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RESUMEN.

V. RESUMEN.

La industria vitivinicola genera una gran cantidad de subproductos. Entre ellos el
subproducto mas abundante son los sarmientos de vid originados durante la temporada
de poda. Los sarmientos de vid poseen una mezcla compleja de compuestos fendlicos
los que incluyen acidos fendlicos, flavonoides, y estilbenos, que a su vez estan
asociados con una amplia gama de beneficios para la salud. El perfil fendlico de los
sarmientos es altamente dependiente del tipo de cultivar, la zona geogréfica de cultivo,
y de las condiciones de almacenamiento posteriores a la poda. Los procesos y sistemas
de extraccion también influyen fuertemente en el perfil de los compuestos fendlicos.
Aunque existen numerosos estudios de recuperacion e identificacion de compuestos
fendlicos obtenidos desde sarmientos de vid, muy pocos de ellos se han centrado en el
estudio del escalamiento de los procesos de extraccion y en el efecto sobre el perfil
fenolico. Por otro lado, los compuestos fendlicos son reconocidos por ser inestables y
sensibles a altas temperaturas, la luz, el pH y las enzimas oxidativas y degradantes.
Estas variables afectan al perfil fendlico tanto en los procesos de produccion como en la
estabilidad de los productos finales. Una opcidn viable a escala industrial que permite
solucionar estos problemas es la encapsulacion de estos compuestos en ciclodextrinas,
que les proporcionan una matriz protectora y les ayuda a preservar sus actividades
bioldgicas. Por todas estas razones, esta tesis tiene por objetivo estudiar los cambios en
el perfil fendlico de un extracto de sarmientos durante su produccion y encapsulacion,
mediante cromatografia de liquidos acoplada a espectrometria de masas de alta
resolucion. La espectrometria de masas de alta resolucion basada en LC-ESI-LTQ-
Orbitrap-MS ha demostrado ser una poderosa herramienta de identificacion vy
caracterizacion de compuestos fenolicos. El uso de este equipo nos permitio identificar
nuevos compuestos en los extractos de sarmientos de vid producidos a escala de
laboratorio. También fue atil para estudiar los cambios en el perfil fenolico durante la
extraccion a escala piloto y posterior encapsulacion de estos compuestos en
ciclodextrinas. Los resultados de esta tesis doctoral permitieron ampliar el conocimiento
del perfil fendlico de los extractos de sarmientos de vid, analizar las diferencias de los
extractos desde la extraccion de laboratorio, a la extraccion piloto hasta su posterior
encapsulacion en ciclodextrinas, permitiendo el desarrollo de un producto de alto valor

agregado y con futuras aplicaciones en las industrias alimentaria y farmacéutica.
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ABSTRACT.

VI. ABSTRACT.

The wine industry produces many by-products. The most common by-product is the
grape canes (or vine shoots) that are produced during the pruning season. Grape canes
contain a complex mixture of phenolic compounds, including phenolic acids,
flavonoids, and stilbenes, which in turn have been linked to several health benefits. The
phenolic profile of grape canes is highly dependent on the variety, the geographical area
of cultivation, and the storage conditions after pruning. Extraction methods and systems
also strongly influence the profile of phenolic compounds. Although there are numerous
studies on the extraction and identification of phenolic compounds from grape canes,
very few of them have focused on the study of the scaling-up of the extraction process
and the effects on the phenolic profile. On the other hand, phenolic compounds are
known to be unstable and sensitive to high temperature, light, pH, and oxidative and
degradative enzymes. These variables affect the phenolic profile both in the production
processes and in the stability of the final products. A viable way to address these issues
on an industrial scale is to encapsulate these compounds in cyclodextrins, which allows
them to obtain a protective matrix and retain their biological activities. For all these
reasons, this PhD aims to study the changes in the phenolic profile of a grape cane
extract during its production and encapsulation using liquid chromatography coupled
with high-resolution mass spectrometry. High-resolution mass spectrometry-based on
LC-ESI-LTQ-Orbitrap-MS has proven to be a powerful tool for the identification and
characterization of phenolic compounds. The use of this equipment allowed us to
identify new compounds in extracts of grape canes. It was also useful to study the
changes in phenolic profile during pilot-scale extraction and subsequent encapsulation
of these compounds in cyclodextrins. The results of this PhD allowed to increase the
knowledge of the phenolic profile of extracts from grape canes, to analyze the
differences of the extracts from laboratory extraction to pilot extraction and their
encapsulation in cyclodextrins, leading to the development of a product with high added
value and with future applications in the food and pharmaceutical industries.
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INTRODUCCION.

