and infrastructure.””

5.1. Radiation Processing. lonizing radiation is currentl
used for different apphcationt medical dmoc sterilization,
material modification, * heritage preservation, ~ or wastewater
treatment, " among others. Contrarily to ethylene oxide
treatment that can leave toxic residues on treated products,
lonizing radiation can be safely used to sterilize healthcare
products such as syringes, surgical gloves, or tissue allografts in
sealed packages, in order to reduce the microbiological
contamination to acceptable levels.” This technology can
also be applied on the preparation and functionalization of
hybrid materials !ha! are used for biomedical applications and
food packaging. ' On the other hand, Borrely et al. (2016)™
demonstrated that clectron-beam radiation was capable of
reducing the color (>90% at 2.5 kGy) and toxicity of three
different textile effluents and Madureira et al.” showed the
radiolytic degradation of phenolic adds present in wastewaters
from the cork industry. In addition, y-radiation was used to
decontaminate and preserve parchment documents as an
alternative to the chemical (e.g., fumigants) and nonchemical
(e.g, modified indoor atmospheres) treatments that induce
toxicity and deterioration of the documents.”*

Both types of iradiation have also been used for food
processing and have shown to be effective in reducing
pathogenic bacteria, climinating parasites, decreasing post-
harvest sprouting, and extending the shelf life of fresh
perishable food. ™ Furthermore, irradiation can also be applied
to enhance extraction or improve the bioactive properties of
some of the chemical compounds present in food, wastes, and
plants, In the present review, we will focus on the extractability
and bioactive properties of agro-industrial residues.

5.2, lonizing Radiation in Agro-Industrial Residues:
Enhancement of Phenolic Compounds Extractability
and Bioactive Properties. Although there is no ideal
method for extracting bioactive compounds, ionizing radiation
technologies have proven to improve the extraction yield and
bicactive properties of agro-industrial residues. In recent years,
several studies have been published regarding the extractability
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and bioactive properties improvement of chemical compounds
from irradiated food and agro-wastes, demonstrating the high
potentiality of this treatment (Table 2).

A study developed by Madureira et al. (2017)”" revealed
that z-radiation at 100 kGy was capable of improving (34—
62%) the antioxidant activity of wastewaters generated during
Q. suber L. pro »% Taheri, Abdullah, Karimi, Oskoueian,
and Ebrahimi (2014)™ demonstrated that 20 Gy of y-radiation
was enough to significantly increase the total phenolics (2-
fold) and total flavonoids (2-fold) contents in Curcuma
altsmatifolia. Gagnep, leaves compared to the nonirradiated
ones. An increase of 35% on total phenolic content was
observed in water extracts of Rosmarinus officimalis L. leaves
irradiated at 30 kGy but not in methanol or ethanol extracts.”’
The authors associated this increase with the presence of
diterpenes In rosemuy that amld result in water-soluble

i type comp adiati For their part,
Khattak and Rahman (20[6)"' showed that y-radiation doses
up to 125 kGy enhanced the levels of certain phytochemicals
(phenolic acids, flavonoids, tannins, and saponins) and
increased the DPPH scavenging activity and extraction yield
of Zeziphus mauritiana Lam. leaves extracts.

Harrison and Were (2007)"" reported two  different
irradiation levels causing the enhancement of the total phenolic
content and antioxidant activity of Prunus amygdalus Batsch.
skin extracts, although dependent on the almond skin origin.
Almond skins supplied by the company Blue Diamond
Growers showed an increase in phenolic content at imadiation
doses higher than 4.05 kGy (about 45% compared to the
control), while almond skins from Campos Brothers showed
an increase in phenolic content at irmadiation doses higher than
12.7 Gy (about 20% compared to the control).

Apple pomace is another interesting source of phenolic
compounds. Irradiation of apple pomace flour at | kGy
enhanced the extractability of individual and total phenolic
compounds, as well as the antioxidant potential.™ More
specifically, total phenolic compounds increased from 363 +
50 mg/100 g (0 kGy) to 661 + 33 mg/100 g (1 kGy) and
antioxidant capacity by FRAP assay increased more than 50%
(from 3619 + 1,36 10 57 + | | trolox equivakents/g for
nonirradiated and irradiated at 1 kGy sample, respectively).

Chestnuts are also another important source of polyphenols
with antioxidant potential. Anténio et al. (2011)™ reported an
increase of the antioxidant capacity in Castanca sativa Mill
skins irmadiated at 0.54 kGy of 64% evaluated by the fi-carotene
bleaching inhibition assay,

5.3. Radiation Chemistry. The effect of ionizing radiation
on extraction yields can vary depending on the compounds
that constitute the studied matrixes. The increase in total
phenolic and flavonoid contents on irradiated samples could be
due to the release of these compounds from matrix structures,
increasing the extractability of certain molecules, or the
degradation of larger compounds (e.g,, tannins) into smaller
ones by the radiolytic action of ionizing radiation,"” The higher
extractability can be explained by changes in cellular structures,
namely, by the depolymerization and dissolution of the cell
wall polysaccharides by imadiation™ ™™ Moreover, irmadi-
ation is recognized as promoting the activity of phenylalanine
ammonia-lyase, responsible for the synthesis of phenolic
compounds,”” and, consequently, the enhancement of
antioxidant activity,

In addition, 2s mentioned above, the increase or decrease on
the mﬁoﬂdants us strongly dependent on the solvents used for
the extraction.”

6. APPLICATIONS OF BIOACTIVE COMPOUNDS
EXTRACTED FROM AGRO-INDUSTRIAL RESIDUES

With the growing mterest of consumens toward food bioactives
that provide beneficial effects on human health promotion and
disease risk reduction, the extracts from iadiated residues
with improved properties can be incorporated in food products
and contrbute for the development of functional foods.
Different investigations have focused on the development of
functional foods through fortification, which consists of
incorporating one or mere bioactive compounds in order to
correct or improve a potential biological activity of the food
product. There are several studies concerning the incorpo-
ration of bioactive compounds from agro-industrial residues
into different dietary matrixes of hrgh importance, namely,
bread, pastry, biscuits, and yogurt.” Myrdana dubia
(Kunth) McVaugh peel was used to fortify yogurt,”' resulting
in an enhancement in bicactive components in the new
product without significantly altering its nutritional composi-

tion and fatty acid profile. Punica granatum L. epicarp extracts
were incorporated in a typical Brazilian pastry product.”™ The
new formulations showed greater antioxidant activity that
remained unchanged during the 14 days of storage. At the
same time, the cake prepared by new formulations presented a
rose color and a soft texture, which can also be important
factors for the consumer acceptance. Also, Hallabo et al”
substituted wheat flour of biscuits by 6% peel powders of M.

indica L. cv. Copania, A cepa, and Solanum tuberosum L. The
obtained results demonstrated that the new prepared biscuits
had higher antioxidant activity, total carotenoids, and total
polyphenols than the comml ones. In another study performed
by Mildner-Szkudlarz et al,”* a new formulation for sourdough
mixed rye bread was produced incorporating a maximum of 6%
grape byproducts and presented an improvement in anti-
oxidant activity due to the higher values of phenolic
compounds.

There are a few patents on the application of agro-industrial
residues on food products.”” For example, a straightforward
method for obtaining polyphenol extracts from white grape
residues to having antioxidant and antibacterial properties was
patented to be used on an industrial scale in the cosmetic,
pharmaceutical, and/or food industries.”” Another process
that utilizes cheese/yogurt whey and fruit pomace to directly
yiel extruded, ready-to-eat products such as breakfast cereals,
healthy snacks, protein puffs, and nutrition bars, among other
food items, was also patented.”

The actual trend is the bioactive :ompounds production by
extraction from residual food sources,” although further
research on the imadiation of different agro-industrial residues
should be performed to increase its applicability and to valorize
the wastes by enhancing their health benefits and maintain
environmental sustainability.
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Resumen

Los residuos generados durante el proceso de extraccion del aceite de oliva presentan
un elevado impacto negativo para el medio ambiente, aunque también contienen una
variedad de compuestos bioactivos considerados beneficiosos para la salud. La gama
de actividades biolégicas, propiedades tecnolégicas y efectos farmacol6gicos que
pueden presentar hacen que, después de una adecuada extraccién y purificacion, estos
compuestos se puedan utilizar, por ejemplo, como antioxidantes alimentarios 0 como

principios activos en productos nutracéuticos y cosméticos.

En este articulo se revisan los diferentes tipos de residuos generados por la industria
oleicola y sus caracteristicas generales, para después enfocarse en el estudio del orujo
de aceituna producido por el sistema de dos fases y explorar las aplicaciones de los
principales compuestos presentes en este subproducto. En particular, se discuten las
propiedades de hidroxitirosol, tirosol, oleuropeina y su aglicon y verbascdosido, como
compuestos bioactivos mas habitualmente abundantes en el orujo de oliva. Ademas de
su capacidad antioxidante, estos compuestos también presentan otras actividades
biolégicas, como antimicrobianos, anticancerigenos o antiinflamatorios, que pueden ser
de gran interés para la fortificacion de alimentos, elaboracion de suplementos y
alimentos funcionales o el desarrollo de nuevas formulaciones cosméticas o

farmacéuticas.

La revision realizada pone de manifiesto el enorme potencial del orujo de oliva para la
obtencion de ingredientes con caracteristicas saludables y de elevado valor afiadido. Es
necesario, sin embargo, continuar profundizando en el conocimiento de sus
propiedades, efectos y aplicaciones, asi como el desarrollo de nuevos procesos de
extraccién verdes y eficientes, que faciliten una mayor recuperacion de los compuestos
de interés con el adecuado grado de pureza para su utilizacion industrial. De este modo,
se podra contribuir a su valorizacién, asegurando la rentabilidad econémica y la

sostenibilidad ambiental.
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1 | INTRODUCTION

The wastes generated during the olive oil extraction process, even if present-
ing a negative impact for the environment, contain several bioactive compounds
that have considerable health benefits. After suitable extraction and purification,
these compounds can be used as food antioxidants or as active ingredients in
nutraceutical and cosmetic products due to their interesting technological and
pharmaceutical properties. The aim of this review, after presenting general appli-
cations of the different types of wastes generated from this industry, is to focus
on the olive pomace produced by the hwo-phase system and to explore the chal-
lenging applications of the main individual compounds present in this waste.
Hydroxytyrosol, tyrosol, oleuropein, oleuropein aglycone, and verbascoside are
the most abundant bicactive compounds present in olive pomace. Besides their
antioxidant activity, these compounds also demonstrated other biological prop-
erties such as antimicrobial, anticancer, or anti-inflammatory, thus being used
in formulations to produce pharmaceutical and cosmetic products or in the for-
tification of food. Nevertheless, it is mandatory to involve both industries and
researchers to create strategies to valorize these byproducts while maintaining
environmental sustainability.

KEYWORDS
bioactive compounds, cosmetics, food fortification, olive wastes, pharmaceuticals

United States of America, and South Africa became olive
oil producers (Dermeche et al,, 2013; Roig et al., 2006)

In the Mediterranean region, mainly in countries such us
Spain, Italy, Portugal, Greece, Syria, Moroceo, and Tunisia,
the olive oil production is one of the most important indus-
tries for their economy. European Union countries pro-
duce about 69% of the world's olive oil, being the leading
producer, consumer, and exporter of this product. In the
last years, other countries such as Argentina, Australia,

since the global consumption of olive oil has increased
worldwide. As the olive oil benefits for human health are
becoming widely recognized, the perspective is that of a
continuous increase in its consumption (and consequent
production) in the coming years.

The extraction of olive oil includes different processes
such as olive washing, olive crushing, malaxing of the
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2 | REVIE

BIOACTIVES FROM OLIVE INDUSTRY WASTES

DISCONTINUOUS OLIVE OIL
PROCESS  / PRODUCTION

~N

Ollve pomace
Olive oil

FIGURE 1

resulting pastes and the extraction itself (Roig et al., 2006;
Zbakh & El Abbassi, 2012). The extraction of olive oil can
be achieved through discontinuous (traditional pressing)
or continuous (centrifugation) processes. Concerning the
centrifugation processes, there are two possible systems,
called three-phase and two-phase systems, In the three-
phase system, a solid cake and two liquids, olive oil and
large amounts of an aqueous liquid known as olive mill
wastewater (OMWW) are generated. In the two-phase sys-
tem, less water is used during the process which means
that the volume of OMWW produced is reduced in com-
parison with the other process. In this system, besides olive
oil, a semisolid residue (wet pomace or olive pomace) con-
stituted by olive husk and OMWW is generated (Caporaso
etal., 201%; Rodrigues et al., 2015). Figure 1 summarizes the
processes for olive oil extraction, The two-phase system is
used in the modern units replacing the three-phase tech-
nology, in order to minimize the wastewater volume and
energy requirements (Dermeche et al,, 2013), In fact, Azbar
etal. (2004) indicated that two-phase technology saves pro-
cess water by 80% and energy up to 20%. Nevertheless, its
residues have a negative impact on the environment when
they are discharged without treatment, due to their high
toxicity and the resistance to biological degradation (Al-
Khatib et al,, 2009; Fiorentino et al., 2003; Khdair et al.,
2019; Pavlidou et al., 2014),

Although some papers are found describing the com-
position of olive wastes and their applications in different
areas (Bhatnagar et al., 2014; Galanakis, 2018; Rodrigues
et al,, 2015), there is no review that evaluated and com-
piled the possible applications for each of its main bioac-
tive compounds, individually. To our knowledge, the only
review describing the use of hydroxytyrosol as a func-
tional food ingredient, not only as pure compound but

N

TWO PHASE —> (Olive pomace

Olive oil
CONTINUOU!
PROCESS
-
Olive pomace
THREEPHASE —> | gjive ol
OMWW

Dilferent processes for olive ol production. OMWW, olive mill wastewater. Adapted from Rodrigues et al, (2015)

also in the form of hydroxytyrosol-rich extracts, was pub-
lished by Silva et al. (2020). In the present review, the
applications of the different wastes generated from the
olive oil industry will be described. After that, the review
will focus on the solid residue (olive pomace) produced
by modern two-phase system. Phenolic characterization
and quantification will be discussed and the challenging
applications of the individual compounds will be carefully
explored.

2 | POTENTIAL APPLICATIONS OF
OLIVE WASTES

Regardless of its negative environmental impacts, the
potential added value of olive wastes for numerous sec-
tors is well known. In the literature, there are a few
reviews reporting the different applications for olive wastes
(Dermeche et al., 2013; Roig et al., 2006).

Olive wastes have been used as soil amendment, to
increase soil fertility and organic carbon stored in the
agro-systems (Federici et al., 2017, Majbar et al, 2018,
Regni et al., 2017). Fernindez-Hernandez et al. (2014)
observed amended soils with higher content of nitrogen,
phasphorus, potassium, and organic matter than the soil
treated with inorganic fertilizer when using olive wastes
composts mixed with different agro-industrial wastes
applied to an olive grove in Spain. The increase of soil
fertility produced an increase in the olive oil content of
the fruits (Ferniandez-Herndndez et al, 2014), although
other researchers considered that recycling these wastes
could promote soil phytotoxicity, considerable decline in
soil germination capability, and necrosis of the olive leaves
(Arvanitoyannis & Kassaveti, 2007).
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Olive wastes can also be used as biomass to produce
renewable fuels (Tayeh et al., 2014; Al Afif & Linke, 2019;
Al-Addous et al., 2017; Messineo et al,, 2020; Rincon et al.,
2013; Romero-Garcia et al,, 2014; Serrano et al., 2017;
Valenti et al., 2017). In a recent review paper, Messineo
et al. (2020) reported the latest achievements in anaero-
bic digestion of olive mill residues in order to produce bio-
fuels. In that review, the authors described not only the
aspects of the process but also the existing pretreatments of
olive wastes (Battista et al., 2016; Rincon et al., 2013; Sicil-
iano et al,, 2016) which are applied to induce the decom-
position of the complex lignocellulosic structures before
anaerobic digestion (Kumari & Singh, 2018). Serrano et al,
(2017) proposed a thermal pretreatment and a subsequent
phenolic recovery before the anaerobic digestion step to
improve methane production. Furthermore, some chemi-
cal and physical pretreatment methods, such as ultrasonic
pretreatment, basic pretreatment with sodium hydroxide,
calcium carbonate, and/or hydrogen peroxide were used to
optimize hydrogen and bicethanol production from olive
oil production residues (Battista etal,, 2016; Siciliano et al.,
2016).

Other way to valorize olive wastes is to convert them
into inexpensive adsorbents for water pollution control
(Anastopoulos et al., 2015), in particular, heavy metals
(Abdelhadi et al.,, 2017; Fernindez-Gonzélez et al., 2019;
Fernando et al., 2009; Martinez-Garcia et al., 2006; Martin-
Lara et al., 201%; Pagnanelli et al., 2003). Martinez-Garcia
et al. (2006) observed that olive wastes maintained their
adsorptive capacity over 10 cycles. Moreaver, the ability
of these biosorbents to adsorb several metal ions may
increase their potential application on industrial wastew-
ater treatment (Abdelhadi et al., 2017; Martinez-Garcia
etal., 2006).

Other interesting and valuable use of olive mill wastes
is to replace fresh water in brick manufacturing which
contributes to a reduction of the water consumption (De
La Casa & Castro, 2014; de la Casa et al., 2009; Eliche-
Quesada et al., 2014; Mekki et al., 2006; Mekki et al., 2008),
Comparing their physical properties with control products
using fresh water, promising results have been obtained
showing a significant increase in the volume shrinkage
(10%) and the water absorption (12%), while the tensile
strength remained constant (Mekki et al., 2008). Similar
results were observed by de la Casa et al. (2009) also with
the improvement by 33% of the dry-bending strength when
compared to the control bricks.

In order to contribute to a more sustainable food pro-
duction, the wastes generated from olive industry can also
be transformed into animal feed (Dunne, 2019; Estatin
et al., 2014; Gerasopoulos, Stagos, Kokkas, et al., 2015;
Gerasopoulos, Stagos, Petrotos, et al., 2015; Molina-Alcaide
et al., 2010; Rojas-Cano et al., 2014), although it is neces-

sary to pay attention to their digestibility, palatability, and
safety (Rojas-Cano et al,, 2014). Rojas-Cano et al. (2014)
demonstrated that the inclusion of olive seap stocks in the
diet of growing crossbred Iberian pigs did not affect the
apparent digestibility of nutrients or body protein accre-
tion but increased the energy value of the diet, Also, Serra
et al. (2018) found that the swine diet was improved by the
inclusion of olive wastes, Lipid oxidation slowed down
in the sausages despite the higher and lower contents in
polyunsaturated fatty acids (PUFAs) and saturated fatty
acids, respectively, compared to the controls. In another
study, it was observed that feed blocks containing olive
pomace could improve the quality of milk compared with
a conventional diet with no impact on the milk yield and
reducing the feeding costs (Molina-Alcaide et al., 2010).
Similarly, for broiler chickens, the use of olive wastes
extracts was effective in reducing the oxidative stress and
led to higher antioxidant capacity in plasma and tissues
(Gerasopoulos, Stagos, Kokkas, et al,, 2015).

With increasing consumer demand for healthier food,
the industry and the scientific community started to pro-
duce new functional ingredients for food and beverages.
The recent pandemic situation also affected the food sec-
tor, mainly food safety and security, becoming more impor-
tant in the development of sustainable and modern food
systems (Galanakis, 2020; Galanakis et al., 2021). Thereby,
the supplementation of consumers’ diets with bioactive
ingredients (vitamins, peptides, polyphenols, and lipids)
can be an important key for the prevention or recovery
from COVID-19 disease (Galanakis et al., 2020), The addi-
tion of OMWW and olive paste, individually or combined,
to bread and pasta was assessed by Cedola et al. (2020)
and Simonato et al. (2019). The results demonstrated that
the enrichment of bread and pasta with OMWW slightly
improved the chemical quality without compromising the
sensory properties, whereas the enrichment with olive
paste considerably improved both phenolic contents and
antioxidant activity although the sensory acceptability was
worse due to its bitter and spicy taste, The combination
of the two byproducts in the fortification of bread and
spaghetti increased the whole quality index, being higher
for bread (Cedola, Cardinali, etal., 2020). The fortification
of wheat pasta with olive pomace also enhanced the dietary
fiber of the final product, while increasing its firmness and
decreasing its cooking time (Simonato etal., 2019). In other
study, the bread and rusks fortified with olive polyphenols
(200 mg of polyphenols/kg) demonstrated higher antimi-
crobial activity and extended their shelf life from 10 to
15 days (Galanakis et al., 2018). Moreover, the addition of
olive leaf extracts to poultry meat decreased the microbial
growth and maintained both chemical quality and sensory
attributes (Saleh et al., 2020), thus extending the shelf life
of the meat when refrigerated for 15 days.
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Olive byproducts are abundant sources of bioactive phe-
nolic compounds (El-Abbassi et al,, 2012; Madureira et al,
2020; Nunes et al., 201%; Yakhlef et al,, 2018) that have
promising potential as antioxidant, anti-inflammatory, and
antimicrobial agents (Bulotta et al., 2014; Leouifoudi et al.,
2014; Schaffer et al., 2010). Hence, the recovery of phe-
nolic compounds from these wastes, after suitable purifi-
cation, presents considerable interest for food and bev-
erage (Arafjo et al., 2015; Caporaso et al., 2018, Zbakh
& El Abbassi, 2012), cosmetic (Galanakis et al, 2018;
Rodrigues et al,, 2017; Rodrigues et al., 2015), and nutraceu-
tical (Vitali Cepo et al.,, 201%) industries, due to their inter-
esting pharmaceutical properties. In the last years, the
extracted phenolic compounds have also been used to pro-
duce biodegradable packaging materials for various types
of food products to replace the synthetic ones (de Moraes
Crizel et al., 2018; Lammi et al., 2018), de Moraes Crizel
etal (2018) studied the incorporation of 30% olive pomace
flour in chitosan based films, protecting nuts against oxi-
dation during 31 days. Lammi et al. (2018) developed
biodegradable olive pomace-based fillers with lower stress
and elongation at break and reducing costs,

3 | BIOACTIVE COMPOUNDS
EXTRACTED FROM OLIVE POMACE

As previously discussed, in order to eliminate the OMWW
generated in the three-phase system, the two-phase tech-
nology has emerged in the last 0 years, producing one
major residue, olive pomace. Olive pomace comprises
the olive husk and the OMWW, being one of the most
polluting agricultural byproducts in the Mediterranean
region (Papaioannou et al., 2013). Nevertheless, despite
the very important polluting aspect, this waste contains
high amounts of added value compounds, such as pheno-
lic compounds, in variable amounts depending on several
factors, such as olive variety and cultivar, harvest time, pro-
cessing methods, and extraction process (Dermeche et al.,
2013).

Cioffi et al. (2010) reported oleuropein (81.7-83.9 mg/kg
of dry weight) and ligstroside aglycone (27.1-31.1 mg/kg
of dry weight) as the most abundant compounds of
olive pomace from Cilento National Park (italy). In olive
pomace from Algeria, oleuropein (144 mg/g of dry weight)
was also detected as the major compound, and secoxylo-
ganin (55 mg/g of dry weight), loganin (47 mg/g of dry
weight), and cyanidin-3-glucoside (39 mg/g of dry weight)
were observed for the first time in olive wastes (Moudache
et al,, 2020). On the other hand, Madureira et al. (2020)
described hydroxytyrosol (25 mg/g of extract) as the main
phenolic compound present in olive pomace from the
region of Alentejo (Portugal), followed by hvdroxytyrosol-

1-B-glucoside (9.8 mg/g of extract) and tyrosol (5.9 mg/g of
extract), which is consistent with the observations made
by Malapert et al. (2018). These authors also described
hydroxytyrosol (370.7 mg/L), hydroxytyrosol glucoside
(165.2 mg/L), and tyrosol (1484 mg/L) as the major com-
pounds present in olive pomace from Baux-de-Provence
(France). Additionally, Nunes et al. (2015) observed that
hydroxytyrosol and comsegoloside represented about 79%
of the total phenolics present in olive pomace from the
region of Trias-Os-Montes (Portugal). On the other hand,
Rubio-Senent et al. (2012) observed high quantities of 3,4
dihydroxyphenylglycol, elenolic acid derivatives, and com-
segoloside besides hydroxytyrosol and tyrosol, Further-
more, verbascoside, gallic acid, caffeic acid, vanillic acid,
oleuropein aglycone, p-coumaric acid, rutin, luteolin-7-
O-rutinoside, and luteclin-7-O-glucoside were reported in
lower amounts (Cioffi et al., 2010; Madureira et al., 2020;
Malapert et al., 2015; Peralbo-Molina et al., 2012; Rubio-
Senent et al., 2012),

Different methodologies for the extraction of these
bicactive compounds from olive pomace can be performed
using conventional and emerging technologies. Conven-
tional techniques are based on solid-liguid extraction (Car-
daoso etal., 2005; Madureiraetal,, 2020; Sudrez et al., 2009),
but have some limitations namely long extraction times,
high-energy dissipation, and low extraction selectivity and
purity. In these ways, new and promising techniques were
developed, such as ultrasound-assisted extraction (Gold-
smith et al., 2018; Nunes et al., 2018), microwave-assisted
extraction (Chanioti & Tzia, 2018; Xie et al., 2015), pres-
surized liquid extraction (Pavez et al., 2019), and super-
critical fluid extraction (Caballero et al., 2020) in order to
improve the extraction yield of phenolic compounds from
olive pomace.

Table 1 describes the main phenolic compounds found
in olive pomace and their MS data.

4 | APPLICATIONS OF THE MAIN
BIOACTIVE COMPOUNDS EXTRACTED
FROM OLIVE POMACE

The possible applications of the bioactive compounds from
olive pomace in different areas, after suitable purification,
can be the focus of a sustainable valorization in innovative
products. This contributes notonly to enhance the sustain-
ability of the olive sector, but also for economic and envi-
ronmental aspects.