1 INTRODUCCION.

1.1 LA INDUSTRIA VITIVINICOLA Y LA GENERACION DE

SARMIENTOS.

1.1.1 Estado Actual de la Vitivinicultura a nivel mundial.

La superficie mundial total de vifiedo para el afio 2020 se estimo en 7.3 millones de
hectareas [1]. En la Figura 1 se pueden observar los 10 principales paises viticolas de
acuerdo con su superficie plantada: Espafia (961 miles de hectéreas (mha), 13.09%),
Francia (797 mha, 10.89%), China (785 mha, 10.69%), Italia (719 mha, 9.79%),
Turquia (431 mha, 5.89%), EE. UU. (405 mha, 5.49%), Argentina (215 mha, 2.90%),
Chile (207 mha, 2.80%), Portugal (194 mha, 2.70%), Rumania (190 mha, 2.60%) y
otros paises (2425 mha, 33.17%).

,’1

m 13.09% Espana ®m 10.89% Francia 10.69% China
m 9.79% Italia m 549% EE.UU. m= 589% Turquia
2.90% Argentina ®m 2.80% Chile 2.70% Portugal
™ 2.60% Rumania 33.17% Otros paises
Figura 1: Superficie de vifiedo plantado en los 10 principales paises viticolas
(Afo, 2020).

En relacion con la produccion mundial de vino para el afio 2020 se estimo en 260
Millones de hectolitros (Mill. hL). En este caso los principales productores de vino
fueron: Italia (49.1 Mill. hL), Francia (46.6 Mill. hL) y Espafia (40.7 Mill. hL), que en
su conjunto representaron un 53% de la produccion mundial de vino para ese afio [1].

La actividad vitivinicola genera una gran cantidad de residuos o subproductos solidos
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llegando a ser un 30% peso/peso (p/p) del material utilizado [2]. En la Tabla 1 se
muestran los principales subproductos de la industria vitivinicola entre los que se
encuentra el orujo, los tallos, la piel y las semillas de uva; lias de vino, y los sarmientos
de vid que son el subproducto mas abundante.

Tabla 1: Principales subproductos generados por la industria vitivinicola.

Subproducto Aproximado sobre el total de uvas
Orujo de uva 15% p.s. (25 — 45 % p.h.)
Tallos de uva 25-75%
Semillas de uva 3-6%
Lias de vino 35-85%
Sarmientos de vid 2 — 5 ton/ha/afio

p.S. peso seco; p.h. peso himedo; ton. toneladas; ha. hectareas.
Adaptado de Davila et al., (2017).

1.1.2 Estructura de la vid y generacion de sarmientos.

La forma de una planta de vid cultivada se desarrolla podando y entrenando a la vid en
una disposicion especifica de acuerdo con diversos sistemas de manejo del cultivo. En
la Figura 2 se puede observar las principales estructuras de la planta, las que son
regularmente clasificadas en términos vitivinicolas de uso comin que muchas veces

difieren a las definidas por los botanicos [3].

Hojas

Brote

Sarmientos
\‘\

Racimo
de uvas

Sistema de raices __|

Figura 2: Principales estructuras de la vid.
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El tronco, que anteriormente fue un brote individual, es una estructura permanente que
sostiene todas las demas estructuras vegetativas de la planta sobre el suelo. La altura de
cabeza se determina podando la planta durante las primeras etapas de formacion de vid.
El tronco de una planta madura tiene brazos o ramas cortas que dan origen a las cafias o
sarmientos de vid. El brote denominado en inglés como “vine-shoot” comienza su
maduracion a medida que desarrolla el tejido peridermico, que comienza en la base del
brote, apareciendo una piel amarilla y suave. El peridermo continda desarrollandose
hacia la punta del brote durante el verano y el otofio, durante este tiempo, su coloracion
cambia de amarillo a marron convirtiéndose en una capa de corteza seca, lisa 'y dura. En
el periodo de maduracion de los brotes, las paredes celulares de los tejidos se engruesan
y se produce una acumulacion de almidon (carbohidratos de almacenamiento) en todas
las células vivas de la madera y corteza. Una vez que las hojas se caen al suelo el brote
maduro es considerado un sarmiento de vid [3], y es denominado en inglés como “grape
cane”. Sin embargo, debido a que los sarmientos son simplemente un brote maduro, los
términos en inglés “vine-shoot” y “grape cane” son muchas veces utilizados
indistintamente por los investigadores.