Figure 2 shows the chemical structures of the bicactive
compounds discussed in this review. Table 2 summarizes
the major compounds present in olive pomace and their
health benefits, while Table 2 outlines the existing patents
on applications of these compounds and Table 4 the
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TABLE 2 Health effects reported for the main phenolic compounds present in olive pomace

e II o
Hydraxytyrosol

Verbascoside

Oleuropein aglycone

Antioxidant, anti-inflammatory and
anti-aging agent

Anticancer propertics

Antimicrobial properties
Protector against cardiovascular diseases

Protector against high cholesterol
Protector against digestive disorders
Skin protector

Prevention and treatment of osteoporosis:

Prevention of HIV infection and/or
HIV-derived diseases
Blood pressure lowering

Protector against cardiovascular diseases -

Neuroprotective properties
Anticincer properties

Antimicrobial properties

Skin protector

Hepatoprotective properties

Gastroprotective propertics

Anti-diabetic properties

Anti-obesity properties

Prevention of osteoporosis

Muscle damage inhibitor

Cholesterol efflux promotor

Intestine mucosa prolector

Anti-diabetic propertics

Prevention of hypertension

Protector against cardiovascular diseases

Prevention of osteopenia

Antioxidant and anti-inflammatory
properties

Anticancer properties
Hepatoprotective properties
Wound healing properties
Anti-hypertensive activity
Anti-diabetic properties
Hypoglycemic activity

UV protector

Neuroprotective properties
Anti-neurodegeneritive propertics

o

Jeon and Choi (2015), Pérez-Bonilla et al. (2014);
Takeda et al, (2014)

Bemini et al. (2017); Imran et al, (201%); Romero etal
(2007)

Medina et al. (2007)

Bulotta et al. (2014; Tejada et al, (2016); Vilaplana-Pérez
etal (2014)

[llesca et al. (2019¢); Tabern (2014)

Sanchez-Fidalgo et al. (2012)

D'Angelo et al, (2005); Smerigiio et al, (2019)

Hagiwaru et al. (2011)

Bedoya et al. (2016); Lea-Huang et al, (2003, 2007)

Zbidi et al. (2009)

Sun et al. (2017)

Zhao et al. (2017)

Sarbishegi et al. (2014)

Imean et al. (2018); Ruzzolini etal. (2015); Shamshoum
etal. (2017)

Lietal (2016); Liu et al. (2017)

Kimura and Sumiyoshi (2009); Perugini et al. {2008)

Kim ¢t al. (2014); Santini et al. (2020)

Koc etal. (201%)

Annunziata et al. (2018); Qadir et al. (2016)

Svobodova et al. (2004)

Filip et al, (2014); Hagiwara et al. (2011)f

Leeetal (2018)

Berrougui et al. (2015)

Giovannint et al, (1999)

Chandmmohan and Pari (2016); Zhang et al. (2019)

Plotnikov et al. {2018)

Samuel et al. {(2008)

Puel et al. (200K)

Cardinali et al. (2012); Chen et al. (2012); Funes et al.
(20109); Funes et al. (2010); Qiao et al. (2019);
Vertuani et al (2011)

Ma et al. (2020); Ohno et al, (2002)

Cul etal. (2018)

de Mouri Sperotto et al, (201%)

Chenet al. (2012)

El-Marasy et al. (2020); Liu ¢ al. (2013)

Morikawa et al. (2014)

Potapovich etal. (2013)

Xia et al. (2018)

Casamenti ct al. (2015); Cordero et al. (2018); Grossi
et al. (2013); Palazzi et al. (2018)

‘ (Continues)
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TABLE 2 (Continued)
. Anticancer properties
Lipid-Jowering properties
Anti-hyperglycemic properties
Anti-obesity propertics
Antimicrobial properties

HIV, hurman immunedeficiency vinus;, UV, ultrmiolet.

fortified food with the presented bioactive compounds.

As the most abundant bicactive compounds in olive
pomace, hydroxytyrosol, oleuropein, and tyrosol will be
discussed first in thissection, followed by verbascoside and
oleuropein aglycone, which are present in lower amounts
in this residue but have beneficial properties and potential
applications that should be explored.

4.1 | Hydroxytyrosol

Hydroxytyrosol (Figure 2), also known as 34-dihydro-
xyphenylethanol (DOPET), 34-dihydroxyphenolethanol
(3.4-DHPEA), or 4-(2-hydroxyethyl)—1,2-benzenediol by
the International Union of Pure and Applied Chemistry
(IUPAC), is one of the most powerful naturally derived
antioxidants with higher antioxidant potential than buty-
lated hydroxytoluene (BHT), trolox and vitamins C and E

Tyrosol

Hydroxytyrosol

Verbascoside

e
Menendez et al. (2007)
Leenen et al. (2002)
Rigacei et al. (2010)¢
Oi-Kano et al, (2017)
Bisignano et al. (2014)

(Pérez-Bonilla et al., 2014; Zbidi et al., 2009). Hydroxyty-
rosol is a main product of the hydrolysis of oleuropein (Liu
et al,, 2018) which occurs during the ripening of the olives,
storage of the oil, and preparation of table olives, and it is
responsible for the complexity and variety of the oil and
olive flavors. Due to its amphipathic character, hydroxyty-
rosol can be found not only in olive and in olive leaf, but
also in olive oil byproducts in a free form, as acetate form
or as part of more complex compounds like oleacein, ver-
bascoside, and oleuropein,

There are different patented methods to obtain purified
hydroxytyrosol from products and byproducts of olive oil
industry to be used in food, cosmetic, and pharmaceuti-
cal industries (Table 3), Thus, nanofiltration and reverse
osmosis were patented as clean technologies to purify
hydroxytyrasol (de Magalhdes Nunes da Ponte et al., 2014),
whereas a process using resins was patented by Fernandez-
Bolanos Gusman et al. (2005),

OH

Me” X0

HO 2
Ho:Cv‘o o el

Oleuropein aglycon

FIGURE 2 Chemical structures of some of the main phenolic compounds present in olive pomace, discussed in this review
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TABLE 3 Patents on the application of phenolic compounds present in olive pomace

% Patent
WO 2004/069218 Al

EP M48131 Al

WO 2007/012057 A2

WO 2007/051829 Al

WO 2008/128629 Al

WO 2009/013596 A2

US 2010/0297330 Al

WO 2010/070183 Al

WO 2011/141611 Al

US 2011/0144040 Al

WO 2011/153647 Al

Subject

Cosmetic formulation containing
verbascoside to use as a stimulant agent
for the production of thermal shock
proteins and as an inhibitor of
collagenase and elastase and stimulant of
hydroxylases.

Medicinal prepantion with verbascoside
(5%-40%) as active ingredient of a drug
used to prevent senile dementia and
inhibit aggregation of blood plutelets.

Production of a hydroxytyrosol-rich
formulation fo treat skin inflammations,
such as psoriasts, eczema, allergic
dermatitis, phytohypersensitivity,
dermatosis, and lichen urticatus.

Preduction of a medication using
oleuropein for preventing and/or
particularly venous insufficency.

Production of a nutraceutical composition
with hydroxytyrosol for regeneration and
repair of cartiluge injuries in joints,

(fortified edible oils, fortified edible
oil-containing products, and dietary
supplements in the form of soft gel
capsules containing fortified edible oils)
to prevent or treat cardiovascular
diseases, plague build-up in the arteries,
arterial hypertension, and metabolic
syndrome.

Production of yogurts with hydroxytyrosol
to increase the antioxidant activity,
preserving their organoleptic
characteristics and stability for at least
three months, having the role of
preventing diseases.

Preparation of therspeutic compositions
with oleuropein as active ingredient to
induce angiogenesis and vasculogenesis.

Pharmaceutical compositions containing
oleuropein as the only active ingredient
to heal wounds and ulcers in cldery
people and/or diabetics.

Compositions containing verbascoside and
verbascoside-rich extracts to increase
strength, muscle power, endurance,
muscle protein content, and to reduce
fatigue.

Pharmaceutical compesition containing
hydraxytyrosol and xanthohumol to treat
asthma and rhinitis,

Cosmetic industry

Pharmaceutical industry

Pharmaceutical industry

Pharmaceutical industry

Nutraceutical industry

Nutraceutical industry

Pharmaceutical industry

Pharmaceutical industry

Nutraceutical industry

Pharmaceutical industry

Year of v
Robin and Rolland

2004
(2004)
2005 Tu et al. (2005)
2007 Numano et al. (2007)
20007 Martin et al, (2007)
2008 Raederstorff et al, (2008)
20089 Mis etal, (2009)
2010 Villanova et al. (2010)
2010 Quesada-Gomez et al.
(2010)
201 Quesada-Gomez et al.
(zon)
201 Panyam and
Chavanpatil (2011)
20n Ehrenberger and

Bieberschulte (2011)

(Continues)
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TABLE 3 (Continued)

# Patent

US 2012/0260922 Al

US 8574635 B2

WO 2013/084249 Al

US 2014/0011756 Al

ES 2462565 Al

WO 2016/087428 Al

US 2017/0367995 Al

ES 2734600 Al

US 2019/012952 Al

US 2020/039%0793 Al Composition (food product or food
supplement) with oleuropein to be
administrated to treat, prevent, or reduce
the progression of sarcopenia.

Subject |
New microbicide formulation containing

hydraxytyrosol and other existing drugs

to prevent sexually transmitted discases,

such as HIV-infection.
Methods and pharmaceutical

with oleuropein and its derivatives, to
inhibit HIV-infections and also to treat
obesity and type 2 diabetes, or related

disorders.

Deetary supplement containing a mixture
of verbascoside and teupolioside for
prevention of hypercholesterolemia, The
invention is also related to the
production of foodstuffs (milk, eggs,
meat ) with reduced cholesterol content,

rich in vitamins A and E.

Process of compositions production with
hydraxytyrosol and oleuropein for
treating HIV-associated neurological
disorders, inflammation, and
inflammation-ussociated disorders.

A dermocosmetic containing

hydraxytyrosol to inhibit melanin
synthesis and to reduce skin coloration,
which can work as a whitening,

lightening, and depigmenting agent of

skin.

Process to fortify edible oils with
hydrexytyrosol to be used in all ficlds of

nutrition.

A method for production of a formulation
comprising hydroxytyrosol (40%-90%)
and at least one additional polyphenol to
treat neurodegenerative diseases, such as

Parkinson in early stage,

A pharmaceutical and nutraceutical
composition using aloe vera gel
(90%-99.9%) and hydroxytyrosol
{0.35%-10%) for the production of a
dietary supplement for the control off
glycemic index and cholesterol or &
medication for the treatment and/or
prevention of metabolic syndrome and
type 2 diabetes and as a food supplement.

Method for production of beverages
containing hydroxytyrosol without

chunging smell and flavor.

HIV, human immunodeficiency virus.

Pharmaceutical industry

Pharmaceutical industry

Nutraceutical industry

Pharmaceutical industry

Cosmetic industry

Nutraceutical industry

Pharmaceutical industry

Nutraceutical and
Pharmaceutical
industry

Food industry

Nutraceutical industry

2012

2013

2013

204

2014

2016

2017

2019

2019

Gomez-Acebo et al.
(2012)

Lee-Huang et al, (2013)

Casamassima (2013)

Crea (2014)

Codina and Monjo
(2014)

Bulbarello and
Leuthardt (2016)

Crea (2017)

Femindez Arche et al.
(2019)

Fuwa ¢ al. (20091

Boutry et al. (2020)
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TABLE 4 Fortified food with phenolic compounds present in olive pomace

Phendlic compound  Food
Hydraxytyrosol

Beer

Biscuits

Sausages und meat
patties

Fish patties

Yogurts

Oleuropein Pasteurized milk

Yogurts

Meat burgers

Salmon burgers

Verbascoside Sausages

Red and white wine

.‘m‘: 1 5 ‘m‘ r { “‘“ 'v:

Improvement of the color for at least 6
months,

5 g/L of hydroxytyrosol imparted & more soft
and pleasant flavor and aromi

Improvement of antioxidant activity, total
phenoel and flavonoid contents; Decrease of
the levels of axidized low-density
lipoproteins in biood.

Increase of antioxidant activity and decrease
of lipid and protein oxidation until 9 or 21
days of storage, maintaining color and
texture; Reduction of undesirable fung.

Delay of lipid oxidation; Preservation against
pathogens, extending shelf life of the
product.

Improvement of the growth of lactic acid
bacteria; Prevention of the spoilage during
fermentation.

Extension of the shelf life by 60% with
7.57 mg oleuropein/100 ml milk.

Enhancement of rheological properties
(higher firmness and viscosity and less
Syneresis).

Delay of oxidation, increasing shelf fife of the
product.

Reduction of lipid oxidation,

Antifungal activity without compromising

o

Raposo et al. (2016)
Guglielmotti et al, (2020)

Cedola, Palermo, et al. (2020);
Mateos et al. (2016)

Balzan et al. (2017); Chaves-Lopez
et al. (2015); Muifio et al. (2017);
Nieto et al., 20170, 2017b)

Martinez et al. (2019)

Georgakouli et al. (2016)

Palmeri et al. (2019)

Zoidou etal (2017)

Elama et al. (2017)

Khemakhem etal. (2019}
Chaves-Lopez etal. (2015)

sensary characteristics.

This compound has been described as an antioxidant
with many biological activities (Table 2) (Bertelli et al.,
2020; Markovi¢ et al., 2019; Vilaplana-Pérez et al., 2014).
There are many studies proving its antioxidant, anticancer,
anti-inflammatory, and antimicrobial activities (Bernini
etal,, 2017; Bernini et al,, 2015; Imran et al., 2018; Jeon &
Choi, 2018; Medina et al., 2007; Pérez-Bonilla et al., 2014;
Romero etal., 2007; Takeda et al,, 2014). In addition, it was
reported to act as a protector against high cholesterol blood
levels (Tabern et al,, 2014), metabolic diseases (Bulotta
et al., 2014; Fki et al., 2020), genotoxicity, cytotoxicity and
proapoptotic effects (Anter etal., 2014; Bernini etal., 2012),
oxidative stress (Loru et al., 2009; Merra et al., 2014), and
digestive disorders (Sinchez-Fidalgo et al,, 2012), Other
works have focused on the use of hydroxytyrosol in cardio-
vascular diseases (Bulotta et al., 2014; Tejada et al., 2016;
Vilaplana-Pérez etal., 2014).

D'Angelo etal. (2005) and Smeriglio et al. (2019) demon-
strated the dermatological properties of hydroxytyrosol
to prevent protein damage induced by long-wavelength
ultraviolet radiation in melanoma cells or to counteract
atopic dermatitis, respectively. More specifically, Smeriglio

et al. (2019) investigated the safety and efficacy of the
Fenolia®) Eudermal Cream 15 containing hydroxytyrosol
in its formulation, which was demonstrated to be effec-
tive in improving the epidermal barrier effect, preventing
inflammation, and repairing the skin. Actually, hydrox-
ytyrosol is already used as an ingredient in different
cosmetics, including anti-aging and lightening/whitening
products. There are a few patents to produce cosmetics
with hydroxytyrosol. Codina and Monjo (2014) patented a
method to produce a dermocosmetic containing hydroxy-
tyrosol to inhibit melanin synthesis, reduce skin coloration
and work as a whitening, lightening, and depigmenting
agent of skin. Another hydroxytyrosol-rich formulation
was developed to treat skin inflammations, such as psoria-
sis, eczema, allergic dermatitis, photohypersensitivity der-
mataosis, or lichen urticatus (Numano et al., 2007),
Hydroxytyrosol has been proposed to promote fat and
cholesterol metabolism, effectively protect the liver func-
tion, and cure and/or prevent the occurrence of obesity.
In a study with high-fat diet fed mice, hydroxytyrosol
was used as a nutritional supplement to amend dys-
functional white adipose tissue (Illesca et al., 2019). The
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supplementation caused an improvement on adipocyte
hypertrophy and a decrease in oxidative damage, showing
it as a promising alternative to prevent obesity and its
associated metabolic disturbances. A pharmaceutical or
nutraceutical composition was developed and patented
by Arche et al. (2019) based on an aloe vera (90-99.9%)
and hydroxytyrosol (0.1%-10%) gel to be used as a dietary
supplement for the control of glycemic index and high
cholesterol levels or a medication for the treatment
and/or prevention of metabolic syndrome and type
2 diabetes.

An interesting study by Hagiwara et al. (2011) pro-
posed the use of hydroxytyrosol on osteoporosis’ preven-
tion and treatment, since this compound stimulated the
deposition of calcium in a dose-dependent manner. Fur-
thermore, nutraceutical and pharmaceutical compositions
with hydroxytyrosol were patented for regeneration and
repair of cartilage injuries in joints (Raederstorff et al.,
2008).

A formulation comprising hydroxytyrosol (404%-90%)
and at least one additional olive polyphenol was developed
for the treatment of neurodegenerative diseases such as
Parkinson in the early stages of the disease (Crea, 2017).
The inventors described the administration of daily doses
of capsules (72 mg olive polyphenols, including 30 mg
hydroxytyrosol) to subjects for some weeks, noticing con-
siderable improvementsin their movements and reduction
of the tremor after the first weeks,

The use of hydroxytyrosol to prevent human immun-
odeficiency virus (HIV) infection and even to palliate
HIV-derived diseases has also received special attention
(Bedoya et al., 2016; Lee-Huang et al., 2007; Lee-Huang
et al, 2003). Bedoya et al. (2016) observed that 5-
hydroxytyrosol inhibited HIV-1 infections of recombinant
or wild-type viruses in human lymphoblastic cells (MT-2
cell lines) and human peripheral blood mononuclear cells
(PMBCs cell lines). The combination of this compound
with other drugs already used as a preventive treatment
against HIV-1 infections was also tested. Additive effects
were found with lamivudine and emtricitabine, whereas
the combination with tenofovir seemed to be synergistic.
These findings, which suggested that 5-hydroxytyrosol
could be an effective and low-cost new microbicide to
prevent the HIV infection with particular interest in coun-
tries with high incidence of transmission were patented by
Gomez-Acebo et al. (2012). Another method for producing
pharmaceutical compositions with phenolic compounds
extracted from olive byproducts, including hydroxyty-
rosol, for treating HIV-associated neurological disorders,
inflammation, and inflammation-associated conditions
was patented (Crea, 2014). This composition was produced
to be preferably used as a tablet formulation for oral
administration,

A formulation containing hydroxytyrosol and xantho-
humol as active substances in the form of an intranasal
spray was also patented to treat asthma and rhinitis as well
as to treat colds (Ehrenberger & Bieberschulte, 2011).

The European Food Safety Authority (EFSA) concluded
that there was sufficient scientific evidence to claim sev-
eral health benefits for hydroxytyrosol and related ofive
oil polyphenols (EFSA Panel on Dietetic Products, Nutri-
tion & Allergies, 2011), and that no concerns exist about
its safety to be used in novel food preparations under pro-
posed uses and levels (EFSA Panel on Dietetic Products,
Nutrition & Allergies, 2017). A summary on the uses of
hydroxytyrasol in fortified foods is collected in Table 4. A
comprehensive review on the applications of hydroxyty-
rosol as a functional food ingredient, either in the form
of pure compound or hydroxytyrosol-rich extrcts, was
recently published by Silva et al. (2020). In that review,
the authors described the use of this compound in edi-
ble oils, beverages, bakery products and meat, fishery,
and dairy products. Several food products with higher
antioxidant activity (fortified edible oils, fortified edible
oil-containing products, and dietary supplements in the
form of soft gel capsules containing fortified edible oils)
were patented by Mas et al. (2009) for preventing or treat-
ing cardiovascular diseases, plaque build-up in the arter-
ies, arterial hypertension, and metabolic syndrome, based
on their hydroxytyrosol-rich composition. Bulbarello and
Leuthardt (2016) patented capsules for oral consump-
tion of an edible oil fortified with hydroxytyrosol (more
than 250 mg hydroxytyrosol/kg fortified oil) to be used in
humans and animals in all the fields of nutrition. Besides
its health benefits, the fortification with hydroxytyrosol
can delay the oxidation of edible oils.

Moderate consumption of red wine has been suggested
to protect against cardiovascular diseases mainly due to its
high content in polyphenals (Santos-Buelga & Gonzilez-
Manzano, 2011). When hydroxytyrosol is added to red
{Raposo et al, 2016a) and white (Raposo et al., 2016b)
wines to replace the use of sulfur dioxide, an intensifica-
tion of color was noticed. The improvement on color was
maintained even after 6 months of storage for white wines,
whereas red wines were oxidized. Based on these results,
the authors suggested that the combination of sulfur diox-
ide with hydroxytyrosol could be a suitable condition to
reduce the sulfur dioxide content without compromising
the wine oxidation. Recently, Guglielmotti et al. (2020)
incorporated hydroxytyrosol in beer using olive leaves as
an ingredient in the form of dry crumbled leaves, infu-
sion and atomized extract, so as 1o explore their contri-
bution to bitterness and antioxidant activity of beer. The
ingredients were added during boiling phase of brewing,
in order to promote the hydrolysis of oleuropein of the
leaves to hydroxytyrosol. The results demonstrated that the
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addition of 10 g/L of olive leaves imparted a sour/astringent
taste and herbal aroma to the beers, whereas 5 g/L of olive
left a softer and pleasant flavor and aroma in compari-
son to the control. Fuwa et al. (2019) studied the possibil-
ity of prepanng a beverage containing hydroxytyrosel (0.5
to 50 mg/100 ml) to improve blood flow without chang-
ing smell and flavor. The authors formulated beverages
comprising ethanol and/or propylene glycol (0.05% to 0.5%
w/v), caffeine (10-210 mg/100 ml), and glucose and mal-
tose. The beverages with the most favorable taste were
found to be the ones with higher concentrations of caffeine
(>110 mg of caffeine/100 ml) and 0.8-1.5 mg of hydroxyty-
rosol/100 ml. The beverages with the most favorable sense
of quick sweetness were those containing 0.8-1.5 mg of
hydroxytyrosol/100 ml and a ratio of glucose/maltose of
0.03-0.14,

Bakery products are also interesting products to incor-
porate hydroxytyrosol since they are consumed world-
wide by people of different ages. Mateos et al, (2016)
observed that the intake by volunteers of hydroxytyrosol-
fortified biscuits (30 g biscuits providing 525 mg of
hydroxytyrosol, after an overnight fast) could significantly
decrease the levels of oxidized low-density lipoproteins
(LDL)in blood, also finding that hydroxytyrosol was highly
bicavailable, extensively metabolized, and rapidly elimi-
nated. In another study by Cedola et al. (2020), the white
wine used to produce the Italian biscuit “taralli” was
replaced by an olive leaves extract containing hydroxyty-
rosol. An improvement on antioxidant activity (1.5-fold),
total phenols (=1.4-fold), and flavonoid content (4-fold)
were observed, which could be responsible for the darker
color of the fortified biscuits compared to the control ones.

Hydroxytyrosol has been also used in meat to improve
the oxidative stability and sensory properties of lamb meat
patties (Muino et al., 2017), the nutritional profile of low-
fat chicken Frankfurters (Nieto et al., 2017a) or to reduce
the growth of undesirable fungi on dry fermented sausages
(Chaves-Lopez et al., 2015). Muifo et al. (2017) evaluated
lamb meat patties enriched with omega 3 (fish oil) and
hydroxytyrosol at different concentrations (100, 200, and
400 ppm), demonstrating that the presence of hydroxy-
tyrosol increased the antioxidant activity of patties and
decreased the lipid and protein oxidation at days 3, 6, and
9 of storage compared with control samples, while main-
taining the color and texture. Hydroxytyrosol (50 ppm), in
combination with olive oil and walnuts, was used to pro-
duce chicken sausages without loss of sensory attributes
during storage at 4°C for 21 days. Furthermore, it was
enough to maintain the color and reduce lipid and pro-
tein oxidation until 21 days (Nieto et al., 2017b; Nieto et al.,
2017a). Fermented sausages added with hydroxytyrosol
(100.23 ppm) showed lower lipid oxidation and volatile
compounds and higher redness, as well as improved anti-

fungal activity both in vitro and in situ (Chaves-Lopez
et al., 2015). Also, Balzan et al. (2017) prevented the lipid
oxidation of pork sausages using a purified extract from the
olive vegetation water containinga high amount of hydrox-
ytyrosol.

In fishery products, hydroxytyrosol was efficient to
inhibit the formation of lipid oxidation products in bulk
cod liver oil (100 ppm of hydroxytyrosol), cod liver oil-
in-water emulsions (100 ppm of hydroxytyrosol), and
frozen minced horse mackerel ( Trachuwrus trachurus) mus-
cle (50 ppm of hydroxytyrosol) (Pazos et al., 2008); fur-
thermore, the level of a-tocopherol and the @-3 long-chain
PUFAs was preserved. Hydroxytyrosol extracts were also
able to delay the lipid oxidation and preserve fish pal-
ties against Escherichia coli, Listeria monocytogenes, and
Staphylococeus aureus contributing to extend their shelf
life (Martinez et al., 2019).

The production of yoghurts that include hydroxytyrosol
(in a percentage between 0.1% and 0.01%) as an additional
healthy component was patented by Villanova et al. (2010).
The enriched yogurts preserved their organoleptic char-
acteristics, improved their antioxidant activity, and main-
tained their stability for at least 3 months. In the same
way, Georgakouli et al. (2016) verified that the addition of
a commercial hydroxytyrosol-rich product obtained from
olive fruits (Medoliva©) in yogurts (50 mg of polyphenols)
improved the growth of lactic acid bacteria and contributed
to preventing spoilage during fermentation, as well as to
reduce LDL cholesterol, body weight, and blood pressure.

4.2 | Oleuropein
Oleuropein belongs to a very specific group of coumarin-
like compounds, called secoiridoids and consists of hydrox-
ytyrosol, elenolic acid, and a glucose molecule (Figure 2).
It is one of the main polyphenols present in olive wastes,
contributing to the bitter taste of olive oil and fruit.
Oleuropein possesses numerous pharmacological bene-
fits (Table 2) mostly related with its strong antioxidant and
anti-inflammatory activities (Hassen et al., 2015; Markovi¢
et al., 2019; Nediani et al., 2019). The antioxidant activ-
ity of oleuropein is related to the presence of hydroxyl
groups in its chemical structure that can donate hydro-
gen to prevent oxidation (Hassen et al., 2015). In fact, oleu-
ropein and oleuropein-rich extracts were reported to have
higher antioxidant activity than the synthetic antioxidant
BHT (Zbidi et al., 2009). Another interesting property of
oleuropein is its blood pressure-lowering effect. Sun et al.
(2017) found that oleuropein can protect the paraventricu-
lar nucleus (PVN) of hypothalamus from oxidative stress,
being a promising strategy both for preventing and treating
hypertension. Furthermore, oleuropein has been shown to
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have cardioprotective (Zhao et al., 2017), neuroprotective
(Sarbishegi et al., 2014), anticancer (Imran et al., 2018; Ruz-
zolini et al., 2018; Shamshoum et al., 2017), and antimicro-
bial (Li et al., 2016; Y. Liu et al., 2017) activities. Also, it was
proven to possess skin protectant (Kimura & Sumiyoshi,
200%; Perugini et al., 2008), hepatoprotective, gastroprotec-
tive, anti-diabetic and anti-obesity activities, and lipid reg-
ulating effects (Annunziata et al., 2018; Drira et al., 2011;
Kim et al., 2014; Koc et al.,, 2018; Qadir et al., 2016; San-
tini et al., 2020; Svobodova et al., 2014). Based on the men-
tioned properties, oleuropein may be used for a variety of
human disorders.

Martin et al. (2007) developed a patent on the use of
oleuropein for the manufacture of a medication for pre-
venting and/or treating a condition associated with periph-
eral vascular disease. A pharmaceutical composition with
oleuropein (concentration between 1077 and 107* M) as
active ingredient was also patented to induce angiogene-
sis and vasculogenesis, that can be administered by oral,
rectal, parenteral, intraperitoneal, intradermal, transder-
mal, intratracheal, intramuscular, intravenous, or inhala-
tion (Quesada-Gomez et al., 2010). The same authors
(Quesada-Gomez et al., 2011) patented a preparation con-
taining oleuropein as the only active ingredient to be used
for healing wounds and ulcers in aged and/or diabetics
individuals in the form of gel. cream, or aqueous solution
form.

The above mentioned medication, hydroxytyrosol
based, for treating an AlDS-associated neurological
disorders can also be prepared using a mixture of hydrox-
ytyrosol and oleuropein (Crea, 2014). Lee-Huang et al.
(2013) also patented a formulation able to inhibit not only
the infectivity of HIV but also to treat and prevent obesity
and related conditions, such as type 2 diabetes. Actually,
interesting evidences have been found on the effects of
oleuropein on the control of type 2 diabetes (Annunziata
etal., 2018).

Oleuropein also has application in the treatment of
osteoparosis, The BONOLIVE(®) supplement, consisting
of a polyphenols mixture from olive leaf containing more
than 40% of oleuropein, has been clinically proven to
induce significant effects on bone health. stimulating
bone building cells (osteoblasts), and improving blood
lipid profiles in individuals after 12 months of treatment
(Filip et al., 2014). Hagiwara et al. (2011) also reported that,
as hydroxytyrosol, oleuropein may have critical effects on
the formation and maintenance of bone, and that both
could be used as effective medications for the treatment of
osteoporosis symptoms.

Recently, Boutry et al. (2020) described a formulation
to be used either as a food product or a food supplement,
based on oleuropein to treat or prevent sarcopenia, indi-
cated for elderly and/or frail individuals,
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Oleuropein has been added as an active ingredient in
milk and yogurt preparations for the production of novel
foods with improved characteristics. Palmeri et al. (2019)
observed that the addition of 5% olive leaf extract (cor-
responding to 7.57 mg of oleuropein/100 mi of milk) to
pasteurized milk was able to extend its shelf life by 60%,
thus leading to significant benefits in terms of costs linked
to transport and to product returns to the dairy industry.
The incorporation of oleuropein to fortify yogurts repre-
sents a major challenge for their taste and texture, Nev-
ertheless, Zoidou et al. (2017) proved that the addition of
olive leal extract containing high amounts of oleuropein
to yogurts improved their rheological properties, providing
higher firmness and viscosity, and less syneresis.

Oleuropein can also be used for delaying the oxidation
of meat. Elama et al. (2017) explored the possibility of using
oleuropein as a natural antioxidant in frozen hamburg-
ers to replace synthetic food antioxidants such as sodium
erythorbate, Similar results were obtained for both oleu-
ropein and sodium erythorbate, finding that a concentra-
tion of 0.5% was able to extend shelf life of hamburgers
and hinder oxidation. The potential of oleuropein to pre-
serve salmon burgers by reducing lipid oxidation during
the storage at low temperatures was also demonstrated
(Khemakhem et al., 2019).

43 | Tyrosol

Tyrosol (Figure 2), also named as 2-(4-hydroxyphenyl)-
ethanol, p-hydroxyphenethyl alcohol, or 4-(2-hydroxy-
ethyl)-phenol by the TUPAC, is a phenylethanoid com-
pound naturally present in olive fruit, olive oil, and olive
wastes both in their free form or as part of more complex
molecules, mostly as esters of elenolic acid.

Several studies have demonstrated the potential
of tyrosol as antimicrobial, anti-carcinogenic, anti-
inflammatory, and antioxidant agent (Table 2). Tyrosol
has been proposed to fight hypertension, atherosclerosis,
coronary heart disease, chronic heart failure, insulin
resistance, and obesity by modulating cluster of differenti-
ation 14 (CD14) upregulation and inhibiting inflammation
(Chang et al.,). In a study developed by Lee et al. (2018),
tyrosol showed to be effective in inhibiting muscle dam-
age from oxidative stress triggered by strenuous exercise.
Tyrosol could also promote cholesterol efflux by enhancing
the antiatherogenic properties of high-density lipoproteins
(HDL) (Berrougui et al., 2015) and protect the intestine
mucosa by preventing the oxidative damage induced by
LDL, as shown in human colon adenocarcinoma cell
line, Caco-2 (Giovannini et al., 1999).

Tyrosol may also play a role in the treatment of
diabetes mellitus, exerting anti-inflammatory effects on
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the liver and pancreas via its antioxidant activity, as
observed in streptozotocin-induced diabetic rats (Chan-
dramohan & Pari, 2016). Furthermore, the intramuscular
administration of tyrosol to diabetic hind limb ischemia
mice significantly enhanced the formation of blood ves-
sels which improved the recovery of blood perfusion
(Zhang et al., 2019). Those authors also reported a cytopro-
tective function of tyrosol against hyperglycemia-induced
oxidative stress in skeletal muscle cells and an increase in
their proliferation.

Plotnikov et al. (2018) described that when tyrosol was
administered to young spontaneously hypertensive rats
(SHRs), the development of hyperviscosity syndrome was
limited, the oxygen transport capacity was improved, and
the microvascular rarefaction in the cerebral cortex was
eliminated, The blood viscosity increased by 16%-26% in
rats treated with tyrosol and the results were similar to
those obtained with pentoxyphylline, a drug used for the
treatment of peripheral circulation disorders (Plotnikov
et al,, 2007). Samuel et al. (2008) verified that a tyrosol
treatment (5 mg/kg/day for 30 days) was capable of induc-
ing myocardial protection against ischemia-induced stress
in rats, which turns important in order to develop a new
drug to combat cardiovascular diseases, Moreover, Puel
etal. (2008) reported that the daily consumption of tyrasol
during 84 days by ovariectomized rats increased bone for-
mation, which was associated with its antioxidant proper-
ties, thus preventing osteopenia.

In spite of its interesting properties, the hydrophilic
chemical nature of tyrosol could limit its use in foods,
pharmaceuatical formulations, and/or cosmetics. Paulo
and Santos (2020a) developed a strategy to incorporate
tyrosol in alternative polymer carriers as poly(p,L-lactide-
co-glycolide), ethylcellulose, and polycaprolactone by
water-in-oil-in-water double emulsion solvent evapora-
tion technique. The obtained results revealed that these
microparticles were thermogravimetrically stable in the
temperature range of 30 to 261°C. Actually, the bioac-
cessibility of tyrosol improved by 1.9-fold when the com-
pound was encapsulated (Paulo & Santos, 2020b). Being
an antioxidant compound, the microencapsulation may
also protect tyrosol from auto-oxidation processes. Other
recent study reported the impact of two different carri-
ers for the encapsulation of tyrosol: the oligosaccharide
p-cyclodextrin and the polysaccharide chitosan (Pintillo
etal,, 2021). The results demonstrated that the coating pro-
moted a sustained release of tyrosol and slowed down the
initial burst effect observed from the inclusion complex.
Also, this compound was shown to be a ctDNA groove
binder. These outcomes bring new insights concerning
the encapsulation of antioxidants for further incorpora-
tion in food, pharmaceutical, cosmetic, and/or nutraceu-
tical matrices.

4.4 | Verbascoside

Verbascoside (Figure 2), also known as acteoside, belongs
to the extensive family of phenylpropanoids and is a
conjugated glucoside of hydroxytyrosol and caffeic acid.
This compound has been demonstrated to have antioxi-
dant protective effects on phospholipid membranes and
modulation of plasma antioxidant activity in vivo (Chen
et al., 2012; Funes et al., 2009; Funes et al., 2010). Car-
dinali et al. (2012) reported that verbascoside has a high
antioxidant capacity, acting as an effective scavenger of
biologically active free radicals and an inhibitor of lipid
peroxidation, so that it can be used for treating oxida-
tive stress-related diseases, which may be interesting
for application in cosmetics, nutraceuticals, or func-
tional foods. Furthermore, antitumor, antimicrobial, anti-
inflammatory, anti-thrombotic, and wound healing prop-
erties have also been described (Cui et al., 2015; de Moura
Sperotto et al., 2018; Ma et al., 2020; Ohno et al., 2002; Qiac
et al., 2019; Vertuani et al., 2011).

Chen et al. (2012) reported that verbascoside (10 mg/kg
body weight) has anti-hypertensive activity, lowering both
systolic and diastolic blood pressures in hypertensive rats.
1ts anti-inflammatory potential was also reported by Qiac
et al. (2019) on rats with osteoarthritis, a chronic arthri-
tis, through the inactivation of JAK/STAT signaling path-
way. Vertuani etal. (2011) demonstrated the stability of ver-
bascoside in suppositories which is an interesting phar-
maceutical form to apply in treatment of inflammation of
the intestinal mucesa. This compound also presents anti-
tumor activity possibly by increasing p33 levels, as well as
by inhibiting KLK expression and angiogenesis, making it
a potential candidate for the treatment of advanced hepa-
tocellular carcinoma in the clinic (Ma et al., 2020).

Hepatoprotective (Cui et al, 2018) and anti-diabetic
effects (El-Marasy et al., 2020; Liu et al,, 2013) have also
been described and hypoglycemic activity and improved
glucose tolerance were found by Morikawa et al. (2014) in
starch-loaded mice,

Potapovich et al. (2013) suggested that verbascoside
could inhibit inflammatory response and metabolic dis-
orders caused by solar UV irradiation in human ker-
atinocytes. Similarly, wound healing activity was reported,
as it was demonstrated to be capable of increasing the
migration of keratinocytes and inhibiting inflammation
mediators (de Moura Sperotto et al., 2018).

Xia et al (2018) described the capacity of verbasco-
side in attenuating oxidative stress and neuronal apopto-
sis in middle cerebral artery occlusion/reperfusion rats. Its
administration seemed to reduce infarct volume and brain
edema and improve neurological deficits, thus suggesting
that it can be successfully used to treat cerebral ischemia-
reperfusion injury. A review on the biological effects of
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verbascoside and its potential clinical utility have been
published by Alipieva et al. (2014),

Casamassima (2013) patented a dietary supplement con-
taining verbascoside and teupolicside for prevention of
hypercholesterolemia and the production of foodstuffs
(particulardy in meat, milk, and eggs) with reduced choles-
terol content.

NuLiv Science (htps://nulivscience.com/), which
works on the research and development of proprietary
ingredients for nutraceuticals industry, produced two
products containing verbascoside: Acteolin™ and Ver-
basnol™. Acteolin™ is an ingredient claimed to provide
benefits for cognitive and memory functions, lung, and eye
health, Verbasnol™ helps boost the skin's natural ability
and sweeps away the adverse effects of sunlight, oxidative
stress, and dryness while maintaining skin hydration
and elasticity. Robin and Rolland (2004) patented a
formulation containing verbascoside to use in cosmetics
as a stimulant agent for the production of thermal shock
proteins and as an inhibitor of collagenase and elastase in
the skin cells.

In recent years, there has been a growing interest
to improve athletic performance and body composition
(the ratio of lean to fat mass), Panyam and Chavanpatil
(2011) patented preparations containing verbascoside or
verbascoside-rich extracts to be administrated in capsule,
pill, powder, edible bar, or liquid form in order to increase
strength, muscle power, endurance, muscle protein con-
tent, and to reduce fatigue. Tu et al. (2005) patented a
drug with verbascoside (5%-40%) as an active ingredient
to prevent senile dementia and inhibit aggregation of blood
platelets.

Concerning the use of this compound in food, Chaves-
Lopez et al. (2015) demonstrated that verbascoside-
rich (13520 ppm) extracts incorporated to fermented
sausages had antifungal activity without inducing sig-
nificant changes on sensory characteristics, thus being
considered a potential alternative to synthetic antifungal

compounds.

4.5 | Oleuropein aglycone

Oleuropein aglycone (Figure 2), also known as 34-
DHPEA-EA (i.c., 3-4-DHPEA-elenolic acid mono-aldeh-
yde, TUPAC name: methyl (2R,3Z.48)~4-{2-[2-(3,4-dihy-
droxyphenyljethoxy|—2-oxoethylj—3-ethylidene-2-hydro-
xy-3,4-dihydro-2H-pyran-5-carboxylate), is a secoiridoid
formed from the deglycosylation of oleuropein, which
can be produced by enzymatic, acid or acetal hydrolyses
(Xu et al,, 2018). Several studies referred to it as the main
polyphenol present in olive oil (e.g., Cordero et al., 2018;
Xu et al,, 2018), but it is also abundant in olive wastes. In
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recent times, this compound has gained attention due to
its biological activities, including anti-neurodegenerative
diseases, anti-breast cancer, anti-inflammatory, anti-
hyperglycemic, antioxidant, and lipid-lowering properties
(Grossi et al., 2013; Menendez et al., 2007; Oi-Kano et al.,
2017; Palazzi et al., 2018; Rigacci et al,, 2010; Xu et al.,
2018).

Oleuropein aglycone has the ability of promoting the
autophagy, thus being associated with a reduction of symp-
toms of Alzheimer’s disease and cognitive impairment
(Casamenti et al., 2015; Cordero et al., 2018). Grossi et al.
(2013) found that the administration of oleuropein agly-
cone in young/middle-aged TRCRNDS mice for § weeks
could improve memory and animal behavior by interfer-
ing with AZ aggregation. Oleuropein aglycone was also
seen to slow down amyloid aggregation by stabilizing a-
synuclein monomers, thus hampering their progression to
cytototoxic amyloids, which could be helpful in the pre-
vention of Parkinson's disease, In addition, it may also
hinder the binding of a-synuclein aggregates to cell mem-
brane components thus preventing cell oxidative damage
(Palazzi et al., 2018). Leri and Bucciantini (2016) reported
that oleuropein aglycone could inhibit the toxic effects of
transthyretin (TTR) amyloid and be important to prevent
or treat heart and liver complications. It has also been
shown to be capable of preventing or delaying the pro-
gression of type 2 diabetes (Rigacci et al., 2010) and obe-
sity (Oi-Kano et al., 2017). Oi-Kano et al. (2017) reported
that it reduced the visceral fat content in high-fat diet-
induced obese rats by enhancing noradrenaline secretion
via g-adrenergic action following transient receptor poten-
tial ankyrin | (TRPAL) and vanilloid 1 (TRPV1) activa-
tion. Oleuropein aglycone was found to protect LDL in
plasma against oxidation (Leenen et al.,, 2002) as well as
to enhance the antioxidant defense system against exper-
imental atherogenesis, which was attributed to its 3,4
dihydroxyphenyl ethanol group (Jemai et al., 2005).

Menendez et al. (2007) reported that, among the
polyphenols present in olive oil. oleuropein aglycone
was the most potent compound in decreasing breast
cancer cells viability, by inhibiting the proteolytic pro-
cessing of human epidermal growth factor receptor2
(HER2).

In a study developed by Bisignano et al. (2014), oleu-
ropein aglycone was found to be effective against Ameri-
can Type Culture Collection (ATCC) and clinical isolates
of S. aureus (minimum inhibitory concentrations [MIC]
values between 125 and 250 pg/ml) and Sraphylococeus
epldermidils (MIC values between 7.81 and 625 ug/ml).
Although further studies have to be performed in order to
understand the mechanisms responsible for these results,
this compound could be a potential natural antimicrobial
for the treatment of skin infections.

118



| RENIENS

BIOACTIVES FROM OLIVE INDUSTRY WASTES

5 | CONCLUSION

The compounds present in the wastes generated during
the olive oil extraction process may have considerable
health benefits and be used, after suitable purification, as
food antioxidants or active ingredients in nutraceutical and
cosmetic products, because they possess a range of rec-
ognized bioactivities, technological, and pharmaceutical
properties. Further research on their potential applications
should be granted in order to valorize them and maintain
environmental sustainability. In addition, it is imperative
for the development of green and efficient extraction meth-
ods to ensure higher recovery of these compounds and the
cooperation between industry and researchers to gener-
ate sustainable added value to these byproducts, thus con-
tributing to the circular economy.
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Resumen

En este trabajo se evaluaron los efectos de la radiacion gamma sobre la composicion
fendlica y las propiedades bioactivas (actividades antioxidante, antimicrobiana y
hepatotoxicidad) de extractos de orujo crudo (obtenido después de la extraccion del
aceite virgen) y de orujo agotado (tras su extraccion con disolventes para obtener aceite

de orujo).

La irradiacion de las muestras de orujo de oliva se realizé a temperatura ambiente en
una instalacion semi-industrial de Co-60 (dosis absorbidas: 5, 10, 16 y 22 kGy; tasa de
dosificacién: 16 kGy/h). Después, los compuestos fendélicos se extrajeron de los dos
tipos de orujos utilizando etanol/agua (80:20 v/v) como disolvente y se caracterizo el
perfil fendlico por HPLC-DAD-ESI/MS. Se comprobé que el tratamiento previo de los
orujos con radiacibn gamma aumentaba al menos 2 veces la extractabilidad de los
compuestos fendlicos. El hidroxitirosol fue el principal compuesto fendlico identificado
en los dos extractos de orujo en concentraciones similares (24-25 mg/g). Se realiz6
también la evaluacion de la actividad antioxidante de ambos extractos, empleando dos
tipos de ensayos: capacidad para inhibir la formacién de sustancias reactivas al acido
tiobarbitarico (TBARS, thiobarbituric acid reactive substances) y actividad antihemolitica
(OxHLIA).

Los extractos de orujo agotado fueron mas eficientes en la proteccion de los eritrocitos
contra la hemdlisis inducida por oxidacién, mientras que los de orujo crudo mostraron
una mayor capacidad para inhibir la formacion de TBARS, lo que podria estar
relacionado con el mayor contenido graso de estas muestras. La aplicacion de radiacion
gamma a una dosis de 5 kGy elevé la actividad antioxidante en el extracto de orujo
agotado, manteniendo su capacidad para proteger in vitro los eritrocitos contra la
hemdlisis inducida por oxidacion. Los extractos también mostraron actividad

antimicrobiana contra bacterias Gram-positivas (Staphylococcus aureus, Bacillus cereus
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y Listeria monocytogenes) y Gram-negativas (Escherichia coli, Pseudomonas
fluorescens y Salmonella enterica serotype Typhimurium) y hongos (Penicillium
spinulosum y Aspergillus fumigatus), y no presentaron toxicidad en células hepéticas no
tumorales (PLP2), sin que el tratamiento con radiacibn gamma causara ninguna

alteracion en estas propiedades.

En conclusion, el tratamiento con radiacion gamma a dosis de 5 kGy se muestra como
una tecnologia adecuada para mejorar la extractabilidad de los residuos producidos en
la industria del aceite de oliva, contribuyendo a potenciar la extracciéon de compuestos
fendlicos y mejorando las propiedades antioxidantes de los extractos, especialmente

cuando se aplica sobre los orujos desgrasados.
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1. Introduction

The olive oil production is an important industry, mainly of the Med-
iterranean region countries (Ammar et al, 2017; Sudrez et al,, 2010,
Zorpas and Costa, 2010). In Portugal, this industry produces
=600,000 t of wastes, whose discharge without treatment would have
a negative impact in the environment. Due to the high content in phos-
phorous, potassium and organic matter, these wastes have been applied
as amendment on the agricultural soils, not only because of its fow cost
but akso for its potential to enhance soll fertility and reduce the risks of
soil degradation (Fedenici et al, 2017; Regni et ak, 2017). On the other
hand, these wastes contain high amounts of organi substances { fibers,
sugars, volatile fatty acids, polyalcohols, pectins and fats) and a variety
of phenolic compounds such as hydroxytyrosol and tyrosol, secoiridoid
derivatives, phenolic acids and flavonoids {Papasannou et al. 2013),
thus being also a promising source of valuable compounds. During the
ofive oil extraction process, the majority of these phenolic compounds
remain in the olive pomace waste, as only 1% are found in the olive oil
(Ferndndez-Bolanos et al,, 2006),

The recovery of phenolic compounds from olive pomace have been
studied through the application of several techniques, such as hydro-
thermal treatment ( Ferndndez-Bolafos et al., 2002), membrane tech-
nology (Sygouni et al, 2019), centrifugation (Cioffi et al, 2010),
Superheated Liquid Extraction (Peralbo-Molina et al,, 2012), Pressur-
ized Liquid Extraction (Pavez et al, 2019), Muiti-frequency Multimode
Modulated ultrasonic technique (Nunes et al., 2018) and solid-liquid
extraction (Sudrez et al, 2010, 2009; Vitali Cepo et al,, 2017; Zuorro,
2014). Hydroxytyrosol has been reported as the main phenolic com-
pound in olive pomace, being an effective natural antioxidant with ben-
eficial properties such as cancer prevention, skin protection, anti-
inflammatory activity ( Fernandez-Bolafios et al., 2008), and in the pro-
tection against cardiovascular diseases (Bulotta et al., 2014; Robles-
Almazan et al, 2018). Other authors reported oleuropein as one of the
maost abundant phenolic compound in olive pomace, being the major
one present in olive pomace from the Cilento National Park, in Italy
(Cioffi et al, 2010), Tyrosel, verbascoside, caffeic acad, vanillin, vanillic
acid, apigenin, luteolin and rutin are also found in olive pomace but in
lower concentrations {Sudrez et al, 2010). Verbascoside was identified
as the most potent antioxidant in Australian ofive mill waste extracts
(Obied et al,, 2008),

Nowadays, consumers prefer natural additives to be added to food
products (Carocho et al., 2015) as they are considered safer than the ar-
tificial counterparts. Phenolic compounds are considered promising
bioactive molecules to be used in the replacement of some of these ad-
ditives, This is seen by the food industry as an opportunity to find new
and more efficient natural ingredients, while also fighting to reduce
the overall addition of artificial additives and producing minimally proc-
essed goods (Carocho et al, 2015). Phenolic compounds obtained from
olive pomace could be suitable candidates to provide bioactive proper-
ties and bring additional value to food products, as they have been con-
sidered to lack toxicity (Bulotta et al, 2014).

lonizing radiation is a clean and environment friendly technology. It
is a physial treatment that does not rely on the addition of chemicals
and have the capability of degrading complex molecules into low-
molecular weight compounds. Recently, the saentific community has
aroused considerable interest in the enhancement of beneficial proper-
ties by irradiation and in the ionizing radiation effects on bicactive com-
pounds. Our previous studies have reported the use of this technology
to improve phenolic content and antioxidant activity on industrial
wastewater (Madureira et al, 2017), fresh fruits such as cherry toma-
toes (Guerreiro et al., 2016) and raspberries (Cabo Verde et al, 2013},
and dry medicinal plants ( Pereira et al, 2017a), as well as its efficiency
for decomposition of recalatrant compounds (Madureira et al,, 2018).

The aim of this work was to characterize the phenolic compounds
profile of olive pomace waste from Portuguese olive oil industry and
to assess the impact of gamma radiation on these compounds selecting

the optimal radiation dose to improve their extractability. Furthermore,
the extracts were evaluated in terms of their biological activity, namely
antimicrobial and antioxidant properties and hepatotoxicity, To our
knowledge, this study represents the first application of lonizing radia-
tion technologies with a view to improving the recovery of phenolic
compounds in order to valorize olive pomace industnal waste,

2. Material and methods
2.1. Standards and reagents

HPLC-grade acetonitrile was obtained from Fisher Scientific (Lisbon,
Portugal ), Methanol and formic acid were acquired from Sigma-Aldrich
(St. Louis, USA) and Honeywell (Chadotte, USA), respectively. Vanillic
acid (295%), apigenin-7-O-glucoside (299%), p-hydroxybenzoic acid
(299%), caffeic acid (299%) and syningic acid (295%) were purchased
from Extrasynthese {Genay, France), whereas hydroxytyrosol (299%)
and tyrosol (298%) were obtained from Applichem (Darmstadt,
Germany) and TCI (Tokyo, Japan), respectively. Verbascoside (299%),
aleuropemn (298%), trolox, elliptiane and sulforhodamine B were ac-
quired from Sigma-Aldrich (St Louis, USA). Water was treated in a
Milli-Q water punfication system ( Merck Millipore, USA).

22. Olive pamace samples

Olive pomace samples were collected, in 2018, from UCASUL - Unido
de Cooperativas Agricolas do Sul, located in Alentejo region, in Portugal.
This is a cooperative industrial unit that receives the olive pomace pro-
duced in the olive oil mills of the region to extract ofive pomace oil that
has commerdal value. The majority of the region mills use the two-
phase process for ofive oil production. Pomace enters UCASUL with
high humidity (68% in average) and is first dried to 8% UCASUL waste
is the defatted or extracted olive pomace (EOP). This is considered bio-
mass and disposed for energy production. The samples collected at
UCASUL are of two different types: non-defatted or Crude Olive Pomace
(COP) that consists of dned pomace before the extraction of pomace oil
and defatted or Extracted Olive Pomace (EOP) that is the pomace left
after the extraction of pomace oil,

2.3, Irradiation experiments

Irachation experiments were carried out in a Co-60 semi-industrial
unit (with an activity of 187 kCi) located at Technological Unit of
Radiosterilization - UTR of IST, University of Lisbon, Sealed bags
(10 cm x 7 cm) containing 30 g of olive pomace, COP and EOP, were ir-
radiated at room temperature at doses ranging from 4.9 to 21.8 kGy
using a dose rate of 16 kGy h '. The absorbed doses were measured
by Amber Perspex routine dosimeters (Whittaker and Watts, 2001)
(dose uniformity DUR = 1.03). For simplicity, the absorbed doses will
be referred as 5, 10, 16 and 22 kGy. The irradiations were performed
in triplicate, In order to analyze the effect of gamma radiation in olive
pomace, non-irradiated (0 kGy) samples submitted to the same exper-
imental procedure were used as control,

24. Phenolic compounds extraction

After irradiation, all olive pomace samples were immediately lyoph-
ilized (Heto CD3, Allerod, Denmark) and stored until used. The olive
pomace extracts were prepared by a solid-liquid extraction as previ-
ously described (Pinela et al, 2016). Briefly, 1 g of freeze-dried olive
pomace was stirred with a methanol:water mixture (80:20, v/v;
30 mL) for 1 h at room temperature. The supernatant was then filtered
(Whatman No. 4 filter paper) and the residue was re-extracted with an
additional portion of solvent (30 mL). The combined extracts were then
evaporated at 40 "C under reduced pressure ( rotary evaporator Buchi R-
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210, Flawil, Switzerland) to remove the methanol and the aqueous
phase was lyophilized to obtain dry extracts.

A schematic diagram of the procedure steps carried out for the ex-
traction of phenolic compounds from olive pomaces and subsequent
analysis of their bioactive properties is represented in Fig. 1.

2.5, Analysis of phenofic compounds

After preparation, the dry extracts (~10 mg) were dissolved in a
methanol:water mixture (20:80 v/v, 2 mlL) and filtered through
0.22 pm disposable LC filter disks. Then, the extracts were analyzed by
HPLC-DAD-ESI/MSn ( Dionex Ultimate 3000 UPLC, Thermo Scientific,
San Jose, CA, USA) using & methodology previously described by the au-
thors (Bessada et al, 2016). Detection was performed in a Diode Array
Detector (DAD) with 280, 330 and 370 nm as preference wavelengths,
and in a mass spectrometer with an ESI source operating in negative
mode (Linear lon Trap LTQ XL mass spectrometer, Thermo Finnigan,
San Jose, CA, USA). Data acquisition was carried out with Xcalibur®
data system (Thermo Finnigan, San Jose, CA, USA).

The phenolic compounds were identified based on their chromato-
graphic behavior and UV-vis and mass spectra, and comparison with
standard compounds, when available, and data reported in the litera-
ture (Ammar et al, 2017; Cardoso et al, 2005; Obied et al. 2007). Cali-
bration curves for quantitative analysis were prepared for each available
phenolic standard based on the UV signal, For the identified phenolic
compounds for which a commercial standard was not available, the
quantification was performed from the calibration curve of the most
similar standard. The results were expressed in mg per g of extract.

26, Evaluation of bioactive properties

26.1. Antioxidant activity

The extracts were dissolved in distitled water at a concentration of
5 mg/mL and then successive dilutions were carried out (2500 to
2ug/mlL).