La poda de la vid es un proceso necesario en las practicas viticolas, ya que permite
equilibrar el crecimiento de la planta influyendo directamente en la forma, tamario,
cantidad y calidad de la uva. Esta préactica agricola genera una importante cantidad de
subproductos estimandose entre 2 a 4 toneladas por hectarea, dependiendo
principalmente de las practicas de manejo como el tipo o estructura de la plantacién y el
uso final del cultivo, ya sea para uva fresca o para la produccién de vino [4]. Por lo
tanto, teniendo en cuenta los 7.3 millones de hectareas de superficie plantada estimados
por la OIV (Organizacion Internacional de la Vifa y el Vino) para el afio 2020, se
podria esperar una generacion de entre 14.6 a 29.2 millones de toneladas de sarmientos
de vid a nivel mundial para ese afio. Tradicionalmente los sarmientos son utilizados
como acondicionadores de suelo 0 como biomasa para producir energia. Sin embargo,
debido a su rigueza quimica son investigados principalmente como fuente de
compuestos bioactivos con promisorias aplicaciones en las industrias alimentaria,

farmacéutica y cosmética [5].
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1.1.3 Composicion quimica general de los sarmientos de vid.

La composicion quimica de los sarmientos se encuentra fuertemente influenciada por la
variedad del cultivar y el sistema de crecimiento o entrenamiento de las plantas [6,7].
En la Tabla 2 se muestra un resumen de la composicion quimica general de los
sarmientos de vid, obtenida de diferentes fuentes bibliograficas.

Tabla 2: Composicién quimica de los sarmientos de vid.

Fraccion/Analisis Rango-Contenido (%) Referencias

Humedad 50-83 [6,8]
Proteinas 6.7 -28.1 [8,9]
Extraibles 3.1-91 [10,11]
Holocelulosa 64.2 - 69.6 [6]
a-celulosa” 37.8-43.6 [6]
p-celulosa” 43.4-47.4 [6]
y-celulosa” 10.7 - 15.4 [6]
Celulosa 34.0-41.4 [2,11]
Hemicelulosa 19-0-27.0 [10,12]
Xilano 12.3-12.8 [10,12]
Sustituyentes arabinosilo 1.4 [10]
Sustituyentes galactosilo 3.2 [10]
Sustituyentes mano silo 1.6 [10]
Grupos acetilo 4.3-53 [10,12]
Acido galacturénico 4.1 [10]
Lignina 19.3 - 38.7 [6,8]
Lignina insoluble 34.1 [8]
Lignina soluble 4.6 [8]
Cenizas 1.0-3.8 [8,13]
Mg 0.05-0.22 [7.,8]
Ca 0.02-0.89 [7.,8]
Fe 0.002 - 0.004 [7.,8]
Cu 0.002 - 0.002 [7,8]
Zn 0.0007 - 0.004 [8,9]
K 0.51-0.87 [7]
Na 0.01-0.08 [7.,8]
P 0.04 - 0.09 [7,9]
Al 0.001 - 0.004 [7]
As 0.0001 - 0.001 [7]
B 0.0008 - 0.0018 [7]
Ba 0.0003 - 0.0007 [7]
Cd <0.0001 [7]
Cr 0.0001 - 0.0005 [7]
Mn 0.002 - 0.004 [7]
Ni < 0.0002 [7]
Pb <0.001 [7]

0% relativo a holocelulosa.
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Los sarmientos estan constituidos principalmente por holocelulosa (64.2 - 69.6 %), que
comprende a su vez las fracciones de celulosa (34.0 - 41.4 %) y hemicelulosa (19.0 -
27.0 %). El principal tipo de celulosa encontrado en lo sarmientos es la s-celulosa (43.4
- 47.4 %), y la hemicelulosa presente se caracteriza por mostrar un alto grado de
acetilacion [10] y estd constituida principalmente por xilano (12.3 - 12.8 %). El
contenido de lignina (19.3 - 38.7 %) fue reportado en un amplio rango de variacion,
dependiendo el analisis y la fuente bibliografica consultada, aunque la lignina insoluble
(34.1%) es la que se presenta en mayor proporcion [8]. Por su parte, el elevado nivel de
proteinas (6.7 - 28.1%) presentes en los sarmientos ha incrementado el interés de este
subproducto como fuente de suplementos dietéticos [9].