OUVE POMACE
(Crude Olive Pomace - COP,
and Baracted Ofive Pomace -

EOP)

GAMMA

5,10,16 and 22 kGy
RADIATION

The antioxidant activity was measured through the thiobarbituric
acid reactive substances (TBARS) assay and anti-haemolytic activity.
The TBARS assay was performed following a methodology described
by Pinela et al. (2012) and the results were expressed in 1Cs, values
{sample concentration providing 50% of antioxidant activity). The
anti-haemolytic actvity of the extracts was evaluated by the oxidative
haemolysis inhibition assay (OxHLIA), as previously described by
Lockowandt et al. (2019), The results were presented as IC,, values { ex-
tract concentration that delayed the haemolysis time for 60 and
120 min, with 50% of intact erythrocytes), In both assays, trolox was
used as positive control. All determinations were performed m
triplicate,

2.62. Hepatotoxicity

The extracts were re-dissolved in water at 8 mg/ml and further di-
luted in the range (400 to 1.56 pg/mL). The hepatotoxicity of olive pom-
ace extracts was evaluated in non-tumor liver cells primary culture
(PLP2) using the sulforhodamine B assay (SRB, Sigma-Aldnch, St
Louis, MO, USA) (Abreu et al, 2011). The results were expressed in
Gly; values (sample concentration that inhibited 50% of the cell growth)
and ellipticine was used as positive control. Analyses were performed in
triplicate,

2.6.3. Antimicrobial activity

2.6.3.1. Antibacterial activity. The bacterial isolates used on antibacterial
activity assay intend to embrace a spectrum of different types of aerobic
bacteria with reported association to food outbreaks, including Gram-
negative and Gram-positive, spore forming bacteria, as well as a biofilm
forming bacteria due to documented difficulty to control biofilms in
food environments. The antibactenial activity was evaluated using
three Gram-negative bactena: Escherichia cali (ATCC 8739), Rseudomo-
nas fluorescens (ATCC 13525) and Salmonella enterico serotype
Typhimurium (ATCC 14028), and three Gram-positive bacteria; Staphy-
lococcus aureus (ATCC 6538), Bacillus cereus (SSI C1/1) and Listeria
maonocytogenes (ATCC 19111). The bacterial suspension was adjusted
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Fig L Schematic diagram of the differens steps of the experimental procedure For the extsaction and anaysis of bioactive properies of olive pomaces,
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with sterile saline to a concentration of 1.0 » 10° CA/mL The extracts
(EOP and COP) were dissolved in Tryptic Soy Broth (TSB) at a final con-
centration of 100 mg/ml. Then, several concentrations (10-60 mg/mL
for Gram-negative bactenia and 1.25-20 mg/ml for Gram-positive bac-
teria) were prepared directly in the well and added 100L of the respec-
tive inocutum (1.0 x 10* CFU per well), The minimum inhibitory (MIC)
and minimum bactencidal (MBC) concentrations were determined by
the microdilution method (Sokovie et al, 2010). Streptomycdn was
used as a positive control, Samples were tested in triplicate and each ex-
periment was repeated two times,

2.6.32. Antifungal activity. For the antifungal assays, two fung: were
used: Penicillium spinulosum {environment isolate) and Aspergillus
Sumigatus {environment isolate), These mycotoxin producing fungi
were selected since are recognized food detenorating agents also pres-
ent in food wastes. The fungal spores were washed from the surface of
agar plates with sterile 0.9% saline solution, The spore suspension was
adjusted with sterile saline to a concentration of 1.0 x 10° CFU/mL
The extracxs (EOP and COP) were dissolved in Tryptic Soy Broth (TSB)
at a final concentration of 100 mg/ml. Then, several concentrations
(10-60 mg/mL) were prepared directly in the well and added 100 puL
of the respective inoculum (1.0 =« 10* CFU per well). Minimum inhibi-
tory concentration (MIC) determination was performed by a serial dilu-
tion technique (Gomes Corréa et al, 2015). Ketoconazole was used as
positive control. Samples were tested in triplicate and each experiment
was repeated two times.

2.7, Statistical analysis

Data results were expressed as mean -+ standard deviation. In data
analysis, confidence intervais for means values were estimated consid-
ering a significance level of p < 0.05 and the number of replicates for
each assay. The differences among treatments were analyzed using
the one-way analysis of variance (ANOVA) followed by Tukey's HSD
test with o« = 0.05.

3, Results and discussion

Two types of olive pomace, Crude Olive Pomace { COP) and Extracted
Olive Pomace ( EOP), were analyzed in order to find out the best condi-
tions to improve the extractability of its natural bicactive compounds,
The extraction of phenolic compound was by conventional
solid-liquxd technique due to its feasibiity on the studied substrate al-
lied to the use of eco-friendly solvents.

3. 1. Phenolic compounds characterization

The phenolic profile of olive oil pomaces was similar for non-treated
and treated samples and both types of extracts {COP and EOP). Thus, to
illustrate the phenolic profites, examples of non-irradiated (control)
and irradiated at 5 kGy of EOP olive pomace samples, recorded at
280 nm, are shown in Fig. 2.

Peak characteristics and tentative identities of the detected com-
pounds are presented in Table 1, Nine phenylethanoid denivatives
(peaks 1,2,3,4,5,7,8 11 and 12}, two phenolic acids ( peak 6 and
10), one flavonoid (peak 13) and one unknown compound ( peak 14)
were detected in both EOP and COP samples,

Hydroxytyrosol- 143-glucaside (peak 1), hydroxytyrosol (2), tyrosol
(4), caffeic acid (6), wvanillin (9), verbascoside (11), 4-
hydroxyphenylacetic acid (12) and luteolin-7-O-rutinoside (13) were
positively identified by comparison with commercial standards, all of
them being previously described for alive pomace (Cardoso et al.,
2005; De Marco et al., 2007; Obied et al, 2007; Sudrez et al., 2010).
Peaks 3 and 5 presented the same pseudomolecular ion [M-H| ~ atm/z
377, which fits the oleuropein aglycon (Le., 3 4-(dihydroxyphenyl Jeth-
anol elenolic acid ester, 34-DHPEA-EA). The presence of several

oleuropein aglycon derivatives in olive ol and by-products is well re-
ported (Obied et al. 2007; Olmo-Garcia et al., 2018) and explained by
the enzymatic loss of the glucose residue of oleuropein and further
structural arrangement involving ring opening and keto-enol equilibria
during olive oil processing (Obied et al, 2007 ). Compound 5 shows the
same MS® fragments as reported by Cardoso et al. (2005) for the
oleuropein aglycon derivative detected in olive pulp and pomace. The
MS? fragmentation pattern of compound 3 is completely different, al-
though its main product sons (m/z at 179 and 119} have also been de-
scribed for oleuropein and its component elenolic acid (Ammar et al.,
2017; Obied et al, 2007). All in all an identity as oleuropein aglycon iso-
mers has been assumed for peaks 3 and 5. Compounds 7 and 8 {[M-H|~
at m/z 639) showed a molecular weight 16 Da higher than verbascoside
and similar UV spectra to this latter, Up to four compounds with the
same mass characteristics were also recovered by Cardinali et al
(2012) and Ammar et al. (2017) from Ofea europaea by-products and
identified as {*-hydroxyverbascoside diastereoisomers, so that that
identity was also assigned the compounds detected herein, Peak 10 pre-
sented a pseudomolecular jon [M-H]™ at m/z 197 and a fragment jon at
miz 153 (44 u; loss of a carboxyl residue), which would match
syringic acid. a benzoic acid frequently found in olive fruits and by-
products (Obied et al., 2007; Olmo-Garcia et al, 2018), an identity that
is given as tentative. A compound with the same pseudomolecular ion
as peak 14 ([M-H|~ at m/z 337 ) was detected by Ammar et al (2017)
in olive by-products and identified as ascorbyi-hexoside. Nevertheless,
the late chromatographic elution of the peak and the UV spectral char-
acteristics seem to not support that identification, so that the peak re-
mains as unknown,

In non-irmadiated  samples, the individual contents of
hydroxytyrosol-1-j*-glucoside, hydroxytyrosol, tyresol, oleuropein
aglycon isomers 1 and 2, 3-hydroxyverbascoside isomer 1, vaniliin
and 4-hydroxyphenylacetic acid were not significantly different
(p > 0.05) between EOP and COP (Table 2), However, COP extracts
contained  significant  higher levels of caffeic  acid, [
hydroxyverbascoside isomer 2, syringic acld, verbascoside and
luteolin-7-0-rutinoside, Hydroxytyrosol was the most abundant com-
pound in both samples (25 + 1 mg/g extract in EOP samples, and
239 + 0.3 mg/g extract in COP ones), followed by hydroxytyrosol-1-
{glucoside, tyrosol, luteolin-7-O-rutinoside, oleuropein aglycon isomer
1 and verbascoside. Hydroxytyrosol is a phenyl alcohol for which anti-
oxidant. anti-inflammatory and antimicrobial activities have been de-
scribed {Bulotta et al., 2014; Ferndndez-Bolafos et al., 2008; Robles-
Almazan et al,, 2018}. The extraction of phenolic compounds was signif-
icantly increased (p < 0.05) after gamma radiation in both olive pomace
samples, obtaining the highest yield at 10 kGy for EOP and at 22 kGy for
COP. At these doses, the concentrations of total phenolic compounds in
the obtained extracts were 143 + 4 mg/g in the EOPand 140 + 2 mg/g
in the COP ones (Table 2), representing an increase in extractable phe-
nolic compounds of 2.4 and 2.3 fold, respectively, compared to non-
irradiated samples. However, there was no significant difference be-
tween the total phenolic compounds content extracted from EOP at
10 kGy and from COP at 22 kGy. Contrary to these results, Aouid: et al,
(2011) did not find that gamma radiation induced significant changes
on total phenolic content in olive leaves even at doses as high as 25 kGy.

Regarding individual compounds behavior with gamma radiation, a
significant decrease (p < 005) in the concentrations of some phenolics
was observed at some irradiation doses in EOP samples, namely tyrosol
and verbascoside at 16 kGy, 4-hydroxyphenylacetic acid and syringic
acid from 10 kGy, and oleuropein aglycon isomer 2 and Juteolin-7-0-
rutinoside from 16 kGy. By contrast, the contents of vanillin and |5~
hydroxyverbascoside isomers 1 and 2 significantly increased in those
samples at 10 kCy to decrease significantly at 16 kGy. In COP extracts,
gamima radiation aiso led to different effects on different compounds,
Thus, the concentration of oleuropein aglycon somer 2 increased at
5 kGy to decrease significantly at 10 and to increase significantly again
at 16 kCy, while vanillin significantly decreased at 10 kGy and increased
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Fig. 2. Chramasographic profile of noo-irradiated (A} and istadiated a1 5 kGy (B) of EOP sampiles, recoeded at 280 nm.

significantly at 16 kGy to values similar to 5 kGy. Onthe other hand, sig-  at all the applied irradiation doses in both olive pomace extracts com-
nificant increases were produced in the concentrations of caffeicacid  pared to non-irradiated samples, without significant differences
and oleuropein algycon isomer 1 at 16 and 22 kGy, [+  among the different doses, except for EOP at 16 kGy for which a punc-
hydroxyverbascoside isomers 1 and 2 at 22 kGy, and tyrosol within-  tual decrease was observed in relation to the other doses. Considering
creasing irradiation doses. Also, the concentrations of verbascoside  the overall results, the highest improvement (22 fold ) in the extractabil-
and futeolin-7-0-rutinoside increased at higher doses (16 and 22 kGy) ity of phenolic compounds in COP was induced by irradiation at 22 kGy
after a significant decrease at 10 kGy, whereas a significant decrease (Table 2). For EOP, the extractability was enhanced (22 fold) for the ma-
was observed in syringic acid contents at 10 kGy comparatively to  jority of the compounds after irradiation at 10 kGy, although at 5 kCy
5 kGy and higher applied doses (16 kGy and 22 kGy). As for the most  the extractability of 9 out of 13 compounds did not differ significantly
abundant compound { hydroxytyrosol), a sharp increase was produced  from the obtained at 10 kGy, For illustrative purposes, Fig. 3 shows the
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Imwgnpht and mas spectr@ charactenstics and tentatwe idenafication of phenolic comp imolive ¢ extrach.
Peak Rt{min) N, (nm) Peudomalecularion MS* (m/z) Tentative identification
IM-H]™ (m/7)
425 229,277 315 179{3}, 161(1), 153100}, 135(58) Hydroxytyrosol-145-glucoside
‘ 531 81 153 123(100) Hydroxytyrosol
! 690 220, 267 n I31(26], 287(42). 17%80), 16K G2 ) 143(64), 131(25), 119100}, VI3(6R) 101{51] Oleuropein aglycon isomer |
: 759 220277 137 106(100) Tyrosol
! 835 220, 267 n 170100), 179(5), 153(20), 135(5) Qleuropedn aglycon somer 2
; 1002 324 178 135{100) Caficic acid
‘ 1196 284,326 619 621(100), 529(14), 459(%),179(5) (S-Hydroxyverbascosade isomer |
b 1238 285,327 639 6210100}, 529(13), 459(5),179(5) P-Hydroxyvertascoside isomer 2
5 “a 262, 295 15 136(100) Vanilkin
! 15.39 288 197 153{100) Syringic acid
i 1693 285,326 623 461{50). 315(100) Verbascoside
" P TI 7 1 151 123100}, 107(%) 4-Hydraxyphenylacetic ac

1924 266, 340 59 447(100), 285(95)

1977 223,282 321 3% T83(38). 157(100), 139{24)

Luteolin-7-0-rutinoside

Unknown

tendency of the major compounds (hydroxytyrosol-1-j5-glucoside,
hydroxytyrosol and tyrosol ) and total phenolic compounds in EOP ex-
tracts where greater effect on their extractability was obtained with
gamma liradiation.

To our knowledge, this is the first report describing the effect of
gamma radiation on Individual phenolic compounds of olive pomaces,
Nonetheless, the influence of this technology on total phenolic compo-
sition and bioactive properties has been explored in different plant ma-
tenals by other authors. Namely, Khattak et al, (2009) found that the
concentration of total phenolics increased in Nelumbo nucifera rhizomes
with the application of increasing doses of gamma radiation from 0 to
6 kGy, Further, Zhu et al. (2010} reported an increase of phenolic adids
content in black nce extracts irradiated at 8 kCy, and a similar effect
was observed for infusions and extracts of Ginkgo biloba L (Pereira
etal, 2015) and for lemon verbena and peppermint infusions (Pereira
et al, 2017b) at 10 kGy irradiation dose, The increase in phenolic con-
centrations on irradiated samples could be related to the release of
these compounds from matrix structures, increasing their extractability
(Pereira et al, 2015), and/or to the radiolytic degradation of larger com-
pounds into smaller ones (Hussain et al,, 2016).

Although there are some reports in the literature concerning the re-
covery of phenolic compounds from olive pomace (Cioffi et al., 2010;
Nurtes et al,, 2018; Pavez et al, 2019; Peralbo-Molina et al, 2012;
Sygouni et al,, 2019), most of these studies did not quantify the phenolic
compounds present in the samples, Table 3 present the quantification of
some compounds observed in EOP irradiated at 5 kGy in comparison
with a work developed by Suarez et al. (2009 using solid-liquid extrac-
tion at atmasphere and high pressures. In this table, only the five com-
pounds identified in both works are showed, although the total
phenolic compounds content refers to all the compounds and not only
to those five represented. The observed results prove that the applied
methodology in this work, and especially gamma irradiation, allowed
to extract higher concentrations of individual phenolic compounds
than the methodologies used by Sudrez et al. (2009 ). The total phenolic
compounds concentration was higher when applying solid-liquid ex-
traction at atmosphere pressure using ethyl acetate as solvent. Never-
theless, it is important to emphasize that these authors identified

twenty-four compounds instead of our fourteen, being expectable that
the total phenolic concentration is higher,

All in all, the obtained results pointed that the use of ionwzing radia-
tion can be an environmentally friendly innovative approach to improve
the extractability of bioactive compounds from olive residues, heiping
the olive ol industry to adopt clean processes and promoting sustain-
able development,

32. Bioactive properties of ofive pomace extracts

32.1. Antioxidant activity

The results of the antioxidant activity assays are presented in
Table 4. Data are expressed as ICy, values, meaning the extract concen-
tration able to provide 50% of antioxidant activity (TBARS assay) or to
protect 50% of the erythrocyte population from haemolysis caused by
an oxidizing agent {OxHLIA assay). The ICs, values in the OxHLIA
assay were obtained at two times (At 60 min and At 120 min) consder-
ing that natural extracts contain different antioxidant molecules capable
of interacting with each other and offering protection at different time
periods. In both assays, the lower the G, values, the higher the antiox-
idant capacity of the olive pomace extracts.

Erythrocytes are blood cells especially susceptible to oxidation due
to their high lipid content and their rich oxygen supply and presence
of transition metals. Reactive oxygen species can attack the erythrocytes
membrane, compromise cell integrity and induce oxidation of lipids and
protein, which results in haemolysis (Lockowandt et al,, 2019). Hydro-
philic peroxyl radicals generated by thermal decomposition of AAPH
may attack the erythrocytes membrane from the outside and the extent
of haemolysis is proportional to their amount (Miki et al, 1987). Pheno-
lic compounds can be incorporated by erythrocyte membranes, being
located at the polar-unpolar interface of the membrane or entering
cells (e g., quercetin), providing antioxidant protection through the in-
teraction with some membrane and intracellular components, such as
ghutathione or ascarbic acid (Alvarez-Suarez et al, 2012).

In the OxHLIA assay, the haemolysis curves for the extracts of EOP
and COP at different concentrations {data not shown) revealed that
higher concentrations protected the erythrocyte population from
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Table 2
Quantificaton of phenolic compounds m EOF and COP from dated and irradiated samples.
Compound Quantification (mg/g extract)
EOP cor
0 kGy 5 kGy 10 kGy 16 kCy 22 kCy 0 kGy 5 Gy 10 kCy 16 &Gy 2 kGy
Hydroxytymeol-1 {\-glocoside’ S8 + 04" 27 £ 149 29 3 %% 25 5 ¢F 266 994 293 + 08* 289 270 282
+ 08% + 008" + 0.6 £ 0248+ + 03
Hydroxyty rosol' 254" 62 & 1" 63 4 2 55 2 1% gos 1 219 222 5142 514 1 524
+03 + 08
Oleyropein aglycon somer 17 30 £ 03 874 05° B7 406 74203 75206 31+01° 50£02° 45201 B4 +03* B0 .+Q2*
Tyrasel’ 50 + 02 141+ 05 1903 122+ 08" 125 58+ 04 119+ 05" 120 + 02° 126 1.1
+ 04% + e + 08
Ofeurapen aglycon komer 2 180 £ 008" 357 18201 32201 285 17401 254 219 295 32 £ 00"
+ 006" + 008 + g + 0:06° + apa'
Caffeic acid* n5s « om' 136 L2 146005 1.6 044 1.7 185 20 & 01 252
4+ 004 + 0.03° 4+ 003 £ 003 4006 + 0.07° < ao7*
\Hydioxyverbascoside isomer 170 £ 005° 353 01' 4230 34101 34 227 48 £ 02** 48 : 04" 48 +03% 53 %02
P + 002 4 0.05°
|\-Hydroxyverhascoside isomer 1,62 £ 003° 350 44 00" 304 395 256 435 42401 46+ 03% 54 £ 02*
ril + Do + oog + 0oa + 006 + o™
Vaalllin® 122 = 001" 236 A L0 206 23200 143 349 25+£00° 32402 35+
+ 007 + 004" + 006"  Loo7
Syringic acid” 093 + 003 305 224 189 2m 192 104 205 28 £ 028 120
4012 <00t + a0y £ 0124 4008 +aowt 4002 & 008"
Verbascoside” 229 = 003 34+ 00" 4m 102 144 34 BS £ 03 65=02° 75 +04% 94 %04
= 006" #0057 so07 402
A-hydroxypbenylacenc acid® 160 £ 008 £3401* 36202 365£00 37201 1A nd 0 nd nd
+ 003" + 0.4
Luteolin- 7-O-ratinaside” I +01° 51303 50202 455+ 01" 44:01" 41 +£02' 64+03" 230 , 55 +02% 78+ 02
L0
Unknown nq g n ] ] na g nq nq nq
Total phenykethanoid devivatives 53 + 2° 12942 15+ 4 165 12 z2™ 54.6“ Me+131  117+£3% 18+ 3 12622
+0
Total phenclic scids L48 + 0020 44 4+ 01 153 328 372029 221 A8 = 01 1% 47 L01* A7
=04 Lot + 008 + 008 + 005
Yotal flavonouds 312007 ST1403 50402 45:01% 442017 Q) £ 02! 64 203" 2.30“2f 55402 78402
+ 0
Total phenalic compoands 57 42" 199 4 2% W3 =4 124 £ 6 129 £ 20 u:_y 130 = 4" 123 & ¥* j28 - ™ m;m
i *
Oebver compominds' 1.220 236 301400 206 23200 1483 35201 25:05° 32:02 35 :02°
+ ooyt + oo™ + 004 4 0067

Values within a row with similar letters do not differ significantly {p » 0.05). nd-not detected ng-not quantdfied Calibration curves used for quantification: 'Hydroxytyrosol (y =
124,154 + 17,390, R* = 0.9999), *Oleuropein (y = 32,226x + 12416, R* = 0.9999) *Tyrosod [y = 9),708x + 93985 R = 0.9699) *Caffeic ackd (y = 388, M5x + 406368, R* =

09939), Verbascoside [y = 124233x — 18873, 8% = 1), Vanillc aod (y = 29.751x ~ 28,661,

I = 0.9998), “Syringxcacd (y = 176 056x + 141,329, & = 09994 *p-hydroxy benzoic

id (y = 208,604% + 17305, R* = 0.9995), "Apigenin-7-0-glucaside [y = 10683x — 45.794, &% = 0.596)

! Ochver compounds! vaniilin.

haemolysis for a longer time period. The extract of the non-irradiated
EOP provided higher antihaemolytic protection (IC,, values of 200 +
0.8 pg/ml and 35 4 2 pg/ml, at 60 min and 120 min, respectively)
than the non-irradiated COP extract (322 + 0.6 pg/mL and 61 +
2 pg/mL). These results could suggest that phenolic compounds in the

EOP samples (defatted pomace) could be more bioaccessible to protect
the erythrocyte membrane from the AAPH-induced oxidation due to
the higher hydrophilicity of the medium, The presence of some fat con-
tent in the extracts obtained from the COP samples could somehow
hamper contact between the phenolic antioxidants and the erythrocyte

140 ) Q
& L
12 3 ®  Hydroxytyrosol-1-§-glucoside
*  Hydroxytyrosol
-§ 100 A Tyrosol
s . @ Total Phencic Compounds
* -
i L
9. 401 .
* L - a
20 4
g ' A - A A
° M ¥ AJ A T
0 5 10 5 20 2

Dose (kGy)

Fig. 3. Extracubility of hydeoxytyrosd-1-4-ghucoside, hydroxytyrosof and ryrosol and 1ot phenolic compounds in EOP extracts durmg te irradiation treatment,
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Table 3
Comp of the results i m this work wah others reported 1 the Iterature | mg/
£ oextrace)
This wock Swirez et al. (2000)
Extracted Solid-Bauid Solid-liguid
olive extraction extractson at
pomace, at xmosphere high
S kGy pressure pressure
Hydroxytyrosol 62 279 254
Tyrosol 140 a3 009
Caffeic xcdd 1.36 043 am
Vanillin 236 006 005
Verbascoside 4 218 0.56
Total phenoli 119 23335 7653
compounds

membrane or the generated radicals, thus hindering the formation of a
protective barmier against the diffusion of free radicals or its efimination
from the reaction system. This may justify the higher 16, values of the
non-defatted extracts in the OxHLIA assay.

On the other hand, since pophilic radicals can result from the

AAPH-induced oxidation of the far present in the extracts, the
haemolytic response may have been intensified. If this happened in
the system, it also justifies the largest amount of COP extract (higher
I1C;0 values) needed to protect the erythrocyte population from
axidation,
Interestingly, despite the increase in phenolic compounds content,
gamma radiation promoted 3 negative effect on the antihaemolytic ac-
tivity of the extracts since the IC<, values increased with the increase
of irradiation doses. For EOP extracts, however, the differences in the
1Cs0 values were not significant (p > 0.05) at the lower doses (i.e, 5
and 10 kGy), which did not differ from those of the non-irradiated sam-
ples and the standard antioxidant compounds, Trolox, used positive
control. These findings indicated the existence of relevant antioxidant
capacity in the prevention of cellular oxidative processes of the defatted
pomace extracts. Similar observations were made by Lins et al. (2018) in
extracts obtained from olive leaves.

Tablea

Antioxudant activity | 1Ce values, jg/ml) and hepatatoxicity (Gl vakues, ugml) of the ol

Ve pomace eXIracTs and posiive controls (rodax or elipticne, respectively)
Hepasotoxicity

THARS iz

Antioxidant activity'

OxHLA, OxMLUA,
Al = GO0 min At = 120 min

EOV amples

0 kGy 200 + 08 35 & 20 LES LR}
5 kGy 206+ 04 37 51% 2417 a0
10 kGy 218 £ 04" 362 £ 06 2842 400
16 Gy 236+ 05 47 £2Y 38 4+ 2° 400
22 ¥Gy 226 £ 07 St s2f 432" a0
COP samples
0 kGy 322406 612" 021" 400
5 ky 61407 695 194 1" 400
10 kGy 56 4 1* 822" 2341 a0
16 KGy 61 + 2% 88 + 3" 24+ 1" 00
22 kCy 68 & 1 a9 + 2* 27411 400
Trokax 196 4 08" 410 £ 08" 54409
Ellipticine - - - 23 + 02
Homoscedasticity’ 0590 0220 0.000
-way ANOVA' «0001 <0001 <0.001

Values within a cokamin with simihas lesters do not differ significantty (p > 0.05)

' The results are given 25 mean & standard deviation,

¥ Homoscedasticity among samples, p - D.05; heteroscedastioty among simphes,
p <005

' In each columm, p < 0.05 indicates that the mean value of the evaluated parameter of
at least one sample differs froms the others [ n this case, multiple companson tests werne
performed),

Contrary to the results obtained in the OxHLIA assay, the COP ex-
tracts were more effective than the EOP ones to inhibit TBARS forma-
tion. In this assay, the reaction mechanisms occur in a lipophilic
environment, where the presence of fat will not lead to the possible bio-
accessibility issues mentioned for OxHLIA. However, it has been re-
ported that thiobarbituric acid (TBA) not only reacts with
malondialdehyde (MDA), which is a secondary oxidation product of
lipid peroxidation, but also with other aldehydes that can be generated
in the system, especially from fat-containing samples, Thus, substances
that overlap with the MDA-TBA complex absorption peak are generated
and may lead to an overestimation of the antioxidant capacity
(Semeniuc et al,, 2016), On the other hand, gamma irradiation im-
proved the antioxidant capacity of the EOP extracts, with particular effi-
ciency at the lowest assayed doses (5 kGy), whereas no improvement in
the antioxidant effect was observed after irradiation in COP samples.

The overall results obtained in these assays suggested that gamma
radiation could be a suitable technique to improve the antioxidant activ-
ity in EOP when apptied at low doses (1c., 5 kGy), at which an increase
in antioxidant potential was produced as evaluated by the TBARS assay,
while keeping the ability to protect erythrocytes against oxidation-
induced haemolysss.

32.2, Hepatotoxicity

The assessment of the cytotoxicity for PLP2 (non-tumor cells) is es-
sential considering that mammalian hepatocytes constitute a required
step in the verification of toxic compounds (Abreu et al, 2011). Al-
though the use of the PLP2 culture could not give an absolute answer
about hepatotoxicity, in fact none in vitro assay can do that, it is consid-
ered a feasible method to perform preliminary hepatotoxiaty studies
(Abreu et al., 2011), The effects of olive pomace ( EOP and COP) extracts
on the growth of non-tumor liver primary cell line (PLP2) represented
as the concentration that caused 50% of cell growth inhibition (Gls,),
are also summarized in Table 4, The obtained results indicated that
none of the extracts, iradiated or pon-irradiated, had an inhibitary ef-
fecton the cell growth (Gl > 400 p/mlL), suggesting no hepatotoxicity
of the extracts.

32.3. Antimicrobial activity

Antimicrobial activity of the olive pomace extracts against three
Gram-negative (E cofi, 8, Typhimurium, P. fluorescens) and three
Gram-positive bacteria ( B cereus, S. aureus, L monocytogenes) and two
fung (A, furmigatus and P. spinufosum) was evaluated (Table 5).