Los sarmientos de vid poseen un contenido de cenizas relativamente menor (1.0 - 3.8
%) en comparacion a las demés fracciones. Sin embargo, una gran cantidad de
elementos fueron cuantificados como minerales formadores de estas cenizas. Los
principales minerales presentes en los sarmientos de vid son: potasio (0.51 - 0.87 %),
calcio (0.02 - 0.89 %), magnesio (0.05 - 0.22 %), fésforo (0.04 - 0.09 %), hierro (0.002 -
0.004 %), boro (0.0008 - 0.0018 %), manganeso (0.002 - 0.004 %), sodio (0.01 - 0.08
%), zinc (0.0007 - 0.004 %), cobre (0.002 - 0.002 %), niquel (< 0.0002 %) y cromo
(0.0001 - 0.0005 %). Otros elementos propios de los suelos como aluminio (0.001 -
0.004 %), plomo (< 0.001) y arsénico (0.0001 - 0.001%), fueron reportados en
proporciones extremadamente bajas.

Los compuestos extraibles (3.1 - 9.1 %) de sarmientos incluyen una fraccion muy
diversa de lipidos, terpenos, aldehidos y compuestos fendlicos [14]. Estos Gltimos son
los que han recibido mayor atencidn por su alto valor agregado y diversas aplicaciones

industriales.
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1.2 COMPUESTOS FENOLICOS EN SARMIENTOS DE VID.

Los compuestos fendlicos son metabolitos secundarios presentes en el reino vegetal que
son sintetizados por la via del shikimato/fenilpropanoide y/o por la via del “policétido”
acetato/malonato, mediante estas rutas biosintéticas se producen fenoles y polifenoles
monoméricos y poliméricos. Exclusivamente, el término “polifenol”, deberia utilizarse
solo para compuestos que presentan mas de un anillo fendlico y que carecen de
cualquier grupo funcional basado en nitrégeno en su expresion estructural mas basica
[15], por lo que en adelante se preferird usar el término “compuestos fenolicos”. Los
compuestos fendlicos se clasifican en dos grandes grupos: flavonoides y no flavonoides.
Los sarmientos de vid contienen una gran cantidad de compuestos fenolicos incluyendo
acidos fenolicos (hidroxibenzoicos e hidroxicinamicos), flavonoides (flavanoles,
flavonoles, flavanonoles y flavanonas) y estilbenos (mondmeros, dimeros y oligomeros)
(Figura 3). Entre ellos, las clases fendlicas més diversa son las proantocianidinas y

estilbenos oligoméricos [16-18].

[ COMPUESTOS FENOLICOS ]
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Figura 3: Principales clases y estructuras quimicas base de compuestos fenolicos
presentes en sarmientos de vid.
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1.2.1 Flavonoides.

La estructura basica de los flavonoides esta determinada por un nucleo flavonico, que
consta de 15 atomos de carbono dispuestos en tres anillos (Cs-C3-Cs), que se denominan
anillos A, By C (Figura 3) [19]. A partir del patron de hidroxilacion y sus respectivas
variaciones en el anillo C, los flavonoides pueden dividirse en numerosas subclases,
pero las que destacan para esta tesis doctoral son: flavanoles (flavan-3-oles, catequinas

y proantocianidinas), flavonoles, flavanonas y flavanonoles (o dihidroflavonoles).