All olive pomace extracts had similar potential antibacterial activity
against the studied Gram-positive bactenal strains (MIC 20 mg/mL),
whereas EOP samples showed higher antibacterial activity against
Gram-negative bacteria, namely E coli and P. fluorescens (MIC
20 mg/mL), than COP {MIC 40 mg/mL). Itis to highlight the ability toin-
hibit the P. fluorescens biofilm formation after 72 h by defatted olive
pomace extracts. Comparatively to COP extracts, the EOP ones pre-
sented the higher hydroxytyrosol content (Table 2), suggesting a corre-
lation between antimicrobial activity and a nch concentration in this
phenolic compound. According to a previous study, the
hydroxytyrosol-rich composition sample from olive mill wastewater
inhibited the growth of Gram-negative bactenia (Yangui et al,, 2009),
The authors attributed the effectiveness of hydroxytyrosol to its capabil-
ity of chelating transition metals, lowering the reactivity of metal iron
by forming an inert metal-ligand complex, reducing the bioavailability
for microbial growth {Wong and Kitts, 2006; Yangui et al,, 2009). In
agreement with our results, Brenes et al. (2007) also observed higher
sensitivity of Gram-positive than Gram-negative bacteria to olive oil
polyphenols. Furthermore, the olive pomace extracts also revealed
some potential antifungal against the studied fungi (MIC 40 mg/mL),
in general, gamma radiation seemed to have no effecton the antimicro-
beal potential of the studied olive pomace extracts, but for EOP sample in
the case of A furnigatus (Table 5), for which the MFC value vaned from
40 mg/mL i non-irradiated to 240 mg/mL in irradiated pomaces. Other
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Table 5
Antimicrobal actwvity of obive pomace extracts {MIC, mgmL}
fi cereus S, aureus L. monecywogenes E colf S Typhimurium P, fuorescens A fundgnrus P spimudossm
MIC {mg/mL)
EOP samples
0 kGy 2 0 X 20 40 20 40 A0
5 kGy 2 20 20 20 40 20 40 «®
10 kGy 2 0 20 20 40 20 40 N
146 kCy 2 20 20 20 40 20 40 40
22 Wy 2 20 2 20 40 20 40 a0
COP samples
0 kGy 2 20 x 40 40 a0 40 a0
5 kGy 2 0 i 40 40 40 40 N
10 ¥Cy 20 20 20 40 40 a0 40 A
16 kCy 2 20 20 40 40 40 40 &«
22 Wy 20 20 2 40 40 40 40 a0
B cereus S aureus L monecyrogenes E colt S, Typhimuriam . fluorescens A fumign P sp
MBC (mg/'mL) MEC (mg/ml|
EOP samples
0 kGy 20 220 0 20 =40 220 « 40
5 kGy 2 220 N 220 240 220 240 240
10 iCy 20 =20 2 =20 240 220 x4 z40
16 Gy 2 =20 20 0 240 220 EE ] 240
22 Wy 20 220 0 0 =40 220 240 240
COP samples
0 kGy 2 =20 20 z40 40 =40 z4) =40
5 kCy 20 =20 20 =40 40 =40 =l 240
10 kCy 2 220 =20 0 40 =40 % =40
16 kGy 2 =20 0 =40 40 240 240 240
12 WGy 20 =20 200 240 40 =40 240 240

authors have demonstrated the capability of a saprophytic fungus to
grow on dry olive-mill residue (Sampedro et al, 2005), which can envis-
age the inefficacy of pomace extracts against fungi. Furthermore, Sousa
et al {2006) observed no antifungal activity at the tested concentrations
in table olive extracts.

As far as we know, this is the first report concerning the antimicro-
bial potential of olive pomace and the evaluation of gamma radiation ef-
fect on this activity, There are, however, some studies reporting high
antimicrobial activity in table olives (Sousa et al, 2006), olive oil
(Brenes et al., 2007) and olive mil wastewaters { Yakhlef et al., 2018;
Yangui et al,, 2009), These findings point to the possibility of using
olive pomace extracts as a food preservative in order to prevent the
growth of foodborne pathogens or to delay the food spoilage. Neverthe-
less, further studies have to be performed to identify which are the com-
pounds responsible for this antimicrobial activity.

4 Conclusions

This work focused on the impact of gamma radiation on the phenolic
composition and bioactive properties of olive pomace extracts {EOP and
COP samples). HPLC-DAD-MS analyses demonstrated that olive pomace
is a rich source of hydroxytyrosol, and also contains significant amounts
of other phenalics, such as hydroxytyrosol-glucoside, tyrosol, syringic
acid or luteolin-rutinoside. The gamma radiation treatment of olive
pomace improved the extractability of phenolic compounds. The ex-
tracts of EOP olive pomaces were more efficient in protecting erythro-
cytes against oxidatively-induced haemolysis, while those from COP
showed greater ability to inhibit TBARS formation, which might be re-
lated with fat content of the samples. In general, gamma radiation did
not improve the antioxidant capacity of the olive paomaces in relation
to non-irradiated ones, except in the case of TBARS inhibition of EOP
samples, which was significantly increased, especially at low irradiation
doses. The treatment of EOP olive pomace extracts at a dose of 5 kGy
could be considered a good compromise for gamma irradiation, as it

increases phenolic extractability at the same time that improves the an-
tloxidant activity of the extracts, as evaluated by the TBARS assay, and
preserves the antihaemolytic activity, maintaining it in values similar
to the reference antioxidant Trolox. Both extracts presented antimicro-
bial activity against the studied bacterial and fung strains, but EOP ex-
tracts were more effective against E coli and P. fluorescens. No toxkity
in non-tumor hepatic cells { PLP2) was observed, either for EOP or COP
extracts, Gamma radiation treatment seemed to cause no alteration in
the antimicrobial activity and hepatotoxicity of the extracts. Based on
the obtained resuits, the olive pomace extracts could be considered a
suitable alternative for the food industry to be used as food
preservatives,

Allin all, the observations made in the present study indicate that
gamma radiation at low doses (5 kGy) could be applied as a ground-
breaking technology in the valorization of olive oil by-products, with
better results when extracted material is used. The olive pomace ex-
tracts could be considered a suitable alternative for the food industry
to be used as food preservatives. Although, further studies are needed
to evaluate the effect of gamma radiation on olive pomace individual
compournis to assess its bioactivity. This work should contribute to en-
hance the sustainability of the agro-industrial sector considering both
economic and environmental aspects,
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Resumen

En este trabajo se optimizé la extraccion asistida por calor (HAE, heat-assisted
extraction) de compuestos bioactivos de orujo de oliva mediante un disefio compuesto

central circunscrito y una metodologia de superficie de respuesta.

En estudios previos se habia comprobado que la irradiacién con rayos gamma a una
dosis de 5 kGy podia mejorar al menos 2 veces la extractabilidad de los principales
compuestos fendlicos del orujo de oliva (Publicacidén 4). Se procedi6é ahora a evaluar el
efecto del tiempo (t), temperatura (T) y concentracion de solvente (S) sobre el
rendimiento en la extraccién de polifenoles del orujo de oliva irradiado a 5 kGy. Para
ello, utilizando cromatografia liquida de alta resolucidn, se cuantificaron en los extractos
cuatro compuestos fendlicos bioactivos: hidroxitirosol-1-glucdsido, hidroxitirosol, tirosol
y acido cafeico. Los resultados experimentales obtenidos se ajustaron a modelos
tedricos para determinar las condiciones 6ptimas de extraccién, que se establecieron
en:t=120 min, T=85°Cy S = 76% de etanol en agua. En estas condiciones, se obtuvo
una recuperacién de compuestos fendlicos totales de 19,04 + 1,50 mg/g de peso seco
de orujo y 148,88 = 8,73 mg/g de extracto, que representaba un rendimiento de
extraccion de 13,7%. Estos resultados eran consistentes con el valor predicho por el

modelo.

Los resultados obtenidos permiten establecer que los orujos producidos durante la
extraccion del aceite de oliva pueden ser fuentes valiosas de compuestos bioactivos
para la recuperacién de ingredientes de interés para la industria alimentaria. Asi, por
ejemplo, los compuestos puros aislados de los orujos podrian ser empleados como
antioxidantes o conservadores en alimentos, alternativos a los aditivos alimentarios
sintéticos 0 como ingredientes funcionales con potenciales beneficios para la salud. Se

deben, sin embargo, realizar mas estudios para continuar mejorando los rendimientos
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de extraccidn y la pureza de estos y otros compuestos valiosos, como puede ser ensayar
la aplicacion de otras tecnologias verdes, como la extraccion asistida por ultrasonidos
(UAE) o por microondas (MAE).
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Abstract: Olive pomace, an environmentally detrimental residue generated during olive oil extraction,
contains bicactive compounds in demand by the food industry. To valorize this waste product a
suitable vield for the extraction process is required. Heat-assisted extraction of bioactive compounds
from olive pomace was optimized by a circumscribed central composite design and response surface
methodology. Our previous studies indicated that irradiation could improve 2.4-fold the extractability
of the main phenolic compounds from olive pomace, The effect of extraction time, temperature and
solvent concentration on the vield of polyphenols from irradiated olive pomace at 5 kGy was tested,
Hydroxytyrosol-1-f-glucoside, hydroxytyrosol, tyrosol and caffeic acid were quantified by High
Performance Liquid Chromatography to calculate the total polyphenol content, The optimal general
conditions by RSM modeling were extraction time of 120 min, temperature of 85 “C, and 76% of
ethanol in water, Using these selected conditions, 19.04 4 1.50 mg/g dry weight, 14888 + 873 mg /g
extract of total polyphenols were obtained, representing a yield of 13.7%, which was consistent with
the value predicted by the model. This work demonstrated the potential of residues from the olive
oil industry as a suitable alternative to obtain compounds that could be used as ingredients for the
food industry.

Keywords: olive pomace; bioactive compounds; ionizing radiation; heat-assisted extraction; extrac-
tion optimization

1. Introduction

The olive industry is one of the most important activities in the Mediterranean re-
gion countries, which produce 95% of the world's olive oil. This industry generates large
amounts of wastes, where many potentially interesting compounds remain. Olive pomace
is rich in bioactive compounds that can be divided in several classes: simple phenols (e.g,
tyrosol and hydroxytyrosol) and their derivatives, benzoic and cinnamic acid derivatives
(e.g., gallic acid, syringic acid, caffeic acid, p-coumaric acid, verbascoside), flavonoids (e.g,,
apigenin, luteolin, rutin) and secoiridoids (e.g., oleuropein and oleuropein aglycone iso-
mers) [1-3]. Although olive oil wastes can have a negative impact to the environment when
discharged without treatment, the recovery of these compounds increases the sustainability
of the sector, obtaining high added-value products with low production costs and reducing

Chenmsersors 2021, 9, 231, https:/ /dod.org / 10,3390/ chemosensorsY0R1231
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the environmental risk. In fact, society’s growing demand for healthier foods challenges
the scientific community to search and develop new ingredients [4]. Nowadays, with the
COVID-19 pandemic situation, more efforts have to be done to develop sustainable and
modern food systems. Although the lack of information in correlating the consumption of
bioactive ingredients with the prevention or recovery from COVID-19 disease, it became
even more imperative to have a healthier immune system which can be achieved with
the supplementation of consumers’ diets with vitamins, tannins, polyphenols, flavonoids,
biocactive lipids and herbs [5]. In this respect, the compounds obtained from olive pomaces
could be both a suitable alternative in the food industry to the use of synthetic antioxi-
dants in order to improve the quality of foods, as well as employed in the formulation of
functional foods [6].

Numerous studies have reported the extraction of bioactive compounds from olive
pomace [1,3,7-9]. The extraction of these compounds can be performed by using con-
ventional or emerging technologies, which can be advantageous since they take reduced
extraction time, accelerate heat and mass transfer, increase the extraction selectivity and pu-
rity, and use safer solvents comparing to the conventional ones [10,11]. Alu'datt etal. [12]
achieved the highest phenolic content extracted from olive pomace using methanol as
solvent and performing the extraction for 12 hat 70 “C. Also, Vitali Cepo et al. [13] tried
to optimize the extraction of hydroxytyrosol, tyrosol and oleuropein from olive pomace
using simple solvent extraction and different conditions (solvent, pH, temperature and
duration of extraction). The results demonstrated that the optimum conditions for phenols
were 120 min at 70 °C using 60% ethanol as extraction solvent, at solvent-to-sample ratio
5:1 (2/w). Under these conditions, high recoveries of oleuropein, tyrosol and hydroxy-
tyrosol were obtained averaging 115.14 + 0.19, 86.05 = 0.34 and 81.80 + 0.41 mg/kg of
fresh olive pomace, respectively. More recently, also Bohmer-Maas et al. [14] studied the
extraction optimization of individual compounds from olive pomace, observing that 80%
methanol, 45 °C and 180 min were the optimal conditions to recover 154,90 mg /kg dry
weight of hydroxytyrosol, 111540 mg/kg dry weight of tyrosol, and 153.20 mg /kg dry
weight of syringic acd. Zuorro [15] evaluated the effects of temperature, extraction time,
solvent composition and liquid-to-solid ratio on the yield of phenolics extraction from olive
pomace, showing that temperature was the most influential factor.

lonizing radiation, a clean and environmentally friendly technology, has proven to be
capable of improving phenolic extraction and antioxidant activity on industrial wastewa-
ter [16], fresh fruits such as cherry tomatoes [17], raspberries [18,19] and strawberries [20],
and dried medicinal plants [21]. More recently, the potential of gamma radiation as an
enhancer for phenolic compounds extraction and antioxidant capacity has been shown,
with the application of low doses (5 kGy), enough to increase the extractability of the
main phenolic compounds from olive pomace by 2.4-fold compared to non-irradiated
samples [1].

The current study aims to explore the extraction of some phenolic compounds from
olive pomace by heat-assisted extraction (HAE) using a circumscribed central composite
design (CCCD) testing different conditions, namely the percentage of ethanol (0-100%),
extraction times (20-120 min) and temperature (25-85 “C). The olive pomace samples used
in this work were the irradiated ones for which the best results in a previous work of the
authors were obtained [1]. The characterization of the individual phenolic compounds was
performed, summarized and modeled by Response Surface Methodology (RSM) in order
to understand the combined effects of operating variables and to maximize the responses
analyzed. RSM is an efficient statistical method for optimizing processes and was originally
described by Box & Wilson [22] as a statistical and mathematical tool. RSM allows a more
efficient and easier presentation and interpretation of experiments compared to other
methodologies. To the best of our knowledge, the optimization of tyrosol, hydroxytyrosol-
1-f-glucoside and caffeic acid recovery by RSM has never been reported,
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2. Materials and Methods
2.1. Standards and Reagents

HPLC-grade acetonitrile was obtained from Fisher Scientific (Lisbon, Portugal). Ethanol
and formic acid were acquired from Sigma-Aldrich (St. Louis, MO, USA) and Honeywell
(Charlotte, NC, USA), respectively. Caffeic acid (>%9%) was purchased from Extrasynthese
(Genay, France), whereas hydroxytyrosol (>99%) and tyrosol (>98%) were obtained from
Applichem (Darmstadt, Germany) and TCI (Tokyo, Japan), respectively. Water was treated
in a Milli-Q water purification system (Merck Millipore, Burlington, MA, USA).

2.2. Olive Pomace Samples

Samples used in this work were olive pomaces collected in 2018 from UCASUL (Uniao
de Cooperativas Agricolas do Sul, located in the Alentejo region, Alvito, Portugal) and
further submitted to an irradiation-assisted extraction [1].

2.3. Irradiation Experiments

Irradiation was carried out in a Co-60 semi-industrial unit (with an activity of 187 kCi
in April 2018) located at Technological Unit of Radiosterilization (UTR-IST), University
of Lisbon (Portugal). Sealed bags (10 x 7 cm) containing 30 g of extracted olive pomace
were irradiated at room temperature at 49 kGy using a dose rate of 13 kGy/h. The ab-
sorbed doses were measured by Amber Perspex routine dosimeters [27] (dose uniformity
DUR = 1.2). The irradiations were performed in triplicate,

2.4. Heat-Assisted Extraction (HAE)

Allirradiated olive pomace samples were immediately lyophilized (Heto CD8, Allerod,
Denmark) and stored until used. Heat assisted extraction (HAE) was performed according
to a methodology previously described by Pinela et al. [24], using 0.6 g of the olive pomace
with 20 mL of solvent with different conditions previously defined by the RSM design
(Table 1): time (t, 20 to 120 min), temperature (T, 25-85 “C) and ethanol proportion (S,
0-100%). The solid /liquid ratio (S/L) was kept constant at 30 g/L. After the extraction in
a thermostatic water bath under continuous electromagnetic stirring, the samples were
centrifuged (6000 rpm for 10 min at room temperature) and filtered (paper filter Whatman
n” 4) and the supematant was collected and evaporated at 35 °C under reduced pressure
(rotary evaporator Buchi R-210, Flawil, Switzerland) to remove the solvent, The obtained
residue was redissolved in ethanol: H,0 (20:80, v/v) and the solution was divided into
two portions for HPLC-DAD and extraction yield analysis [25].

2.5. Analysed Resporses
2.5.1. Extraction Yield

The residue resulting from each extraction was determined gravimetrically using
crucibles. A portion (5 mL) of the redissolved extraction liquid was dried in an oven
(Memmert, Schwabach, Germany) at 60 “C to evaporate the ethanol, and then at 105 °C to
evaporate the water. Afterwards, the dried sample was cooled down and the residue was
calculated by difference. The results were expressed in percentage (%, w/w).
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25.2. Phenolic Fingerprinting and Quantification

The phenolic fingerprinting of the extracts was determined by High Performance
Liquid Chromatography (HPLC) (Prominence CBM 20-A, Shimadzu, Kyoto, Japan) with
UV-DAD detector. The HPLC column was a Kinetex C18 XB-C18 (5 um, 250 mm, 4.0 mm,
Phenomenex, Torrance, CA, USA) and the detection was made at 280, 330 and 370 nm
as preference wavelengths, The phytochemical molecules were analyzed using a pre-
viously described methodology [26]. Each re-dissolved solution (3 mL) was filtered
through an LC filter disk (nylon filter 0.2 pm, 25 mm diameter, Whatman'™, GE Health-
care, Buckinghamshire, UK). Quantitative analysis was performed using 9-level calibra-
tion curves (0.78-200 ug/mL) obtained from commercial standards of hydroxytyrosol
{y = 19203x + 8392.3, R? = 0.9999), tyrosol (y = 11762x — 7109.5, R? = 0,9999) and caffeic
acid (y = 38473x — 62434, R? = 0.9996). The results were expressed in mg per g of dry
weight (Yy_s) and extract (Y4_9), and the final responses processed for all compounds were
summed up to calculate total phenolic content (TPC).

2.6. Extraction Optimization by Response Surface Methodology
2.6.1. Screening Test of Factors and Level Range for Phenolic Compounds Extraction

Primary selection and evaluation of factors and levels were carried out to determine
the appropriate experimental domain for the RSM design. Independent variables, which
include time (t), temperature (T) and solvent percentage (S) were preliminarily tested.

2.6.2. Experimental Design

A arcumscribed central composite design (CCCD) was used, consisting of 28 ran-
domized runs with six replicates at the central point (three replicates per condition). Fixed
variables in the designed experiment were defined as X: time (20-120 min), X;: tempera-
ture (25-85 “C), and Xa: solvent concentration ((-100% ethanol /water). These variables
were selected from a screening analysis, based on experimental data previously obtained
by the research group. Each factor was tested at five different levels.

The dependent variable studied were expressed according to eleven responses (Y)
format values: the total extraction yield (Y} and levels of hydroxytyrosol-1-fi-glucoside
(Y and Yg), hydroxytyrosol (Y; and Y7), tyrosol (Y; and Yg) and caffeic acid (Y; and Yg)
as well as the total amount resulting from the sum of the four compounds, TPC, (Ys and
Y10). To be clear, the results were expressed in mg of phenolic per g of dry weight (mg /g
DW) (Y;_5) and in mg of phenolic per g of extract residue (mg/ g ext.) (Yq_yp), both used to
evaluate the total phenolic purity in the extract.

The experimental data were fitted to the second-order polynomial model (Equation (1))
to obtain the regression coefficients (b) using Statgraphics Centurion XVI (StatPoint Tech-
nologies, Inc., Warrenton, VA, USA) and Design expert 12.0.1. (Stat-Ease, Inc., Minneapolis,
MN, USA) software programs. The generalized second-order polynomial model used in
the response surface analysis was the following;:

Y =by+ E::l bXi + )::\—1 b'ixiz + E,kzin byXiX, )

where Y is the dependent vanable (response variable) to be modelled, by is a constant
coefficient (intercept); by, by; and by; are the coefficients of the linear, quadratic, and inter-
active terms, respectively; k is the number of tested variables (k = 3); X; and X; are the
independent variables.

2.7. Statistical Analysis

The analysis of variance (ANOVA) was carried out to determine individual linear,
quadratic and interaction regression coefficient as well as model significance using Stat-
graphics Centurion XVI software (StatPoint Technologies, Inc.), and the fitness of the
polynomial equation to the responses was estimated using the coefficient of determination
(R?). The significance of all the terms of the polynomial equation was analysed statisti-
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cally by computing the F value at p < 0.05. Design expert software was used to optimize
the conditions of extraction throughout response surface methodology (RSM) with their
respective 3D graphs and statistics diagnostics, such as predicted vs actual, residuals vs
predicted, and run vs predicted points, which were assessed along the prior information
mentioned in order to fit the model.

3. Results and Discussion

A previous study by the authors identified hydroxytyrosol, hydroxytyrosol-1-p-
glucoside and tyrosol as the most abundant phenolic compounds present in olive po-
mace [1]. It was also verified that irradiation at 5 kGy increased the extractability of
bioactive compounds from olive pomace by 2.4-fold compared to the non-irradiated ones.
Based on this information, the aim of this work was to optimize the extraction of these
three compounds for the 5 kGy irradiated samples. Caffeic acid was chosen to be studied
in representation of phenolic acids present in olive pomace,

3.1. Single-Factor Effects for Polyphenolic Extractions

The results of 28 runs (all of them analysed in triplicate) using a circumscribed central
composite design (CCCD) are given in Table 1, that includes the experimental design and
the corresponding response data. The different response criteria used (yield and Y;_1) are
interesting for industrial sectors that promote the recovery of high added-value compounds
from agro-industrial residues that can be used as food ingredients. The applied response
criteria provide important information about the amount of olive wastes needed to achieve
a certain quantity of the target compounds and their concentration in the obtained extracts.

The extraction yield ranged from 2.89 to 19.30% (Table 1). The higher value was
achieved with the run 26, which combined the following conditions: t =70 min, T =55 “C
and S = 50%. A lower yield (10.88%) was obtained by Chanioti & Tzia [27] in the ultrasound-
assisted extraction of oil from olive pomace at 31 “C.

TPC (Ys) ranged from 2,60 to 21.42 mg/g DW and the highest content was attained at
the run 12, These values are higher than those reported by Bohmer-Maas et al. [14], which
obtained up to 1.48 mg/g DW performing an extraction of 180 min with 80% ethanol in
water solvent and at 45 °C.

3.1.1, Effect of Extraction Time on Polyphenolic Content and Extractability Yield

In order to understand the effect of time on phenolic compound extraction (Yy_y0) and
vield (Yq)) from olive pomace, the experimental tests were carried out at different extraction
times (X; = 20, 40.3, 70, 99.7 and 120 min), while the other two factors (X; = Temperature
and X3 = Solvent concentration) were adjusted according to the defined CCCD points
presented in Table 1.

Table 2 shows the ANOVA estimated coefficients. The extractability of compounds
had a small but positive trend implying that, in the range of the used extraction times, the
extraction of compounds was higher when longer times were employed, Variability within
the collected dataset had shown significant effect (p < 0.05, highlighted in green) in some
of the tested phenolic compounds, but no significant repercussion on the extraction yield
(grey coloured). This information is displayed at different points in the responses (Table 1)
and is shown in Table 2, at the decoded optimization values section. Numerically, inflection
points in the responses are mostly at the long end positive points tested (120 min), but
also at some lower ones, e.g., 68 min for Y; and Ys. The lowest inflection point (53 min) is
located at Y, although this response showed no significant effect. Vitali Cepo et al. [13]
and Bohmer-Maas et al. [14] also observed higher amounts of polyphenolic content and
antioxidant activity in olive pomace with long extraction times, 120 min and 180 min,
respectively. Furthermore, Garcia-Castello et al. [25] reported maximum total polyphenols
content and antioxidant activity at 412 and 270 min, respectively, in extracts from wastes of
grapefruit (Citrus paradisi L.)
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The range of temperature tested in this experimental design comprised five different
levels (Xz = 25, 37.2, 55, 72.8 and 85 “C). Many phenolic compounds present thermo-
labile characteristics and it is important to understand which temperatures are within
the safe zone before occurring degradation, along with the identification of optimum
recovery points,

Positive trend was also found for every analysed response with statistical significance
(p < 0.05) (Table 2). Optimum decoded values for temperature were 85 "C in almost all
responses, except for Y (73 “C)and Yy, (81 “C). It worth noting that the studied compounds
seemed to be better extracted at maximum tested temperatures (85 °C). In fact, it is known
that high temperatures improve the extraction efficiency [29], since it might weaken the
cell membranes and hydrolyze the bonds of phenolic compounds (phenol-protein or
phenol-polysaccharide) thus increasmg the solubility of the compounds in the solvent [30].
The obtained results are consistent with those reported by Vitali Cepo et al. [13] who
determined the higher extraction yields from olive pomace at temperatures of 70 °C and
above, Also, Bohmer-Maas et al. [14] and Alu'datt et al. [12] demonstrated the higher
extraction of phenolic compounds from olive pomace at higher temperatures (70 “C) using
methanol as solvent.

3.1.2. Effect of Solvent Concentration on Polyphenolic Content and Extractability Yield

For solvent concentration monitoring, the whole spectrum of mixture of the two
solvents were evaluated (X3 = 0, 20.3, 50, 79.7 and 100% of ethanol in water). Besides
exhibiting significant statistical differences (p < 0.05) in all the responses (Table 2), the
employed broad ranges allowed to distinguish the maximum inflection point in the eleven
different responses with strong variability among them. The results described better yield
recovery on slightly polar solvents but very variable percentages within the different
phenolic compounds. In fact, the optimum decoded value for the yield extraction (Yy;)
was 28% of ethanol. The highest inflection points (100%) are located at Y;-Y;g, whereas the
lowest ones (26 to 45%) are located at Y,-Y4).

The selection of a suitable extraction solvent is one of the most important steps in
assuring a successful extraction and the identification of optimal points is mandatory [31].
Thus, even using the same solvents, different percentages of combination are often re-
ported [13,15,24,25,30], which may be due to the large diversification of polyphenolic
compounds present in the different matrices. In previous studies, the ethanol percentage to
obtain the optimum recoveries of compounds could also be very variable. A 60% ethanol
in water was selected as optimal condition for extracting hydroxytyrosol, tyrosol and oleu-
ropein from olive pomace by Vitali Cepo et al. [13], whereas for Citrus paradisi L. wastes the
maximum total polyphenol content and total antioxidant activity were achieved using 20%
and 50% aqueous ethanol, respectively, as extraction solvent [25]. On the other hand, for
Hibiscus sabdariffa calyces the optimal condition to extract anthocyanins was using water
(0% ethanol) [24] using HAE, probably due to the polarity of anthocyanins. Another study
using methanol as solvent verified that the highest individual phenolics extracted from
olive pomace was achieved at the concentration of 80" methanol [14].

Moreover, the obtained results demonstrated that the interaction between extraction
temperature and ethanol concentration was statistically significant for all the studied
phenolic compounds. On the other hand, the interaction between extraction time and
ethanol concentration presented no significant effect for all the studied responses.

3.2. Optimization of HAE Process in Olive Pomace
3.2.1, Extracting Modelling and Analysis of Variance

In this study, a one-block experiment circumscribed central composite design (Table 2)
based on RSM was used to optimize the HAE of TPC from olive pomace. For this purpose,
acomplete response analysis was performed with statistical determination of outliers of the
raw data, followed by an ANOVA analysis (Table 2) coupled with numerical and graphical
statistical diagnostics (Figures 1-5).
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The increasing of the yield during HAE for longer times has been explained by
several authors due to the mechanical effect of stirring coupled with the physicochemical
parameters employed which causes a disruption of plant cell releasing the inner compounds
embedded. Additionally, mass transfer is enhanced with small particles of the matrix
analyzed due to the increment of the contact surface area between solvent and plant
material [32,33].