1.2.1.1 Flavanoles.

Los flavanoles se denominan también flavan-3-oles debido a que el grupo hidroxilo
siempre se encuentra unido a la posicion 3 del anillo C [20]. Los flavanoles son una
compleja y extensa subclase de flavonoides que va desde estructuras monomeéricas
simples como la catequina hasta proantocianidinas oligoméricas y poliméricas [21]. Los
dos centros quirales en C2 y C3 del flavan-3-ol monomeérico producen cuatro isdmeros
para cada distinto nivel de hidroxilacion del anillo B [21]. Entre los m&s comunes se
encuentra la catequina que es el isémero trans y la epicatequina que corresponde a la
configuracién cis. Los flavanoles monoméricos pueden formar polimeros (de hasta 50
unidades o mas) que se denominan proantocianidinas o taninos condensados.
Dependiendo de los enlaces interflavanicos, que une sus unidades monomeéricas, las
proantocianidinas pueden tener una configuracion de tipo A donde los mondémeros se
unen a través de enlaces C2— O —-C7 o C2- O —-C5; o de tipo B en la que sus enlaces se
unen entre los carbonos C4 — C6 o C4 — C8 [20]. Las proantocianidinas mas comunes
son las que se encuentran conformadas por unidades de (epi) catequina y se denominan
procianidinas, pero existen algunas menos frecuentes que estan conformadas por
subunidades de (epi) afzelequina o (epi) gallocatequina que se denominan
propelargonidinas y prodelfinidinas, respectivamente [21]. Los flavan-3-oles también
pueden transformarse en teaflavinas por la accidén oxidativa de la enzima polifenol
oxidasa [21]. Tanto flavanoles monoméricos, procianidinas, prodelfinidinas [16,18,22]
y recientemente (en esta tesis doctoral) teaflavina fueron identificadas en extractos de
sarmientos de vid [16].

1.2.1.2 Flavonoles.

Los flavonoles son una subclase de flavonoides que estan constituidos por una 3-

hidroxiflavona en el anillo C. Se encuentran ampliamente distribuidos en todo el reino
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vegetal abundan en una gran variedad de frutas y verduras como: cebollas, lechugas,
tomates, manzanas, bayas, uvas, y bebidas como el té y el vino tinto [20]. Los
flavonoles mas comunes son el kaempferol, quercetina, isorhamnetina, miricetina y
fisetina. Aunque el nimero de agliconas de flavonoles es limitado, sus patrones de
metilacion e hidroxilacion y su conjugacién con glucdsidos genera un grupo muy
diverso de compuestos [20,21]. Tanto la quercetina como sus conjugados glucosidos

fueron identificados en sarmientos de vid [23,24].

1.2.1.3 Flavanonas y flavanonoles o dihidroflavonoles.

Las flavanonas son otra importante subclase de flavonoides que se presentan
principalmente en las frutas citricas como las naranjas, limones y uvas, asociandose
como responsables del sabor amargo del jugo y la céscara de estas frutas [20]. Las
flavanonas, estructuralmente tienen el anillo C saturado y se caracterizan por la ausencia
del doble enlace y la presencia de un centro quiral en el carbono C-2 [20,21]. Algunos
ejemplos de flavanonas son la hesperitina, naringenina y el eriodictyol. Estos
compuestos ademas se presentan regularmente como derivados hidroxilados,
glicosilados y O-metilados [21]. Las flavanonas son poco frecuentes en extractos de
sarmientos de vid, aunque recientemente reportamos la presencia del eriodictyol y un
derivado hexdsido [16].

Los flavanonoles denominados también como dihidroflavonoles o 3-hidroxiflavononas,
presentan simultdneamente un grupo 4-carbonilo y un grupo hidroxilo en el anillo C.
Ademas, tienen 2 centros quirales en los carbonos C-2 y C-3, mientras que su
estereoquimica mas comun es 2R y 3R. Ademas, estos compuestos participan como
intermediarios en la biosintesis de flavonoles y antocianidinas [25]. La taxifolina o
también denominada dihidroquercetina es un ejemplo de flavanonol que se encuentra
presente en frutos citricos [26]. Antes del presente trabajo doctoral, hasta donde
sabemos, no se habia reportado la presencia de la taxifolina en extractos de sarmientos
[16], aunque si se habia reportado su derivado dihidroquercetina-3-ramnosido o también

conocido como astilbina [27].

1.2.2 No Flavonoides.

Los compuestos no flavonoides en su configuracién mas basica presentan un solo anillo
aromatico, y en sarmientos estan representados principalmente por el grupo de los

acidos fendlicos y estilbenos.
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1.2.2.1 Acidos fendlicos.