According to the performed analysis of variance, model adjustment and the coeffi-
cients for a subsequent second order equation are shown in the first part of Table 2. As
mentioned above, for the significant values of the eleven responses, the cells were colored
in green, while the non-significant values were colored in grey. The coefficients R? > 0.94
for each response demonstrated the high correlation. The construction of the second order
equations followed the typical notation and only significant values (p < 0.05, green colored)
were considered. Some examples are displayed below in the Equations (2)-(4).

Yy = 4.73810 + 0.474459 + Temperature — 0,985634 « Solvent — 0.097691 + Temperature + Solvent—
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Figure 1. RSM graphs from the eleven responses with statistical diagnostic representations. Each graph displays temperature
vs solvent factors, with a time factor adjusted to 0, along with two statistical diagnostics attached. On the top, the graphical
representation of the adjustment between predicted vs actual points, and underneath, the graphical representation of
residuals vs predicted points,
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Figure 2. RSM graphs from the responses Y3 (Tyrosol, mg/g DW), Y (Caffeic acid, mg/g DW) and Y5 (Total phenolic
content, mg/ g DW), with statistical diagnostic representations. Each graph displays temperature vs solvent factors, with a
time factor adjusted to 0, along with two statistical diagnostics attached. On the left, the graphical representation of the
adjustment between predicted vs actual points, and on the nght, the graphical representation of residuals vs predicted
points,
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Figure 3. RSM graphs from the responses Y, (Hydroxytyrosol-1-beta-glucoside, mg/g Ext) and Y; (Hydroxytyrosol, mg/g
Ext), with statistical diagnostic representations. Each graph displays temperature vs solvent factors, with a time factor
adjusted to 0, along with two statistical diagnostics attached. On the left, the graphical representation of the adjustment
between predicted vs actual points, and on the right, the graphical representation of residuals vs predicted points,
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Figure 4. RSM graphs from the responses Yy (Tyrosol, mg /g Ext) and Ya (Caffeic acid, mg/g Ext), with statistical diagnostic
representations. Each graph displays temperature vs solvent factors, with a time factor adjusted to 0, along with two
statistical diagnostics attached. On the left, the graphical representation of the adjustment between predicted vs actual
points, and on the right, the graphical representation of residuals vs predicted points,
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Figure 5. RSM graphs from the responses Y (Total phenolic acids, mg/g Ext) and Y, (Yield, %), with statistical diagnostic
representations. Each graph displays temperature vs solvent factors, with a time factor adjusted to 0, along with two
statistical diagnostics attached, On the left, the graphical representation of the adjustment between predicted vs actual
points, and on the right, the graphical representation of residuals vs predicted points,

3.2.2. Factorial and General Optimization

From the 28 runs (each one performed in triplicate) data acquired, the most efficient ex-
traction conditions for maximizing each of the eleven responses using HAE were obtained
by constructing 3D response surface curves with underlying contour plots (Figures 1-5)
and determined by interpolation of experimental values according to the equations men-
tioned above.

Although ANOVA analysis becomes mandatory in understanding the pattemns of the
responses, 3D surface plots are the best way to visualize the effects of any independent
variable on the extraction of any type of response, helping to comprehend the influence
and interaction between the variables. These plots are obtained depicting two variables,
temperature vs solvent, within experimental range and keeping the third variable, time,
constant at zero level (Figures 1-5),

The information summarized in the eleven RSM graphs is the behavior of the re-
sponses through all the tested point, which, along with the other statistics diagnostics and
mathematical equation, helps creating a net of untested points in order to give us a visual
representation of data. From this representation, it becomes easy to observe that in each
one of the responses, while temperature increases, the responses do it in the same manner.
At the same time, it is interesting to focus on the solvent axis. Although the increments are
obvious, it always presents a point of inflection that exhibits the saddle shape form on the
graphs on the phenolic compound from the dry weight (Y;-Y5), yield response (Y;;) and
hydroxytyrosol-1-f3 -glucoside from extract (Yy). Those combinations of shapes indicate a
uniform and increasing value for the factor temperature. Nevertheless, the same cannot be
said for solvent factor, since this factor had the optimum point in the middle of the scale,
somewhere between the factorial and central points for a big part of responses (Y1-Ys and
Y11), while the other extract responses (Y7-Y10) highlighted at the positive factorial points
analyzed, This could be explained by the polarity of the compounds as well as by yielding
response. On the dry weight, other polar compounds tend to increase the interaction of the
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quantified compounds, hence, different profile was found when comparing with the purity
of the extract. Lastly, with their own statistics diagnostic attached, it was observed how
the predicted point matched well with the actual paint showing a smooth straight line.
Taking into consideration the lack of fit and R? values in Table 2, it was possible to realize
how the modeling fitted with high precision (Lack of fit < 0.05 and R? > 0.94), except in Y7
which might be caused by an unexpected outlier in the run 16 obtaining 62.59, instead of
71.17 mg /g of extract. On the other hand, at the bottom, the residual is shown in order to
describe the behavior within the runs and check that it does not exist any type of pattern
which could influence the modeling,.

Furthermore, a compilation of factorial terms is presented in the second part of
Table 2, which takes into account the single and interaction effects, the RSM, the statistical
diagnostic plots and the quadratic equation. Giving particular interest to a unique response,
for example Yz or Ys (hydroxytyrosol or tyrosol), maximal optimum values of each response
aredisplayed (14.16 mg /g DW and 28.23 mg /g extract, respectively), as well as the specific
combination of the three factors time, temperature and solvent that has to be used in
order to obtain the predicted values. Besides presenting the numerical values of the used
decoded ranges, the cells were colored from light to strong blue to represent the coded
factorial points, intending a better observation of the factorial points.

Even if the main objective of this work was to optimize the total phenolic compounds
recovery from olive pomace in order to maximize the eleven responses, a combination of the
three factors (time, temperature and solvent percentage) had been adjusted and displayed at
the column “Global” (Table 2). Additionally, the last row of Table 2 presents the desirability
values obtained from the global optimization for each response. The global factor values for
maximizing the responses were obtained at 120 min (X;), 85 °C (X;) and 76 % of ethanol (X3),
with a global desirability of 0.71. In these conditions, it was possible to extract 25.09 + 2.45,
100.77 + 7.19, 21.19 + 1.61 and 1,83 = 0,12 mg /g of extract of hydroxytyrosol-1-f-ghucoside,
hydroxytyrosol, tyrosol and caffeic acid, respectively. Moreover, extraction yield (Y11) of the
global optimization value was 13.70 + 1.9 %. The global results are similar to the obtained
by Vitali Cepo et al. [13) which reported 120 min of time, 70 °C of temperature and 60%
of ethanol as the best conditions to extract hydroxytyrosol, tyrosol and oleuropein from
olive pomace. Concerning specifically the hydroxytyrosol extraction, the obtained results
are higher than those found by Pavez et al. [34] using Pressurized Liquid Extraction and
by Bohmer-Maas et al. [14] using maceration, where 0258 mg /g DW and 0.154 mg /g DW,
respectively, were extracted while 1255 + 099 mg /g DW were reached in the present work.
Thus, olive pomace is a promising source of phenolic compounds namely hydroxytyrosol
for potential use as natural preservatives,

Further studies have to be performed in order to valorize olive wastes as a source of
potentially valuable food ingredients. For instance, other green technologies can be ex-
plored to maximize the extraction of bioactive compounds, such as supercritical extraction,
microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE) [32,35,36], or
pressurized-liquid extraction (PLE) [34]. The fortification of food, especially meat [37-39],
beverages [10], bakery [41-13] and dairy [#4,45] products, with bicactive compounds from
olive wastes not only as pure compounds but also in the form of rich extracts, was previous
described due to the antioxidant ability of phenols to reduce lipid oxidation during cooking
and storage or to their antimicrobial properties.

4, Conclusions

Nowadays, consumers are more interested in what they eat, thus increasing the
demand for sustainable and healthier foodstuffs. The food industry tries to address this
challenge developing efficient extraction methods for natural added-value ingredients
from industrial by-products. In this work, a heat-assisted extraction (HAE) procedure
has been optimized combining three independent variables (extraction time, temperature
and solvent concentration), in order to maximize the recovery of four relevant bioactive
phenolic compounds (i.e., hydroxytyrosol-1-f-glucoside, hydroxytyrosol, tyrosol and
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caffeic acid) present in olive pomace, a residue generated during olive oil extraction. The
achieved experimental data were fitted to theoretical models to determine the optimal
extraction conditions, which were established at: t = 120 min, T=85°C and S =76 “
of ethanol, with an extraction yield of 13.70%, allowing to recover a total amount of
148,88 + 8.73 mg /g extract.

This work evidenced that residues produced during olive oil extraction can be valu-
able sources of bicactive compounds to produce ingredients that can be used by the food
industry. More studies have to be performed to further improve the recovery of these
and other valuable compounds to compare with the HAE results obtained in this work,
such as the application of green technologies like ultrasound-assisted extraction (UAE) or
microwave-assisted extraction (MAE), The isolated pure compounds from olive wastes, as
well as the obtained rich extracts can be used as preservatives in foods being suitable alter-
natives to synthetic food additives and /or as functional ingredients to provide consumer
health benefits.
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Resumen

En este trabajo, se utilizd la extraccién asistida por ultrasonidos (UAE, ultrasound-

asssited extraction) para recuperar hidroxitirosol y tirosol de orujo de oliva irradiado.

El proceso de extraccion se optimizé utilizando la metodologia de superficie de
respuesta, con el tiempo de tratamiento (t), la concentracion de etanol (S) y la potencia
ultrasénica (P) como variables independientes combinadas. Las mayores cantidades de
hidroxitirosol (36 + 2 mg/g de extracto) y tirosol (14 + 1 mg/g de extracto) se obtuvieron
después de 28 min de sonicacion a 490 W utilizando etanol al 7,3% como solvente. En

estas condiciones, se logré un rendimiento de extraccién de 30 + 2%.

Se evaluo, asimismo, la bioactividad del extracto obtenido en las condiciones de UAE
optimizadas y se compar6 con la de un extracto obtenido bajo condiciones de extraccién
asistida por calor (HAE) optimizadas anteriormente (Publicacién 5). En comparacion con
la HAE, la UAE redujo el tiempo de extraccion y el consumo de solvente, y también
condujo a mayores rendimientos de extraccion (30%, frente al 13,7%). A pesar de ello,
el extracto de HAE presentd6 mayor actividad antioxidante requiriéndose
concentraciones de extracto mas bajas para inhibir la formacion de TBARS y la
hemolisis oxidativa, asi como actividades antiinflamatoria y antibacteriana mas
elevadas, aunque no demostré potencial antifingico contra Candida albicans. El
extracto de HAE también mostré mayor efecto citotdxico frente en una linea celular de
adenocarcinoma de mama (MCF-7) y mayor potencial antidiabético, evaluado por su

capacidad para inhibir la a-glucosidasa, que el extracto obtenido por UAE.

Los resultados obtenidos permiten seguir profundizando en la eficacia de distintos
procedimientos de extraccion para la obtencién de componentes bioactivos a partir de

subproductos del proceso de produccion de aceite de oliva, con vistas a proporcionar
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informacion util a la industria de cara al desarrollo de nuevos ingredientes, que pueden
representar una alternativa a los aditivos sintéticos o ser empleados como nutracéuticos,
cosmecéuticos o en la formulacion de alimentos funcionales, contribuyendo a la

sostenibilidad tanto del sector agro-industrial sector como del medio ambiente.

162



Food &
Function

PAPER

| M) Ghec for updates

Cite this: Food Funct, 2025, 14,
3038

Received 22nd Novermber 2022,
Accepted 25th Fetwuary 2023

DOl 10.1039/d2t003607)
reclifood-function

1. Introduction

’ ® ROYAL SOCIETY
-~ OF CHEMISTRY

Ultrasound-assisted extraction of hydroxytyrosol
and tyrosol from olive pomace treated by gamma
radiation: process optimization and bioactivity
assessment

Joana Madureira, 259 Bianca Albuquerque, {9 “ Maria Inés Dias, b+

José Pinela, (92< Ricardo C. Calhelha,”< Celestino Santos-Buelga, (2 9¢
Fernanda M. A. Margaca,” Isabel C. F. R Ferreira, (9 ° Sandra Cabo Verde & * and
Lillian Barros {3 #b<

Ultrasound -assisted extraction (UAE) was used to recover hydroxytyrosol and tyrosol from olive pomace.
a residue generated by the olive o industry. The extraction process was optimized using response surface
methodology (RSM), with processing time. ethanotl concentration and ultrasomnc power as the combined
independent variables. The highest amounts of hydroxytyrosol {36 + 2 mg ™' of extract) and tyrosol (14 + 1
mg g~ of extract) were obtained after 28 min of sonication at 490 W using 7.3% athancl as the solvent
Under these global conditions, an extraction yweld of 30 + 2% was achieved The bscactivity of the extract
obtained under optimized UAE was evaluated and compared with that of an extract oblained under
optimal heat-assisted extracton (HAE) conditions in a previous work of the authors, Compared to HAE,
UAE reduced the extraction time and the solvent consumption and also led to higher extraction yields
{HAE yield was 13.7%). Despite this, HAE extract presented higher antioxidant, antidiabetic, anti-inflamma-
tory and antibacterial activities and no antifungal potential against C albicans Furthermare, HAE extract
also showed higher cytotoxic effects against the breast adenocarcinoma (MCF-7) cell line. These findings
provide useful information for the food and pharmaceutical industries in developing new bicactive ingre-
dients, which may represent a sustainable alternative to synthetc preservatives and/or additives.

flavonoids' " with biological properties that can have a positive
impact on human health.”” In recent years, the demand for

Olive pomace, although an environmentally barmful waste
generated during olive oil extraction, contains considerable
amounts of phenolic compounds such as hydroxytyrosol and
tyrosol, oleuropein and its derivatives, phenolic acids and

“Centro de Cidncias ¢ Teenologlor Nucleares (CTTNL Instituto Superior Técnico,
Cniwrsdade de Lishoa, EN. 10 oo kb 139.7, 2695066 Bobadela LRS. Portugal,
E-muil: sandi . tevnico. slishoa pe

NCeniro de Imvestigacdo de M s [CIMO), Instituto Politécnico de Bragang
Camprus de Santa Apoldaia, 3700253 Braganca, Formugal E-mall Uilangiph pt
‘Laboratdrio Associado para a § bilidade ¢ Tecnologia em Regides de

M ha (SwsTECL 4 Fuoitéanico de Bragana, Campus de Santa Apolowia,
5300-253 Braganca, Fortugal

YGrupo de tnvestigaciin en Polifemolex (GI-USAL), Facultod de Varmacia,
Unnwraddod de Salamanca, Camgray Miguel de Ui ¥n 37007 Sul

Spain

“Unidad de Excelencia Produccion, Agricola y Medioambente
(AGRIENVIRONMENT), Pargue Cientffico, Universdad de Salamanc,

47185 Salemancr, Spain

3038 | Food Furct 2025, 14, 3038-3050

natural antioxidants as safe alternatives to the synthetic ones
has increased, in part due to the growing interest of consu-
mers in healthier food. In this regard, olive wastes could be
considered valuable sources of natural bioactive compounds to
be added to foods as natural additives and supplements.

The development of efficient extraction processes to recover
these compounds from olive pomace is an important chal-
lenge in order to obtain added-value products, maintaining
the health and sustainability of the environment and indus-
tries. There are different methods for extracting phenolic com-
pounds from olive pomace. The most used and simplest tech-
nique for this purpose is maceration; however, some emerging
technologies have been developed to reduce the extraction
time and the volume of solvents and to increase the extraction
selectivity and purity.” These emerging technologies include
superheated liquid extraction (SLE),” ultrasound-assisted
extmction (UAE},'™" microwaveassisted extraction (MAE),"
pressurized liquid extraction (PLE),"" supercritical fluid extrac-

Thes journal is © The Royd Sodety of Chermistry 2023
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tion (SFE)" and multi-frequency multimode modulated ultra-
sonic technique.' Among these techniques, UAE is considered
the simplest and most cost-effective one to use at both labora-
tory and industrial scale, although the use of high power levels
can lead to the degradation of some compounds,

lonizing radiation is a clean and environmentally friendly
technology, that has been proved to improve phenolic extrac-
tion from and the antioxidant activity of industrial waste-
water,' fresh fruits such as cherry tomatoes,' raspberries’ ™"
and strawberries,”” and dried medicinal/aromatic plants.™
More recently, the potential of 5 kGy gamma radiation as an
enhancer for phenolic compound extraction and the anti-
oxidant capacity of olive pomace extracts was demonstrated,
increasing the extractability of the main phenolic compounds
by 2.4-fold in comparison with non-irradiated samples.®

Response surface methodology (RSM) has been proposed to
provide information regarding the optimal combination of
extraction factors to obtain natural antioxidants from olive
pomace, using different extraction methods, such as heat-
assisted extraction (HAE),** PLE™ and UAE,**"*' In fact,
Goldsmith ef al, (2018)"" demonstrated that UAE increased the
extraction of total phenolic compounds by 24% and the HPLC
peak areas by 20.4%, whereas the antioxidant activity was
increased by 11%. The current study aims to explore the
efficiency of UAE for extracting phenylethanoids from olive
pomace using a circumscribed central composite design
(CCECD) testing different conditions, namely the percentage of
ethanol (0-100%), extraction times (2-40 min| and ultrasonic
power (5-500 W). The olive pomace samples used in this work
were irradiated ones for which the best results for improving
bioactive extmetability were obtained in a previous work of the
authors.” The extraction yields of the individual hydroxytyrosol
and tyrosol were obtained, summarized and modeled by RSM,
in order to understand the combined effects of the operating
variables and to maximize the responses analyzed,
Furthermore, the biological properties (antioxidant, anti-
microbial, antidiabetic and anti-inflammatory activities and
evtotoxicity) of olive pomace extracts obtained under UAE opti-
mized conditions were evaluated, and compared with those of
the extracts obtained under optimized conditions.™ As far as
the authors know, this is the first time that a comprehensive
study of the bioactivity has been performed comparing both
processes for extracting bioactive compounds from olive
pomace, in the hope that the results can contribute to the
development of new ingredients to be used by the food
industry.

2. Materials and methods

2.1. Olive pomace samples

The samples used in this work were olive pomaces collected in
November 2020 from UCASUL (Unido de Cooperativas
Agricolas do Sul, located in the Alentejo region, Portugal) and
further submitted to a gamma radiation treatment as
described by Madureira et al (2020).°

Thes jourmal is © The Royal Sockety of Chermestry 2023
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2.2, Irradiation experiments

Irradiation was carried out in a Co60 semi-industrial unit
(with an activity of 126 kCi in March 2021) located at the
Technological Unit of Radiosterilization (UTR-IST), University
of Lisbon (Portugal). Sealed bags (20 em x 10 em) containing
100 g of extracted olive pomace were irradiated at room temp-
erature at 5.2 = 0.2 kGy using a dose rate of 10.4 kGy h™". The
absorbed doses were measured using Amber Perspex routine
dosimeters™ (dose uniformity DUR = 1.07). The irradiations
were performed in triplicate,

Fig. 1 presents a schematic diagram of the different steps
carried out for the optimization of the phenolic compound
extraction from irradiated olive pomace.

2.3. Experimental design for extraction optimization

A fivedevel circumscribed central composite design (CCCD)
coupled with RSM was implemented to optimize the extraction
of phenylethanoids from olive pomace. The coded and natural
values of the independent variables X, (time: ¢, min), X;
(power: £, W), and X (solvent proportion: S, % ethanol, viv)
are presented in Table 1. The 28 experimental points of the
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Fig.- 1 Disgram of the different steps carried out for the extraction
optimization of the phenclic compounds from Irradiated olive pomace.
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Table 1 Natural and coded values of the independent variables used in
the 5-level central composite designs (CCD) implemented for optimiz-
ation of ultrasound-assisted extraction using response surface method-
ology (RSM)

Nartural values
Coded values Time X, Power Xy Solvent proportion X
() (min} (W) (%, viv)
-1.68 2 5 0
-1 9.7 1053 20.3
0 21 1525 50
1 323 3997 79.7
L68 a0 L 100

CCCD design shown in Table 2 were genemated using Design-
Expert software, version 11 (Stat-Ease, Inc., Minneapolis, USA)
by entering factor ranges in terms of alphas (¢ = -1.68, -1, 0,
1, 1.68), and included 6 replicates at the central point (three
replicates per condition). The experimental runs were random-
ized to minimize the effects of unexpected variability in the
observed responses.

2.4. Ultrasound-assisted extraction (UAE)

All irradiated olive pomace samples were immediately lyophi-
lized (Heto CDS, Allerod, Denmark) and stored in dark con-
ditions ar room temperature until used. The UAE was per-

Food & Function

formed using an ultrasonic system (ultrasonic homogenizer,
model CY-300, Optic Ivwmen Systen, Barcelona, Spain)
equipped with a titanium probe and a connector for the
sample temperature control, according to a methodology pre-
viously described by Albuquerque et al. (2020)."* Olive pomace
(0.9 g) was placed in 30 mL of solvent with different conditions
previously defined by the RSM design (Table 1) time
(¢, 2-40 min), power (£, 5-500 W) and ethanol proportion
(S, 0-100%). These experimental range conditions were selected
from several screening analyses, based on experimental data
previously obtained by the research group. The solid/liquid
mtio was kept constant at 30 g L', as well as tempemture
(7, 30-35 °C; a coldwater bath was used to control the temp-
erature). After the extraction, the samples were centrifuged
(480g for 10 min at room temperature) and filtered (paper
filter; Whatman no. 4) and the supernatant was collected.,

2.5. Analyzed responses

2.5.1. Extraction yield. The residue resulting from each
extraction was determined gravimetrically using crucibles by
the evaporation of 5 mL of supernatant (extract solution) at
100 °C for 24/48 h. The results are expressed as percentages
(96, w/w).

2.5.2. Chromatographic analysis of phenolic compounds,
A portion (1.5 mL) of each extract solution was filtered through
0.22 pm disposable syringe filters and analysed by HPLC-

Table 2 Experimental resuits obtained under the extraction conditions defined in the circumscribed central composte design (CCCD) matrix for
extraction yield and contents of hydroxytyrosol (HYD), tyrosol (TYR) and both phenylethanoids (PhC) as a function of the extraction method. The
natural values of the independent variables X, (time), Xy, (power] and X, {solvent proportion) are presented in Table 1

CCCD experimental design

Phenolic content by HPLC

Residue
Run Xzt (min) X P(W) Xz 5 (%) vield (%) HYD (mg g ' ext) TYR (mg g " ext) PhC (mg g~ ext)
1 9.7 1053 203 13.15 2+1 9.9+ 05 372
2 9.7 1053 20,3 1146 28+1 10,1+ 0.3 34+
3 323 1053 203 15.53 2742 9.6 105 3612
1 323 1053 20.3 12,61 27¢1 9.7 +0.3 371
5 9.7 399.7 20,3 2230 331 1.4+ 03 ITES |
6 9.7 3997 20,3 2404 242 118405 44+2
7 323 3%.7 20.3 24.86 33.2:05 123+ 03 4511
8 323 3907 20,3 23.32 KPS| 124+01 541
q 9.7 1053 797 291 w1 109+ 0.2 32+1
10 9.7 1053 79,7 1.66 W1 122405 3642
1 323 1053 79.7 5.85 16.6 £ 0.1 803 £0.22 247403
12 323 1053 79.7 227 184 +01 9,20 + 0,03 2746+ 0,2
13 9.7 399.7 79.7 13.54 14,8403 81+02 229+0.5
1 9.7 31997 79.7 11.14 16.6 4 0.3 8.4 0.1 252402
15 32.3 3997 79.7 17.51 18,2+ 06 9.53 + 0,01 28+1
16 323 3997 79.7 16,96 16,4 + 0.3 87+01 25.04 + 0,19
17 2 2525 50 185 541 21,240 7541
18 10 2525 30 15.15 27.8+03 104 £ 0.4 3811
19 21 5 50 5.05 29.7 £ 0.3 129+ 04 3+1
20 21 500 50 23.34 26,9+ 0.2 103+ 04 371402
21 21 2525 o 2112 M5 11+2 167
22 21 2525 100 0.93 59 +04 45+04 105+ 0.8
23 21 2525 50 16,96 25,8401 10,7 £ 0,1 36,5 0.2
24 21 25235 50 12.26 28,6+ 0.5 115403 041
25 21 1525 50 15.18 20,7 £ 0.3 99+ 02 M6 +0.1
26 21 2525 50 1250 25,7+ 0.3 103+ 04 35.94 £ 0.4
byl 21 2525 50 1914 24.89 4 0,04 10,9402 358403
28 21 2525 50 14.56 25,35 £ 0.08 10,80 + 0.05 36.15 + 0.03

3040 | Food Funct, 202314, 3038-3050
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DAD-ESI/MS”™ (Dionex Ultimate 3000 UPLC, Thermo Scientific,
San Jose, CA, USA) using the conditions described by Bessada
et al (2016)."" Quantitative analysis was performed from the
peak areas recorded at 280 nm using 9-level calibration curves
(1.25-80 pg mL™") obtained from commercial standards of
hydroxytyrosol (y = 124134x + 17393, &' = 0.999, LOD (limit of
detection) = 1.22 pg mL™Y; LOQ (limit of quantification) =
3.68 pg mL™") and tyrosol (y = 91708x — 9398.5, R = 0,999,
LOD = 0.91 pg mL™"; LOQ = 2.77 pg mL™*). The results are
expressed as mg per g of extract, and the final responses pro-
cessed for all compounds were summed up to calculate phenyl-
¢thanoid content (PhC).

2.6, Extraction optimization by response surface
methodology

2.6.1. Response criteria and mathematical modelling. The
extraction yield and levels of hydroxytyrosol (HYD) and tyrosol
(TYR), as well as the total amount resulting from the sum of
both compounds (TPC), were the four response variables con-
sidered to optimize the recovery of phenolic compounds from
olive pomace.

The response surface models were fitted to the second-
order polynomial model (eqn (1)):

wel n
3 beXiX+ ) buk?
=1 e
j>1

v=bo+§:b,x,+ (1)
=t

where Y is the dependent (response) variable to be modelled;
X:and X, are the independent variables; b, is a constant coeffi-
cient (intercept); by, b; and by are the coefficients of the linear,
quadratic, and interactive terms, respectively; and n is the
number of tested variables.

2.6.2. Fitting procedures and statistical analysis. Fitting
procedures, coefficient estimates and statistical calculations
were performed using Design-Expert software, version 11. The
analyses of variance (ANOVA] was used to determine the
regression coefficients and to assess the significance of the
data. The coefficient of determination (R') and the adjusted
coefficient of determination (R'.y), interpreted as the pro-
portion of variability of the dependent variable explained by
the model,”™ were used to estimate the fitness of the poly-
nomial equation to the response. Only the statistically signifi-
cant terms (pvalue < 0,05) were used to fit the mathematical
models. The significance of all the terms of the polynomial
equations was analyzed statistically by computing the Fvalue
at p < 0.05. The statistic lack of fit was used to evaluate the ade-
quacy of the models. This test shows whether the model ade-
quately describes the functional relationship between the inde-
pendent variables and the obtained response. Thus, the lack
of fit should be non-significant (p > 0.05). The software was
also used to generate the response surface graphs.