Los acidos fendlicos son compuestos caracterizados principalmente por tener un anillo
bencénico, un grupo carboxilico y uno o méas grupos hidroxilo y/o metoxilo en su
estructura mas basica [28]. Se encuentran en una gran variedad de alimentos de origen
vegetal incluyendo semillas, pieles de frutas, hojas de las hortalizas y aunque pueden
encontrarse en forma libre generalmente estan unidos a ésteres, glucosidos y amidas.
Debido a lo anterior, para su deteccion deben ser liberados mediante hidrolisis acida,
alcalina o enzimatica [26,29]. Los &cidos fenolicos se dividen en dos subgrupos
principales los acidos hidroxibenzoicos y los acidos hidroxicindmicos.

Los acidos fenolicos hidroxibenzoicos tienen siete atomos de carbono (Ce—Ci) Yy
aungue son los acidos mas simples que pueden encontrarse en la naturaleza, también
son componentes principales de polimeros méas complejos como los taninos
hidrolizables. Entre los que destacan los galotaninos presentes en mangos y los
elagitaninos que se encuentran en frutos rojos como fresas, frambuesas y moras [30].
Los &cidos hidroxibenzoicos comUnmente identificados en sarmientos son los &cidos
gélico, protocatechico, p-hidroxibenzoico, vanilico y elagico [24].

Los acidos fenolicos hidroxicindmicos poseen en su estructura mas basica nueve atomos
de carbono (Ce— Ca) y por lo general se presentan como ésteres, junto con un alcohol
ciclico-acido, como el &cido quinico, conformando los Ilamados acidos clorogénicos
[21,28]. Los &cidos hidroxicind&micos mas comunes en extractos de sarmientos son los

acidos caftarico, coutarico, cafeico, p-cumarico, fertlico y sinapico [24].

1.2.2.2 Estilbenos.

Los estilbenos (Ce—C2>—Cs) son fitoalexinas producidas por las plantas en respuesta a
enfermedades, lesiones y estrés [21]. El esqueleto quimico de un estilbeno monomérico
basico comprende dos anillos aromaticos unidos por un puente de etileno, y su isdbmero
trans (E) es su configuracion mas comun. La mayoria de los estilbenos naturales
contienen varios grupos fenolicos y se encuentran frecuentemente prenilados,
geranilados o glicosilados. Los estilbenos oligdbmeros pueden formarse partir de dos
monomeros en diferentes combinaciones como: resveratrol y oxiresveratrol, resveratrol
y piceatannol, resveratrol e isorhapontigenina, oxiresveratrol e isorhapontigenina o
piceatannol e isorhapontigenina. La principal fuente dietética de los estilbenos son las
uvas y el vino tinto obtenidos a partir de la vid (V. vinifera L.), mientras que el estilbeno

maés estudiado es el resveratrol. En la vid los derivados del resveratrol se encuentran en
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una gran diversidad de patrones de oligomerizacién y glicosilacion, mientras que la
viniferina es el dimero de resveratrol principal en las especies del género Vitis [31].
Debido a sus multiples propiedades beneficiosas para la salud los estilbenos son el
grupo fendlico mas reportado e investigado en extractos de sarmientos de vid [24]. Por
esta razon muchos estudios de extraccion de compuestos fendlicos desde sarmientos se
han centrado en la optimizacion y recuperacion tanto del resveratrol como de viniferina
[32].

1.2.3 Anadlisis e identificacion de compuestos fendlicos.

Se han utilizado una gran diversidad de técnicas analiticas avanzadas para poder
identificar y cuantificar compuestos fenolicos en muestras de plantas, alimentos y
extractos naturales. Entre ellos destacan la espectrofotometria, electroforesis capilar,
espectroscopia de resonancia magnética nuclear (RMN), espectroscopia de infrarrojo
cercano (NIR) y por transformada de Fourier (FTIR). Ademés de métodos
cromatograficos como la cromatografia liquida de alta resoluciéon (HPLC)
cromatografia liquida de wultra alta resolucion (UHPLC), cromatografia en
contracorriente de alta velocidad (HSCCC), cromatografia de fluidos supercriticos
(SFC) y cromatografia de gases (GC) [33]. Desde un punto de vista estructural el RMN
es la técnica definitiva que permite la asignacion completa de estructuras fendlicas,
incluyendo su estereoquimica y posicién de sus azlcares o sus derivados. Sin embargo,
las limitaciones del RMN son su alto costo y la necesidad de contar con analitos
relativamente puros, requiriendo muchas veces exhaustivas etapas previas de
aislamiento. Por otro lado, la cromatografia liquida acoplada a la espectrometria de
masas (LC-MS) se ha convertido en una de las técnicas mas utilizadas para la
caracterizacion de compuestos fenolicos en mezclas complejas como los alimentos y los