2.7. Evaluation of the bioactive properties

The olive pomace extract obtained under the optimal con-
ditions using UAE, as described in section 2.6, was used for

Thes jourmal is © The Royal Sockety of Chermestry 2023
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evaluaring the bioactive properties described below. This UAE-
obtained extract was also compared with the olive pomace
extract from the optimal conditions obtained using HAE.”'

2.7.1. Antioxidant assessment. The antioxidant capacity of
olive pomace was measured through the inhibition of lipid
peroxidation by the decrease in thiobarbituric acid reactive
substance (TBARS) formation and the oxidative hemolysis
(OxHLIA) inhibition assays. Trolox was used as a positive
control.

The TBARS assay measures the extract's capacity to inhibit
the formation of malondialdehyde and other TBARS and
was performed using porcine bmin tissues as an oxidizable
substrate, following the procedure previously described by
Mandim et al. (2020).77 The olive pomace extracts were re-dis-
solved in water to obtain a stock solution at 8 mg mL™", which
was further diluted to obtain the mnge of concentrations
tested (0.078-1 mg mL™"). The results were expressed as the
extract concentration (IC;,, pg mL™") that causes 50% inhi-
bition of the oxidation process.

The OxHLIA assay measures the extract's capacity to inhibit
the oxidative hemolysis and was performed using erythrocytes
isolated from sheep blood collected from healthy animals, fol-
lowing the procedure previously described by Mandim er al.
(2020).*” The olive pomace extracts were re-dissolved in PBS to
obtain a stock solution at 8 mg mL ™', then diluted to achieve
different solutions ranging from 0.078 to 0.25 mg mL . The
results were expressed as the extract concentration (IC;,, pg
mL ") required to maintain the integrity of 50% of the erythro-
cyte population after 60 and 120 min.

2.7.2. Antimicrobial activity. The antimicrobial activity was
assessed using three Gram-negative bacteria (Escherichia coli
(ATCC 8739™), Pseudomonas fluorescens (ATCC 13525™) and
Salmonella enterica serotype Typhimurium (ATCC 140287)),
three Gramepositive bacteria (Staphylococcus aureus (ATCC
6538™), Bacillus cereus (SS1 C1/1) and Listeria monocytogenes
(ATCC 19111™}) and a fungus (Candida albicans (ATCC
10231™1). The bacterial or fungal suspension was adjusted
with sterile saline solution to a concentration of 1 x 10" CFU
mL™", The extracts of olive pomace were dissolved in 10%
DMSO in Tryptic Soy Broth (TSB) medium at a final concen-
tration of 300 mg mL™'. Then, several concentrations
(12.5-100 mg mL") were prepared directly in the well and
100 pL of the respective inoculum added (1 x 10" CFU/well).
The minimum inhibitory (MIC) and minimum bactericidal
(MBC) or minimum fungicidal (MFC) concentrations were
determined by the microdilution method.* Streptomycin and
ketoconazole were used as a positive control and 3% DMSO
was used as negative control, Samples were tested in triplicate
and each experiment was repeated three times.

2.7.3. Antidiabetic activity. The antidiabetic activity of olive
pomace extracts was assessed using two different enzymes:
w-amylase and wglycosidase.

The a-amylase inhibitory activity of olive pomace extracts
was measured following the method of Chen et al. (2020).%"
Firstly, 20.0 yL of olive pomace extracts with different concen-
trations (12.5-200 mg mL™', prepared in 0.1 M phosphate-
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buffered saline (PBS, pH 6.9)) and 20.0 pL of aamylase solu-
tion (1.0 U mL™" in 0.1 M PBS) were mixed in a 1.5 mL centri-
fuge tube and incubated at 37 °C for 10 min, Then, 40.0 pL of
starch solution (0.5%, wiv, in 0.1 M PBS) was added and
reacted at 37 °C for another 10 min. After this, 80,0 pL of 3,5
dinitrosalicyiic acid (DNS) reagent was added and the mixture
was incubated in boiling water for 5 min to terminate the reac-
tion, The absorbance was measured at 540 nm using a micro-
plate reader (EZ Read 2000, Biochrom, Cambridge, UK).
Acarbose was used as the positive control and individual
blanks were prepared. The inhibition mte of a-amylase was cal-
culated according to the following formula: @-amylase inhi-
bition (%) = [1 - (Abs, — Abs,)/Abs,| x 100, where Abs, is the
absorbance of a mixture containing «-amylase and starch
solution, Abs, was the absorbance of mixture containing
a-amylase, starch solution and extract; and Abs, is the absor-
bance of a mixture containing extract and starch solution. The
assay was performed in triplicate,

The capacity of olive pomace extracts to inhibit a-glycosidase
was measured based on the methodology previously described
by Silva et al. (2020)."° The assay was conducted in a 96-well
microplate with a reaction mixture containing 50 pL of olive
pomace extract at different concentrations (3.125-100 mg
mL !, prepared in 0.1 M phosphate-buffered saline (PBS, pH
6.9)) and 50 pl. of yeast e-glucosidase (2 U mL"" in 0.1 M PES),
The reaction mixture was then incubated for 10 min, followed
by the addition of 50 pL of substrate [5 mM, p-nitrophenyl-c-o-
glucopyranoside prepared in PBS). After 20 min of incubation
at 37 °C, the release of p-nitrophenol was measured at 405 nm
using a microplate reader (EZ Read 2000, Biochrom,
Cambridge, UK). Individual blanks and a positive control
(acarbose) were prepared. The results were expressed as 1G5,
values (mg mL™"), which were caleulated from the inhibition
percentage values achieved using the formula: a-glycosidase
inhibition (%) = [{AbScomm ~ Absumpley‘u’s\-mnnl] * 100. The
assay was performed in triplicate.

2.7.4. Cytotoxicity. The cytotoxic activity of olive pomace
extracts (6.25-400 pg mL™' in water) was evaluated using the
sulforhodamine B assay, according to the method previously
described.” Four human tumor cell lines (AGS (gastric adeno-
carcinoma), CaCo2 (colorectal adenocarcinoma), MCF-7
(breast adenocarcinoma), and NCIFH460 (lung carcinoma))
and two non-tumor cell lines (Vero {African green monkey
kidney) and PLP2 (primary pig liver culture)) were used,
Ellipticine was used as a positive control, The absorbance was
read at 540 nm in the Biotek ELX800 microplate reader (Bio-
Tek Instruments, Inc.,, Winooski, VT, USA) and the results were
expressed in terms of the concentration of the extract with the
ability to inhibit cell growth by 50% - Gly, (pg mL"").

2.7.5. Anti-inflaimmatory activity. The capacity of olive
pomace extracts (6.25-400 pg mL™" in water) to inhibit the
lipopolysaccharide (LPS}induced nitric oxide (NO) production
by a murine macrophage cell line (RAW 264.7) was assessed as
the nitrite concentration in the culture medium.* The nitric
oxide produced was determined by reading the absorbance
at 540 nm (ELXB00 Biotek microplate reader, BioTek
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Instruments, Inc.,, Winooski, VI, USA). Dexamethasone was
used as a positive control. The results were expressed in terms
of the concentration of each extract that caused 50% inhibition
of NO production - 1Cy (ug mL™").

2.7.6. Statistical analysis. Data were expressed as mean =
standard deviation. In data analysis, confidence intervals for
mean values were estimated considering a significance level of
p < 0.05 and the number of replicates for each assay. The
differences among treatments were analyzed using the one-way
analysis of variance (ANOVA) followed by Tukey's HSD test with
a = 0.05.

3. Results and discussion

A previous study performed by the authors identified hydroxy-
tyrosol and tyrosol as the most abundant phenolic compounds
present in olive pomace.” It was also verified that gamma radi-
ation at 5 kGy increased the extractability of bioactive com-
pounds from olive pomace by 2.4-fold compared to the non-
irradiated ones, Based on this information, the extraction of
phenolic compounds from 5 kGy irradiated olive pomace by
UAE was carried out by applying a RSM of three variables (¢, P
and §) in a OCCD with five levels of values for each variable.
This multivariable approach could provide a consistent tool
that minimizes experimental errors with a reduced number of
tests, while optimizing the extraction conditions of the vari-
ables, according to the mathematical empirical models that
predict the maximum extraction performance. After the deter-
mination of the optimal conditions of the analyzed variables,
the bioactive properties of the extract were studied,

3.1, Optimization of the extraction of hydroxytyrosol and
tyrosol

3.1.1. Experimental data obtained with CCCD design. The
experimental results obtained with 28 runs of the fivedewel
Ccoch design matrix implemented to optimize the UAE to
extract hydroxytyrosol and tyrosol from olive pomace are
shown in Table 2. The extraction yield ranged from 0.93 to
24.86%. The lowest extraction yield was obtained with run 22,
which combined medium ¢ and P conditions (21 min and
252.5 W; a = 0) with a high solvent concentration [100%
ethanol, v/v; a = 1.68), while the highest extraction yield was
found with run 7, combining high ¢ and P conditions
(32,2 min and 399.7 W; a = 1) and a low solvent concentration
(20.3% ethanol, @ = —1), Concerning the phenolic compounds,
hydroxytyrosol (HYD) was detected in higher quantities than
tyrosol (TYR) in all the extracts, with concentrations ranging
from 5.9 + 0.4 to 54 + 1 mg g ' extract, while the TYR levels
ranged from 4.5 + 04 to 212 &+ 0.1 mg g ' extmct
Furthermore, the highest levels of phenylethanoids (PhC; 75 +
1 mg g ' extract) were achieved with run 17, which employed
lower ¢ (2 min; @ = —1.68) and medium P (252.5 W; a = 0) and
§ proportion {50% cthanol, v/v; ¢ = 0L As for extraction yield
responses, higher ethanol concentrations promoted a negative
effect on phenolic compound extraction by the UAE method,
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as only 10,5 « 0.8 mg PhC per g extract were obtained with run
22 (Table 2).

3.1.2.  Analysis of the theoretical response surface models,
RSM is a mathematical and statistical analysis tool used for
optimizing processes involving one or more response vari-
ables. To elucidate how precisely the RSM can predict ideal
variances is imperative to fit the models for the selected
responses. In this work, the response values of Table 2 were
fitted to the second-order polynomial model of egn (1) using a
non-linear least-squares procedure to develop the mathemat-
ical models (egn (2)-(5)) and obtain the parametric values for
each response criterion. The coefficients whose confidence
interval value (a = 0.05) was higher than the value of the para-
meter were considered statistically non-significant (Table 3)
and, for this reason, were not used for the model development.
The resulting models are presented below,

HYD = 24.8800 + 0.0245P + 0.14945 ~ 0,0004PS ~ 0.00265”
(2)

TYR = 10.24513 — 0.0865¢ + 0.0044F = 0.02668 + 0.0003tP

— 0.0002PS
(3)
PhC = 41,5721 — 0.2772 + 0.0209P — 0.03925 = 0.0010¢P
—~ 0.0007PS (4)

Yield = 10,422 4+ 0.1209¢ 4 0.0364F° — 0.16545 15)

where P is ultrasonic power in W, ¢ is the processing time in
minutes and § is the ethanol concentmtion in % (viv).

In mathematical terms, the sign of the parametric values
determines the performance of the response: when the para-
metric value is positive, the response is higher at high levels
whereas when it is negative, the response is lower at high
levels. The higher the parametric value (in absolute terms), the

Paper

more significant the weight of the corresponding variable is.
The variables could be sorted in a descending order as a func-
tion of their significance in the extraction process as $ > P > .
It was possible to observe (Table 3) that the evaluated
responses were significantly affected by a linear effect, except
for the variable ¢ in HYD. Regarding the interactions between
the three variables, it seemed that the more influential inter-
actions occurred for ¢  Pand P x S, while £ x § was only signifi-
cant in PhC. In fact, yield was not affected by any of the van-
ables, HYD was affected by P x S, TYR by t x Pand P x §, and
PhC bytx Pand £ % S.

In addition, the obtained cocfficients B4 were 0.91, 0.52
and 0.88 for HYD, TYR and TPC, respectively (Table 3), indicat-
ing that the variability of each response could be explained sat-
isfactorily for HYD and PhC and moderately for TYR by the
independent variables involved in the process, All models pre-
sented a non-significant lack of fit (Table 3) (p > 0.05), demon-
strating that the equations adequately described the effects of
the variables on the evaluated responses.

In these studies, sometimes it can be difficult to not foree
the models to work with all the terms, To counter this situ-
ation, it is mandatory to monitor and adjust the model to sig-
nificant terms or terms thart display interactions, and control
the statistical diagnostics. Furthermore, the compounds that
are being extracted do not behave in the same way and it can
be important to change the modeling within responses.

3.1.3. Effect of the independent variables on the target
responses. The best way to visually describe and
interpret all the effects and extraction trends is to generate 3D
response surface plots that could represent the combined
effects of two variables while keeping the other variable con-
stant (Fig. 2).

The increase in the ethanol concentration affected nega-
tively all the analyzed responses (Fig. 2), which indicated that
the highest extraction of HYD and TYR was achieved for the

Table 3 Parametric results of the second-order polynomial equations for the four response value formats n terms of coded values. The parametric
subscripts A, B, and C stand for the varlables involving time (t), power (P) and sotvent (S), respectively. Statistical analysis of the models is presented

Parameters
Yield HYD TYR PhC
Effect % (wiw) mg ¢ extract mg g " extract mg g ! extract
Intercept b, 13.89 2078 26,33 £ 058 10,12 £ 0.40 3510+ 1.0
Linear by 1374878 ns 0.03 £ 0.44 -0.16 = 2.57
by 5364 878 0.35 4+ 0.74 0.20 + 047 -0.76 + 1.16
b -192+B77 -676 0. 077 =047 —6.58 = 1.15
Quadratic baa ns ns ns ns
Dyun ns ns ns ns
by ns -2344 111 n
Interaction Ban ns ns 0.58 + 048 1,61 = 1.22
Ba: ns ns ns -3.16+1.25
buc: ns —-194+1.1 -0.91 = 051 ns
Statistical analysis SM <0.0001 <0,0001 0.0011 <0.0001
LF 0.3966 0.0586 0.1391 0.0540
® 0.8937 0.9165 06134 0.9041
R'ag 0.8804 0.9125 0.5168 0.5789
HYD: hydroxytyrasol; TYR: tyrosol; PhC: phenylethanoids; SM: significance of the moxdel; LF; lack of fit; & coefficient of determination; R’,.,;

ndju:;ted coefficient of determination ('), ns: non-significant.
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Fig. 2 Resporse surface graphs of the effect of the three independent extraction vanables tested on the four evaluated responses: hydroxytyrosol
(HYD), tyrosol (TYR) and phenylethanoids (PhC) contents and extraction yiekd (%], In each graph, the excluded variable was positioned at its optimal

value (Table 4).

lowest ethanol concentrations. Furthermore, the extraction
yield was also influenced by the ultrasound power and extrac-
tion time. The higher the ultrasound power and the extraction
time, the higher the extraction yield, as can be confirmed by
the positive sign obtained for these variables in contrast with
the negative sign for the solvent (Le. ethanol percentage)
(Table 3). The response HYD was not significantly affected by
the extraction time but it was favored by higher ultrasound
power and lower ethanol concentrations. Both TYR and TPC
responses were favored by higher ultrasound power and extrac-
tion time, and lower cthanol concentration. For these
responses, a positive interaction between the two variables
(t x P) was also verified (Table 3). All these results supported

3044 | Food Funct. 2022 W4, 3038-30650

the use of RSM as an optimization tol for the UAE
optimization.

3.1.4. Optimal extraction conditions for maximizing the
response criteria. After the statistical validation of the models,
the optimal extraction conditions that maximize the individual
and global responses were determined (Table 4).

In general, the best efficiency of the UAE process was
obtained at short to medium extraction times, high ultrasound
power, and low solvent percentages. Regarding the individual
optimal conditions, it was possible to recover 37 = 2 mg of
hydroxytyrosol in 1 g of extract at 499 W and 13.6 min using
0% ethanol, while 15 = 1 mg of tyrosol was obtained in 1 g of
extract when applying the same ultrasound power (499 W] for
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Table 4 Optimal individual and global conditions in natural values that maximize the extraction of phenolic compounds from olive pomace
Individual optimal conditions Global optimal conditions

Predictive Predictive Experimental
Responses ¢ (min) (W) 5(%) responses t (min) PiW) 5(%) response TESPONSes
HYD [mg g * extract) 13.6 199 0.0 3722 28 4% 73 3612 2641
TYR (mg g " extract) 364 199 38 1521 1421 9.7+05
P (mg g " extract) 2.5 500 29 5143 5043 3642
Yield {%) 4.0 431 18.8 2842 30+2 2441

HYD: hydroxytyrosol; TYR: tyrosol; PhC: phenylethanoids.

36.4 min and 3.8% cthanol. Similar individual optimal con-
ditions (500 W for 24.5 min using 2.9% cthanol) were obtained
for the recovery of 51 = 3 mg of PhC in 1 g extract.

The global processing conditions that allowed simul-
taneous maximization of all the responses were also caloulated
(Table 4). The results demonstrated that 28 min of sonication
at 490 W using 7.3% ethanol as the solvent were found to be
the optimal conditions to recover 36 + 2 mg of hydroxytyrosol
per g of extract and 14 + 1 mg of tyrosol per g of extract, achiev-
ing an extraction yield of 30 « 2%,

It is important to mention that the comparison of the
results from different studies can be difficult due to the varia-
bility of olive pomace samples {e.g, the type of cultivation and
the variety and maturation of the olives) and the different
methods that are used 1o quantify the phenolic constituents.,
Furthermore, most studies in the literature did not evaluate
the compounds individually, but in terms of total phenolic
content and antioxidant activity. Martinez-Patifio et al (2019)"
and Gomez-Cruz et al (2021)" selected slightly lower extrac-
tion times (15 and 12 min, respectively) to recover bioactive
compounds from industrial exhausted olive pomace, although
those authors used higher concentrations of ethanol (43.2%)"
and acetone (40%)" On the contrary, Goldsmith et al.
{2018)'" optimized the extraction of phenolic compounds from
olive pomace using only water as a solvent and a lower ultra-
sound power (250 W) than that obtained in this work, but
higher extraction times (75 min), In terms of individual com-
pounds, Xie et al (2019)™ recovered 55.1 < 2.1 mg of hydroxy-
tyrosol per g of olive pomace dry matter using 90% ethanol for
3 min, with an ultrasound power of 500 W. The amount of
hydroxvtyrosol obtained by Xie et al (2019)'* was higher than
that found in the present study (10.2 + 0.4 mg of hydroxytyro-
sol per g of dry weight - data not shown). Albahari et al
(2018)*" reported that the addition of cyclodextrins to the
extraction solvent under optimized UAE conditions enhanced
the extraction of hydroxytyrosol from olive pomace when com-
pared to the conventional methods and regular UAE, although
the amounts of hydroxytyrosol obtained (523 + 6-887 + 13 mg
kg ™' of olive pomace extract) were lower than the ones in the
present work.

3.1.5. Experimental validation of the optimum extraction
conditions. The global optimal conditions that maximize both
the extraction vield and the recovery of phenolic compounds
from olive pomace were then experimentally tested to analyze
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the model's ability to predict the experimental results (Table 4)
and to obtain the phenolic-rich extracts that were used to
evaluate the bioactive properties. UAE yielded 24 = 1% and 36
+ 2 mg of PhC per g of extmet, which means that the values
differed by 20-28% from the predicted ones, so that the pre-
dictive capacity of the model could be considered acceptable
and validated.

3.2, Evaluation of the bioactive properties

Once the optimal conditions of the analyzed variables were
determined for UAE, the bioactive properties of the extract
were evaluated, In a previous work, Madureira et al. (2021)*
optimized the extraction of the same phenoclic compounds
from olive pomace using HAE and reported the highest extrac-
tion for longer extraction times (120 min}, a temperature of
85 °C and 76% ethanol in water as the solvent. Comparing
both techniques, UAE reduced the extraction time and the
solvent consumption. Additionally, this method achieved
higher extraction yields (the HAE yield was 13.7%), probably
due to the structural changes in the solid sample promoted by
the cavitation effects that could enhance the mass transfer. In
order to determine the best conditions to obtain the extract
with higher bioactivity, the extracts from the optimal con-
ditions of both techniques (UAE and HAE) were compared in
terms of antioxidant, antimicrobial, antidiabetic and anti-
inflammatory capacities and cytotoxicity.

3.2.1. Antioxidant activity, Two methods were employed to
evaluate the antioxidant activity of the extracts of olive
pomace, OXHLIA and TBARS, The results are expressed as 1C;,
values (Table 5), meaning the extract concentration able to
provide 50% of antioxidant activity (TBARS assay) or to protect
50% of the erythrocyte population from hemolysis caused by
an oxidizing agent (OxHLIA assay). The ICy, values in the
OxHLIA assay were obtained at two times (At 60 min and At
120 min) considering that natural extracts contain different
antioxidant molecules capable of interacting with each other
and offering protection at different time periods. In both
assays, the lower the IC,, values, the higher the antioxidant
capacity of the olive pomace extracts.

In the OxHLIA assay, the hemolysis curves for the olive
pomace extracts of HAE and UAE at different concentrations
{data not shown) revealed that higher concentrations protected
the erythrocyte population from hemolysis for a longer period
of time. The HAE extracts showed significant higher anti-
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Table 5 Bicactive properties of extracts obtained under optimized HAE and UAE from olive pormace irradiated at 5 kGy

Optimal conditions

HAE UAE Positive control
Extractability (mg g~ ext]
HYD 354 + 0.6* 26+ 1"
TYR 13.8 + 0.3 9.7 + 0.5
Cytotoxicity activity (Glsg, pg mL™") Ellipticine
AGS pxl Ea 230 = 11" 1.23 = 0.03"
CaCo 163 + 12" 191 = 10" 1.21 = 0,02"
MCE-7 1304 + 10.5% 249 217" 1.02 £ 0.02°
NCFHA60 234 4 24* 226+ 11" 1.01  0.01"
PLP2 EL = R La=01"
VERD 184+ 9° 201 = 20" 141 = 0.06"
Anti-inflammatory activity (1Csq, sy mL™") Dexametasone
RAW 264.7 23+ 1" 168 = 6° 6.3+ 04°
Antioxidant activity (1Cz pg mL™") Trolox
TBARS inhibition % 4 5" 130 + 5° 54:03"
OxHLIA [ Az 60 min) 185 + 0.5 51" 21,8 03"
(At 120 min) 69 + 3" 96+ 2" 335 = 0.8
Antidiabetic activity (ICs mgmL™') Acarbose
aAmylase inhibition 53+ 10" 105 = 11° 0.010 + 0,003°
a<lucosidase inhibition e 1" 26.1+0.2° m=1°

HYD: hydroxytyrosol; TYR: tyrosol. In each row, different lowercase letters mean significant differences between average values (p < 0.05).

hemolytic activity (ICs, values of 18,5 = 0.5 pg mL ™" and 69 + 3
pg mL™" at 60 and 120 min, respectively) than UAE extracts
(ICs, values of 45 =+ 1 and 96 = 2 pg mL™') (Table 5).
Furthermore, at 60 min, the IC,, value of HAE extract pravided
higher protection to the erythrocyte membranes than the posi-
tive control used, Trolox (IC;, value of 21.8 + 0.3 pg mL™"),
demonstrating the significant antioxidant capacity of HAE
extracts in the prevention of cellular oxidative processes,
Nonetheless, a similar protection of the erythrocyte population
(IG5 value of 20.6 = 0.4 pg mL ™' at 60 min) in extracted olive
pomace samples irradiated at 5 kGy was obtained using
maceration extraction,” which is the same absorbed dose as
applied in this work.

The HAE extracts were also more efficient in inhibiting the
formation of TBARS than UAE extracts, with 1C;, values of
99 + 5 ug mL™" and 130 ¢ 5 pg mL™', respectively (Table 5).
Nevertheless, Trolox presented lower 1C;, value (5.4 + 0.3 pg
mL ") than both the analyzed extracts, which could be attribu-
ted to the difference between a pure compound and the
complex mixtures of olive pomace extracts,

The antioxidant activity of olive pomace extracts has usually
been measured by chemical-based assays, namely for their
DPPH and ABTS radical scavenging activity and ferric (FRAP)

and cupric (CUPRAC) reducing power,'™* "% always obtain-
ing the good correlation with the phenolic contents of olive
pomace extracts.

3.2.2. Antimicrobial activity. The two extracts (HAE and
UAE) of olive pomace were evaluated for their antimicrobial
potential against three Gram-negative (E coli, S. typhimurium,
P. fluorescens) and three Gram-positive bacteria (B. cereus,
S. aureus, L. monocytogenes) and one fungus (C. albicans).

The results showed that HAE extracts had higher antibacter-
ial potential than UAE extracts, except for S typhimurium
(Table 6), which might be attributed to the higher amounts of
hydroxytyrosol (35.4 = 0.6 mg g' of extract) in HAE extracts
(Table 5) that were proved to be effective against some patho-
genic strains.” Moreover, concemning HAE extracts, Gram
positive bacteria (MIC 25 mg mL™") seemed to be more sensi-
tive than Gram negative bacteria (with the exception of
P. fluorescens) (MIC 50 mg mL "), suggesting that the extracts
could act differently on the cell wall of both bacterial types.
Additionally, it is important to refer to the ability of both olive
pomace extracts to inhibit the formation of P fluorescens
biofilm,

Regarding the antifungal potential, none of the extracts
were demonstrated to have activity against C. albicans at the

Table 6 Antimicrobial activity of the extracts obtained under optimized HAE and UAE from olive pomace irradiated at 5 kGy

B cerms S qureus Lo monocptogenes B coli S typlymuriem P fluonescens C. allxcans
MIC (mg mL™")
Optimal conditgons HAE 25 25 25 50 50 25 >100
UAE 30 50 50 100 50 50 100
MBC (mg mL™’) MFC [mg mL™’)
Optimal conditions ~ HAE 25 100 100 100 100 25 =100
UAE 50 >100 100 100 50 50 >100
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studied concentrations (MIC > 100 mg mL™"), which was also
reported by Sousa ef al. (2006)™ in table olive extracts.

‘The antimicrobial potential of extracts obtained by macera-
tion in 80% methanol from imadiated olive pomace samples
was previously reparted by the authors,” and there are also
some works describing the antimicrobial activity of polyphenol
extracts from olive oil,™ olive cake™ and olive Jeaves ' **"
Interestingly, Moudache et al (2020)"* concluded that the
extracts from olive leaves had higher antimicrobial activity
than the extracts from olive cake against S. aureus (MIC 0.5 mg
mL "' and 8 mg mL"' for olive leaves and olive cake, respect-
ively) and B. cerrus (MIC 1 mg mL™" and 4 mg mL"™" for olive
leaves and olive cake, respectively). On the other hand, in olive
leafl extracts, Sweedan et al (2019)* found MIC values of
7.5 mg mL™" and 15 mg mL™" against S. aureus and E ool
respectively, while Gokmen ef al (2014)" reported MIC >
32 mg mL™" for L monocytogenes and MIC > 16 mg mL™’
against B. cervus, S. aureus, E coli and S. typhimurium,

The obtained results demonstrated the potential of using
irradiated olive pomace extracts as a food preservative in order
to prevent the growth of foodborne pathogens together with
their proved antioxidant properties.

3.2.3.  Antidiabetic activity. Diabetes mellitus is caused by
complete or partial deficiencies in insulin production/action
and associated with various diseases such as hyperglycemia,
hypertension, hyperlipidemia and cardiovascular diseases,
Despite the traditional insulin therapy, demand by patients to
use natural products to treat and prevent diabetes has been
growing. The ability to inhibit a-amylase and a-glucosidase
was reported to be effective to prevent type 2 diabetes, being
useful to manage hyperglycemia.

The effectiveness of the HAE and UAE extracts in inhibiting
camylase and aglucosidase was expressed as IC., values
(Table 5). The HAE extracts presented significantly higher
a-umylase (IC;; value of 53 + 10 mg mL™') and a-glucosidase
(IC;, value of 14 = 1 mg mL™") inhibition activities than UAE
extracts (ICy, values of 105 = 11 and 26.1 = 0.2 mg mL™",
respectively).  Furthermore, the aglucosidase inhibition of
HAE extracts (1C;, value of 14 + 1 mg mL™") did not differ sig-
nificantly from that for acarbose (IC,, value of 11 + 1 mg
mL "'}, the standard positive control.

As far as the authors know, this is the first study about the
antidiabetic effect of olive pomace extracts, although the
inhibitory activity of hydroxytyrosol and other phenolic com-
pounds present in olive leaves and olive mill wastes was also
demonstrated by Mwakalukwa et al. (2020)** and Hadrich et al,
(20151"" On the other hand, extra virgin olive oils were
reported to show a high digestive enzyme inhibitory activity
that was associated with their phenolic composition.** Those
authors also observed that olive oil samples with greater
antioxidant effect were the most effective inhibitors of
wglucosidase.

The obtained findings revealed the existence of a relevant
hypoglycemic effect, which could suggest the potential use of
both extracts (and especially HAE extracts) as natural and
promising antidiabetic agents.
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3.24. Cytotoxicity and anti-inflammatory activity. The
inhibitory effect of olive pomace extracts against the inflamma-
tory response was measured using a cell-based screening
bioassay to test the NO level in LPS-stimulated RAW
264,7 macrophages. Since NO has an important role in the
inflammatory process, it is important to develop active formu-
lations with natural compounds capable of inhibiting NO pro-
duction, Both tested extracts showed anti-inflammatory
capacity with IC;, values between 23 = 1 and 168 = 6 pg mL™",
with HAE extracts presenting & much higher inhibitory activity
in NO production (IC;, value of 23 = 1 pgmL ') (Table 5).

There are no studics in the literature reporting the anti-
inflammatory activity of extracts from irmadiated olive pomace
through this cellbased assay, but extra virgin olive oil was
proved to have anti-inflammatory potential which was concen-
tration dependent.*”

The cytotoxic activity of the olive pomace extracts against
four human tumor cell lines and two non-tumor cell lines was
also tested. Both HAE and UAE extracts demonstrated cytotoxic
activity for all the analyzed cell lines (Table 5). In absolute
terms, the cell line CaCo-2 was the most susceptible to olive
pomace extracts, followed by MCF-7, NCI-H460 and AGS
(‘Table 5). Furthermore, there were no significant differences
between the cytotoxic effects of both extracts, except for the
breast adenocarcinoma (MCF-7) cell line, for which HAE
extracts presented the highest activity (Gly, value of 130.4 +
10.5 pg mL ") compared with UAE extracts (Gl value of 249 »
17 pg mL™Y).

The cytotoxicity of olive pomace methanol extracts against
glioblastoma, breast, ovanan and pancreatic cancer cells was
previously demonstrated by Goldsmith et al. (2018),"" while
Tezean et al. (2017)"7 also showed that olive leaf extracts dis-
played toxicity towards glioblastoma cells.

4. Conclusions

The ultrasound-assisted extraction of phenolic compounds
from olive pomace was evaluated using RSM. The results
demonstrated that 28 min of sonication at 490 W using 7.3%
ethanol as solvent were the conditions that maximized the
extraction of hydroxytyrosol (36 + 2 mg g ' of extract) and
tyrosol (14 + 1 mg g ' of extract), with a yield of 30 « 2%, The
bioactive properties of the extracts produced under the
selected UAE optimal processing conditions were assessed and
compared with the ones obtained using HAE. The UAE extracts
presented lower bioactivity than the ones obtained by HAE.
Despite reduced extraction time and solvent consumption by
UAE as well as improved extraction yields in relation to HAE
(vield of 13.79%), the HAE extracts showed greater antioxidant
capacity, with lower extract concentrations being required to
inhibit the TBARS formation and oxidative hemolysis, and also
presented higher antibacterial and anti-inflammatory activi-
tics. Besides, the HAE extracts also presented higher antidia-
betic potential and cytotoxic cffect for the breast adeno-
carcinoma (MCF-7) cell line than those obtained by UAE.
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According to these results, the HAE methodology was indi-
cated to promaote higher extractability and bioactivity of poly-
phenols from olive pomace compared with the UAE method.

The overall results in this work support the interest of food
industries in developing new ingredients with bioactive poten-
tial from agro-industrial wastes, as natural alternatives to syn-
thetic preservatives and/or additives, contributing to the sus-
tainability of both the agro-industrial sector and the
environment.
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Resumen

En este trabajo se utilizaron extractos de orujo de oliva como ingredientes naturales para
evaluar su eficacia para retrasar el pardeamiento en piezas de manzana minimamente

procesadas.

El efecto de los extractos naturales se compard con el de acido ascorbico, el
antioxidante comercial utilizado por la industria. Se probaron dos peliculas de envasado
diferentes (acido polilactico biodegradable — PLA, y polipropileno orientado - OPP). A lo
largo de 12 dias de almacenamiento a 4 °C se siguioé la evolucién de parametros
fisicoguimicos (firmeza, pérdida de peso y color), la composicién de la atmosfera en el
interior de los envases y la carga microbiana, y se analizé el contenido fendlico y la
actividad antioxidante por la medida del poder reductor del ion férrico (FRAP, Ferric
Reducing Antioxidant Power) y la capacidad de eliminacion del radical DPPH (Radical

Scavenging Activity).

Los resultados demostraron que los cortes de manzanas tratadas con extractos de orujo
de oliva presentaban mayor inhibicion del crecimiento de bacterias mesofilas y hongos
filamentosos durante 5 dias de almacenamiento a 4 °C que las tratadas con &cido
ascorbico, sin que verificara deteccion de coliformes durante los 12 dias de
almacenamiento, al contrario de lo observado empleando acido ascorbico. En general,
los extractos de orujo de oliva conservaron o mejoraron el contenido fendlico y el
potencial antioxidante de los frutos, sin que se apreciaran cambios significativos en su
textura, aunque con un ligero pardeamiento inicial de las muestras, que se puede
asociar con el color aportado por la solucién de extracto de orujo de oliva. Ademas, estos
extractos parecian ser mas efectivos cuando se combinaban con el envasado en bolsas
de PLA biodegradable, de baja permeabilidad a gases, con respecto al acido ascérbico

y al envasado en bolsas de OPP convencionales.
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Los resultados obtenidos permitian apoyar el potencial antimicrobiano de los extractos
de orujo de oliva y su uso como antioxidante en productos minimamente procesados en
los que el color no es un factor condicionante para la evaluacién y decision del

consumidor.

Las conclusiones alcanzadas pueden contribuir a una mejora en la rentabilidad y
sostenibilidad de la industria del aceite de oliva, asi como a reducir su impacto
ambiental. Igualmente, aportan elementos a la industria alimentaria para el desarrollo

de nuevos productos alimenticios con caracteristicas funcionales.
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Abstract: The efficiency of natural olive pomace extracts for enhancing the quality of fresh-cut apples was
compared with commercdial ascorbic acid and two different packaging films (biodegradable polylactic
acid (PLA) and oriented polypropylene (OFP)) were tested. The composition of atmosphere inside the
packages, the physicochemical parameters (firmness, weight loss and color), the microbial load, total
phenolic content and antioxidant activity of fresh-cut apples were evaluated throughout 12 days of
storage at 4 “C_ After 12 days of refrigerated storage, a significant decrease in O, was promoted in PLA
films, and the weight loss of the whole packaging was higher in PLA films (5.4%) than in OPP films
(0.2%). Natural olive pomace extracts reduced the Joad of mesophilic bactenia (34 + 0.1 log CFU/gand
24 + (.1 Jog CFU/g for OPP and PLA films, respectively) and filamentouns fungi (3.3 = (.1 log CFU/g
and 244 = 0.05 log CFU /g for OPP and PLA films, respectively) growth in fresh-cut apples after five
days of storage at 4 “C, and no detection of coliforms was verified throughout the 12 days of storage.
In general, the olive pomace extract preserved or improved the total phenolic index and antioxidant
potential of the fruit, without significant changes in their firmness. Moreover, this extract seemed 1o be
more effective when combined with the biodegradable PLA film packaging, This work can contribute to
the availability of effective natural food additives, the sustainability of the olive oil industries and the
reduction of environmental impact. It can also be useful in meeting the food industries requirements to
develop new functional food products.

Keywords: fresh-cut apples; storage; shelf life; natural extracts; packaging films; microbial quality

1. Introduction

In recent years, changes in family lifestyles and growing health concerns among
consumers have led to a growing demand for minimally processed foods, increasing
market growth worldwide. Consumers are looking for fresh-like processed products, such
as fruits, with high quality attributes (appearance, texture and flavor, among others) to
satisfy their daily needs of anthioxidants, minerals and dietary fibers [1].
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Fruits, such as apples, are an excellent source of vitamins, minerals, fibers and antioxi-
dants that are essential to reduce the risk of developing heart disease, cancer, inflammation
and diabetes. In Portugal, apples are one of the most important fruit markets, with a
consumption per capita that reached 30.5 kg in 2021 [2]. One of the main challenges of
the fruit industries, including apple processing, is to maintain the post-harvest quality
during storage, distribution and sale to the consumer in order to ensure that the fruit
remains healthy and safe [3]. Minimal fruit processing can result in quality deterioration
due to increased respiration rate, ethylene production and cut-surface browning, which
implies water loss, softening and microbial contamination. As expected, minimally pro-
cessed apples are more perishable than unprocessed whole apples, especially due to the
break or elimination of natural protection systems and the susceptibility for undesirable
enzymatic browning promoted by the oxidation of phenolic compounds by polyphenol
oxidase, peroxidase or tyrosinase [4]. Moreover, veast fermentation and mold spoilage can
also occur on the surface of the slice [5]. Sulfites have been widely used as antibrowning
agents, however, many adverse reactions to human health have been associated to their
use, and they are forbidden by the Food and Drug Administration [6]. Thus, ascorbic
acid, citric acid and some sulfur-containing amino acids have been introduced alone or
in combination with firming or antimicrobial agents [7]. Recently, in order to replace syn-
thetic antioxidants, natural additives from have been incorporated in food, such as meat,
dairy and bakery products [8-11]. Olive wastes are considered valuable sources of natural
phenolic compounds with health benefits, such as hydroxytyrosol, tyrosol, oleuropein and
verbascoside [12,13], have been used as food ingredients to enrich bread, biscuits, pasta and
meat [14-19]. Madureira et al, [20] and Difonzo et al. [21] reviewed the main applications of
the phenolic compounds from olive pomace with high added value in food products. Lin
et al. [17] used incorporated olive pomace extracts into biscuits and observed higher fiber
abundance, nutritional quality and acceptability and lower calories and glycemic index.
Additionally, Galanakis et al. [14] observed higher antimicrobial activity and extended shelf
life of bread and rusks from 10 to 15 days when fortified with olive polyphenols (200 mg of
polyphenols/kg), while the addition of olive leaf extracts to poultry meat reduced microbial
growth while maintaining both chemical quality and sensory attributes, and extending the
shelf life of the meat when refrigerated for 15 days [15],

The packaging is also very important to slow the respiration rate and prevent the
growth of aerobic spoilage microorganisms in food products [5]. The most used food
packaging materials are petroleum-based polymers such as polypropylene (PP) due to
their low-cost and good barrier performances. These plastics are non-biodegradable and
non-renewable, causing human and environmental risks [22]. Therefore, in recent years,
special attention has been focused on biodegradable food packaging in search of alter-
native materials to replace these plastics. Biodegradable products are mainly produced
from biopolymers, such as cellulose, chitosan, starch, polylactic acid (PLA), collagen and
casein. To be used in the food industry, these materials must be non-toxic, renewable and
possessing specific properties [23]. PLA is a biopolymer produced by bacterial fermenta-
tion of renewable resources such as corn or sugar beets [23], with the advantage of being
compostable and biocompatible and having high mechanical strength [22],

lonizing radiation is a clean and environmentally friendly technology that does not
require the addition of chemicals, It is evidenced to be capable of enhancing the phenolic
compounds extraction and antioxidant activity on industrial wastewater [24], fresh fruits
stuich as cherry tomatoes [25], raspberries [26], and strawberries [27] and dried medicinal
plants [25]. More recently, the authors demonstrated the suitability of gamma radiation at
5 kGy to improve the extractability of phenolic compounds from olive pomace by two-fold
compared to the non-irradiated samples [12]. The optimized conditions to obtain extracts
with higher bioactivities were also achieved using heat-assisted extraction [13]. Among
other properties, these natural extracts presented higher antioxidant and antimicrobial
potentials, which could indicate the possibility of using them as alternatives to synthetic
food preservatives.
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The aim of this work was to evaluate the use of irradiated olive pomace extracts as nat-
ural ingredients to extend shelf life of fresh-cut apples by maintaining quality attributes and
increasing bioactive properties. Two different packaging films (biodegradable polylactic
acid (PLA), and oriented polypropylene (OPP)) were used to compare both performances.
The comparison with ascorbic acid, a commercial antioxidant used by food industries, was
assessed, and physicochemical parameters {firmness, weight loss and color), atmospheric
composition inside the packages and the microbial load throughout 12 days of storage
at 4 °C were evaluated. Moreover, the phenolic content and antioxidant activity of the
fruits were assessed throughout the 12 days of storage. As far as the authors know, this
is the first study to use an extract of this agro-industrial residue as additive for fresh-cut
fruits to enhance their quality. The obtained results could also represent a strategy to
promote the sustainability of the olive oil industry and contribute to the promotion of a
circular economy.

2. Materials and Methods
2.1. Chemicals

Methanol and ethanol were acquired from Panreac AppliChem (Darmstadt, Ger-
many) and Honeywell (Charlotte, NC, USA), respectively. Gallic acid, iron chlonde,
Folin-Ciocalteau reagent and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from
Sigma-Aldrich (St. Louis, MO, USA), and ascorbic acid and ferrous sulphate were obtained
from Merck (Darmstadt, Germany). Acetic acid, hydrochloric acid and sodium acetate
were provided by Honeywell-Riedel-de Haén (Charlotte, NC, USA). Sodium carbonate
was acquired from JMGS (Odivelas, Portugal), and 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ)
was obtained from Honeywell-Fluka (Charlotte, NC, USA). Tryptic Soy Agar (TSA), Malt
Extract Agar (MEA) and Violet Red Bile Agar (VRBA) were obtained from Oxoid-—Thermo
Scientific (Waltham, MA, USA). Water was treated in a Milli-Q water purification system
(Merck Millipore, Burlington, MA, USA).

2.2. Olive Pomace Samples and Irradiation Experiments

The samples used in this work were olive pomaces collected in November 2020 from
UCASUL (Uniao de Cooperativas Agricolas do Sul, located in the Alentejo region, Portugal)
and further subjected to gamma radiation treatment in a Co-60 semi-industrial unit (with
an activity of 126 kCi in March 2021) located at Technological Unit of Radiosterilization
(UTR-IST), University of Lisbon (Portugal). Sealed bags (20 cm x 10 cm) containing 100 g
of extracted olive pomace were irradiated at room temperature at 5.2 + 0.2 kGy using a
dose rate of 104 kGy /h. The absorbed doses were measured using Amber Perspex routine
dosimeters [29] (dose uniformity DUR = 1.07). The irradiation experiments were performed
in triplicate.

A schematic diagram of the experimental steps performed in this research is shown
in Figure 1.
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Figure 1. Schematic diagram of the experimental procedure of this work.

2.3. Olive Pomace Natural Ingredients: Phenolic Extract Preparation

After gamma radiation, the phenolic compounds from olive pomace were extracted
using the optimal conditions of heat-assisted extraction explored by Madureira et al. [30].
Briefly, 7 g of olive pomace were extracted in 240 mL of 76% ethanol for 120 min at 85 °C.
These extraction conditions were selected due to the improved bicactive properties obtained
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for these extracts that were evaluated in a previous work of the authors [13]. The extractions
were performed in triplicate.

2.4. Polylactic Acid (PLA) and Oriented Polypropylene (OPP) Films Packages

The film materials used to produce the packages for this study were polylactic acid
(PLA) and oriented polypropylene (OFP).

PLA films in bag form were manufactured by the company Vegware (Edinburgh, UK).
These biodegradable films were produced from corn starch and included a transparent side
(thickness = 0.029 mm) and an opaque white side (thickness = (.039 mm). The films had a
permeability to Oy of 297 x 101 m? /s, a permeability to CO; 0of 1.22 x 10 * m¥/s and a
permeability to water vapor of 1.10 x 1072 mol-m/m?-s-Pa.

Conventional commercial film made of OPP was supplied by Campotec S.A (Torres
Verdras, Portugal) and manufactured by Pigmea S.L. (Jaén, Spain). This film has a thickness
of 0.030 mm, a permeability to O; of 268 x 10 2 m?/s, and a permeability to water vapor
of 8.75 % 10" mol-m/m?-s-Pa.

Both types of film bags (10 x 10 ¢m) were manually constructed and further used as
described below.

2.5. Preparation of Fresh-Cut Apples

Apples (Royal Gala variety) of uniform shape and size were purchased from a local
supermarket in Lisbon, Portugal, and immediately stored at 4 = 1 “C until analysis. The
fruits were washed /disinfected with sodium hypochlorite solution (60 mg free chlorine/L)
for 1 min and air-dried. Then, apples were cut with a disinfected kitchen knife into equal
slices (8 slices per apple), and three groups of samples were prepared by immersion for
one minute. The control samples were immersed in water, one experimental group was
immersed in olive pomace extract solution (0.315%, w/v} and a second group was immersed
in ascorbic acid solution (.315%, w/v). A concentration of 0.315% w/v was applied to the
samples based on preliminary experiments demonstrating that this concentration presented
the highest antioxidant activity without significantly changing the color of apple slices
upon application. After immersion in their respective solutions, the samples were air-dried
and sealed in PLA or OPP film bags, then stored in controlled chambers at 4 “C and 85%
relative humidity.

The fruits were analyzed over time (after 0, 2, 5,7, 9 and 12 days of storage at 4 “C),
in terms of surface color, weight loss, firmness, microbial load, phenolic content and
antioxidant activity. The composition of the atmosphere inside the fruit packages was
also measured over time. Three independent packages were analyzed for each group on
each day. For physicochemical parameters (firmness, color and weight loss) and package
gas composition, the control samples were fruits immersed in ascorbic acid (PLA-AA and
OPP-AA). For antioxidant activity and microbial load evaluation, the control samples were
apple slices with no treatment (PLA-NT and OPP-NT).

2.6. Analytical Methods
2.6.1, Soluble Solids Content, Titratable Acidity and Respiration Rate

In the initial stage of the work, a physicochemical characterization of the apple samples
was performed. Total soluble solids (TSS) and titratable acidity (TA) were determined for
apples using the pulp of four fruits. TSS measurements (average of six measurements)
were performed with a hand-held refractometer ATAGO (Atago Co, Ltd., Tokyo, Japan),
and the results were expressed as “Bx. TA was determined by titration and expressed as %
of malic acid (average of three measurements). Respiration rate (RT; mmol CO, /kg-h) was
measured using a gas analyzer (Checkmate 9%0, PBI Dansensor, Ringsted, Denmark), as
described by Vieira, Moldao-Martins and Alves [31].
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2.6.2. Composition of the Atmosphere Inside the Packages

The concentration of carbon dioxide (CO;) and oxygen (O;) inside the packages was
measured using a gas analyzer (Checkmate 9900, PBI Dansensor, Ringsted, Denmark) [32].
An adhesive silicon septum was glued to the sampling point of the packages to prevent gas
leakage during analysis. The needle of the gas analyzer was inserted through the septum,
and results were expressed in percentages of O, and CO;. Three packages per group were
analyzed on each test day.

2.6.3. Weight Loss, Firmness and Surface Color

The physicochemical parameters were measured according to Vieira et al. [32]. The
weight loss (% from the original weight) from each sealed tray was measured using an
electronic balance (TC403, Denver Instrument Company, Vernon Hills, IL, USA). The
results were expressed as an average of three replicates per group for each test day.

A Texturometer (TA-XT2, Stable Micro System, Surrey, UK) with a 5 kg load cell was
equipped with a flat probe (37 mm diameter) and used to evaluate the firmness of the apple
slices [32]. A total of 9 slices from each package and each group (per test day) were assayed.
Each fruit was positioned under the probe and compressed to 8(¢% deformation at a speed
of 1 mm /s,

A Konica Minolta CTR-300 colorimeter (Minolta, Williams Drive Ramsey, NJ, USA)
was used to measure L* (lightness), a* (red-green) and b* (yellow-blue) color parameters of
apple slices. The colorimeter was calibrated using a standard white plate provided by the
manufacturer. The color of the samples was measured on both sides of the apple slices from
each package and each group on each test day (a total of 18 measurements per package
and group). Furthermore, the color of the apple slices was expressed as the hue angle (h"),
total color differences (AE) and chroma {C) related to saturation [21], which were calculated
from the parameters represented by the following Equations (1)-(5):

1/2

C = (a2 +b?) (8))

h” =arctan( l{—) X %, ifa®* > 0andb* > 0 (2)
b =arclan( :—) % 1_39“80, ifa® <0 3)
h°=ardan(:—:)xlﬁ89+360, ifa* > 0andb* < 0 @

2,[/2
]

AE = [(ALP + (Aa*)? + (Ab*) (5)

2.6.4. Microbial Load

Apple slices from each package (~150 g) were placed in sterile stomacher bags contain-
ing 100 mL of buffered peptone water. Samples (n = 3, per each package, group and test day)
were homogenized using a stomacher (Stomacher 3500; Seaward, UK) for 15 min. Serial
decimal dilutions were prepared for inoculation in triplicate on Tryptic Soy Agar plates
(TSA) for mesophilic microbial counts, Malt Extract Agar (MEA) plates for filamentous
fungi counts and Violet Red Blue Agar (VRBA) plates for coliforms counts. TSA plates were
incubated at 30 “C, MEA plates at 25 “C and VRBA plates at 37 “C. The colony numbers
were counted for 7 days. The results were expressed as the log of colony-forming units per
gram of fresh fruit (log CFU/g).

2.6.5, Total Phenolic Content and Antioxidant Activity

For the quantification of the total phenolic content and the antioxidant activity, extracts
were obtained from freeze-dried apple shices using the same methodology described by
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Madureira et al. [12], with an ethanol:water mixture (80:20 v/v) used as a solvent. The dry
extracts were obtained after lyophilisation and used for all the analyses.

Total Phenolic Content (TP) was determined using the Folin-Ciocalteau method [33]
using extract solutions with a concentration of 20 mg/mL. Absorbance was measured at
765 nm using a spectrophotometer (Shimadzu UV 1800, Kyoto, Japan), and the results were
expressed as mg of gallic acid equivalents (GAE) per gram of extract. The assay was carried
out in triplicate for each package, group and test day.

Antioxidant activity was evaluated using two assays: DPPH radical scavenging ac-
tivity described by Brand-Williams, Cuvelier and Berset [34] with some modifications,
and Ferric Reducing Antioxidant Power (FRAP) described by Benzie and Strain [35]. For
the DPPH method, the extracts were dissolved in distilled water at a concentration of
40 mg/ml and then successive dilutions were prepared (40-1.25 mg/mlL). The reduction
of the DPPH radical was determined by measuring the absorption at 515 nm using an EZ
Read 1200 Microplate Reader (Biochrom, Cambridge, UK). The radical scavenging activity
(RSA) was calculated as a percentage of DPPH discoloration using the following equation:
%RSA = [(Appry — As)/ Apppr] x 100, where Ag is the absorbance of the solution when the
sample extract had been added and Apppy; is the absorbance of the DPPH solution. Ascor-
bic acid was used as standard. The results were expressed in terms of 1G5 values (mg/mL),
indicating the extract concentrations that provided 50% of antioxidant activity [36]. For
FRAP assay, the extracts were dissolved in distilled water at a concentration of 5 mg/mL.
The reduction of the ferric ion (Fe**)-ligand complex to the intensely blue-colored ferrous
(Fe?*) was measured at 593 nm using a spectrophotometer (Shimadzu UV 1800, Kyoto,
Japan). The results were expressed as mmol of ferrous sulfate equivalent (FSE) per gram of
extract. Both assays were performed in triplicate for each package, group and test day.

2.7. Statistical Analysis

Data were expressed as means = standard error. For statistical analysis, confidence
intervals for mean values were estimated considering a significance level of p < 0.05
and the number of replicates for each assay. The differences among treatments were
analyzed using a one-way analysis of variance (ANOVA) followed by Tukey’s HSD test with
a =005,

2.8. Principal Components and Overlayed K-Means Clustering

The data collected from the previous analysis (included in the repository uploaded
as Supplementary Materials to this work) were subjected first to mean transformation
(replicate measurements) and then to data imputation using the following approaches:
(1) considering the means of different observations when the data were scarce; (2) interpo-
lations of data were performed using linear regressions; (3) one extrapolation was made
using a polynomial regression employing data from similar conditions to avoid over- or
under-fitting of the extrapolated value. Afterwards, the imputed dataset was used for
the principal component analysis (PCA) computation considering 3 principal components
represented on 2 dimensions using a conversion of the 3rd PC to factorial data. Addi-
tionally, after a first approach considering all the responses, lower variability responses
(L*, a*, b*, C, firmness, DPPH and FRAF) were removed and processed again through PCA.
Then, K-means clustering was overlaid on the PCA data in order to compute the optimal
number of clusters relying in the average silhouette width method. The software employed
was R studio version 2022.12.0 + 353. The packages and scripts are also provided in the
Supplementary Materials,

3. Results and Discussion
3.1. Physicochemical Characterization of the Samples

The titratable acidity (TA) and the total soluble solids (TSS) of the apple samples
were (1,23% malic acid and 12.2 “ Bx, respectively, which are in accordance with the results
reported in the literature for different cultivars of apples and different processing frac-
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tions [37—44]. The respiration rate was assessed by evaluating the CO, production, which
can provide essential information about the fruit’s metabolic activity. In this work, the
apple slices in cold storage (4 “C) showed a moderate respiration rate (11 mmol CO; /kg-h),
which significantly decreased with increasing storage time.

3.2. Composition of the Atmosphere Inside the Package

The O; and CO; contents inside the packages were recorded throughout the storage
time (Figure 2).
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Figure 2. Varation of headspace gas composition (% Oz and % COy) inside the packages of apple
slices stored for 12 days at 4 “Cin: (a) OPP films and (b) PLA films (OPP—oriented polypropylene;
PLA—polylactic acid; EXT—extract of olive pomace; AA—ascorbic acid). Vertical bars indicate 95%
confidence intervals of three replicates, Means with equal letters (uppercase letters for CO, and
lowercase letters for O3) are not statistically different by Tukey’s test with a 5% significance level

Considering the internal volume (81 mL) that was not occupied by the apples to be
constant, the variation in the atmosphere inside the packages was created by the respiration
rate of the fruits, the metabolic activity of microbial development and the permeability of the
films to Oz and CO;, which can be affected by the temperature. As expected, a decrease in the
headspace O, and an increase in the headspace CO, during the storage time were observed
(Figure 2). In general, no significant differences (p > 0.05) were observed when comparing the
samples treated with olive extracts and ascorbic acid for each film packaging: OPP (Figure 2a)
or PLA (Figure 2b). Nevertheless, the atmosphere composition during storage at 4 “C varied
depending on the film used. The content of O, inside the OPP packages did not significantly
change (p > (105) during the storage time, whereas for the PLA film, a marked decrease was
noticeable with storage, and it was significantly different (p < 0.05) from the OPP film after five
days of storage. The same trend was observed for the CO; content. No significant differences
(p > 0.05) were detected in CO; content throu