extractos naturales [34].

1.2.3.1 Preparacion de las muestras.

Antes del analisis las muestras que contienen los compuestos fendlicos deben ser
recolectadas, almacenadas y preparadas adecuadamente para su extraccion. Para
muestras solidas los procesos de pretratamiento incluyen etapas de tamizado, molienda
o trituracion y homogeneizacion, mientras que las muestras liquidas son frecuentemente
filtradas o centrifugadas. Las extracciones de compuestos fendlicos se realizan

principalmente mediante el uso de solventes organicos como metanol, etanol, acetona o

Pagina | 29



INTRODUCCION.

sus mezclas con agua, asi como tambien con acetato de etilo [35]. La extraccion se
puede llevar a cabo por métodos convencionales sélido-liquido que pueden involucrar o
no el uso de temperatura. Por esta razon, los compuestos fendlicos se pueden degradar
mediante reacciones como la hidrdlisis, ionizacién y oxidacién que ocurren durante el
proceso de extraccion. Por otro lado, en los Gltimos afios se han desarrollado nuevos
métodos como la extraccion asistida por ultrasonido y microondas, extraccion por
fluidos supercriticos y extraccion de alta presion hidrostatica [33]. En particular, la
extraccion asistida por ultrasonido es ampliamente utilizada en protocolos de laboratorio
y maés recientemente fue escalada en aplicaciones piloto [36]. A nivel de anélisis de
laboratorio la extraccion asistida por ultrasonido ha demostrado ser una alternativa
econdmica, simple y eficiente con respecto a las técnicas de extraccion convencionales
[33].

1.2.3.2 Cromatografia liquida de alta resolucion (HPLC).

La técnica de HPLC es la mas utilizada para la separacion, identificacion y
cuantificacion de compuestos fendlicos en muestras naturales complejas. La separacion
cromatografica de los compuestos fendlicos depende de varios factores entre los que
destacan la estereoquimica, peso molecular, polaridad y el grado de polimerizacién de
los compuestos. El analisis generalmente se realiza en el modo de fase inversa (RP)
utilizando columnas de silice ligada C-8 o C-18, con longitudes que varian de 100 a 300
mm y con un diametro interno de 2 a 4.6 mm [37].

La aplicacion de sistemas binarios es esencial para la separacién de compuestos
fenolicos debido a su variedad estructural. La elucién en gradiente se realiza
frecuentemente aplicando agua acidificada, como solvente polar, y metanol o
acetonitrilo (puro o acidificado), como disolvente organico. De esta forma, el gradiente
de elucion comienza con la fase acuosa seguida de un incremento sucesivo en la
concentracion de solvente organico con un caudal que varia de 0.3 a 1.6 mL/min. Por su
parte el volumen de inyeccion varia entre 1 a 100 ul y depende del diametro interno de
la columna utilizada [33,37]. En combinacion con la separacion por HPLC una amplia
gama de detectores se ha utilizado para la identificacion y determinacion de compuestos
fenolicos. Entre ellos se incluyen ultravioleta-visible (UV-vis) y detector diodo array
(DAD), detector de  fluorescencia  (FLD), métodos electroquimicos,

quimioluminiscencia y detectores de espectrometria de masas (MS) [35].
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1.2.3.3 Espectrometria de masas.

La cromatografia liquida acoplada a la espectrometria de masas es un método eficaz
para identificacion y cuantificacion de compuestos fenolicos en extractos de plantas y
fluidos bioldgicos. Se pueden utilizar diferentes tipos de fuentes para la ionizacion de
los compuestos como: ionizacién por electropulverizacion (ESI), ionizacion quimica a
presion atmosférica (APCI), fotoionizacidn a presion atmosférica (APPI), bombardeo de
atomos rapidos (FAB), e ionizacion por desorcion laser asistida por matriz (MALDI)
[33]. En el andlisis de los compuestos fendlicos la mayoria de los estudios utilizan
fuentes de ionizacion ESI, que pueden emplearse en modo positivo y negativo, aunque
esta ultima configuracion es la mas aplicada para este tipo de compuestos [33-35]. Por
otro lado, distintos tipos de analizadores de masas se utilizan en el estudio de
compuestos fendlicos, entre los que destacan: cuadrupolo simple (Q), triple cuadrupolo
(QQgQ), espectrémetro de masas con trampa de iones (IT), tiempo de vuelo (TOF),
cuadrupolo-tiempo de vuelo (Q-TOF), MS con transformada de Fourier (FTMS) y
espectrometros de masas hibridos basados en trampa de iones lineal acoplado a Orbitrap
(LTQ-Orbitrap) [37]. Este ultimo sistema es el empleado en la presente tesis doctoral.

1.2.3.4 LTQ-Orbitrap.

El LTQ-Orbitrap fue comercializado por primera vez en el afio 2005 por la empresa
Thermo Electron ahora llamada Thermo Fisher Scientific [38]. El sistema se basa en la
captura orbital de iones alrededor de un electrodo central en forma de huso y un
electrodo exterior en forma de barril ensanchado que utiliza campos electrostaticos. Los
iones en Orbita realizan oscilaciones armonicas alrededor del electrodo con una
frecuencia caracteristica a su relacion masa/carga (m/z) [34,39]. Las oscilaciones de los
iones se revelan mediante deteccion de corriente de imagen y se transforman en
espectros de masas utilizando transformacion de Fourier que las convierten en sefiales
proporcionales a su intensidad [33,39].

En el afio 2009 se lanzd el primer espectrometro de masas hibrido LTQ Orbitrap Velos
[38], que es especificamente el modelo utilizado en esta tesis doctoral. En la Figura 4 se
puede observar la representacion esquematica del equipo LTQ Orbitrap, que es definido
por sus fabricantes como un sistema hibrido debido a que combina dos tipos diferentes
de analizadores de masas una primera trampa lineal de doble celda “LTQ Velos” y el
analizador “Orbitrap” propiamente tal. A diferencia de configuraciones iniciales y

debido a una mejora en el campo de la Optica, el equipo incorporé una nueva guia de
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iones de anillo apilado, conocida como lente S (Figura 4), que permitié un aumento de
la sensibilidad de 3 a 5 veces en el modo de escaneo completo y hasta 10 veces en el
modo MS/MS. LTQ Orbitrap Velos también incorpord novedades en el analizador de
masas de trampa de iones con una configuracion de doble presion. Primero una celda de
alta presion optimizada para aislar y fragmentar iones, seguida de una celda de baja
presion optimizada para analisis de iones acelerado. También se incorporaron mejoras
significativas en la eficiencia de transferencia de iones dentro del espectrometro de
masas, mediante la disociacion de "trampa C de alta energia™ (HCD), lo que le permitid
obtener espectros mucho més sensibles a 4 — 5 Hz [38]. El analizador de masas
Orbitrap, es muy importante para la adquisicion de espectros de barrido completo y
MS/MS, permitiendo medir las frecuencias de oscilacion idnica en un campo
electrostatico, utilizando el cuadrupolo para el aislamiento de precursores y empleando
la celda HCD para la fragmentacién [40]. El equipo permite resoluciones de hasta
60.000 a m/z 200, un rango de masa de hasta 4000 (m/z) y errores incluso menores a 3

ppm.
LTQ Velos (A) Orbitrap (B)

|[\cctr33[r]v lon Source S-Lens Square Quadrupole Octopole High Pressure Cell  Low Pressure Cell ‘ Multipole C-Trap HCD Callision Cell ‘

S = —e——

Orbitrap
Mass Analyzer ||

Figura 4. Representacion esquematica del equipo LTQ Orbitrap Velos. (A) Analizador
de trampa lineal de doble celda “LTQ Velos”, incluye una fuente ESI, la guia de iones
de anillo apilado (S-Lens) y un disefio de trampa de iones lineal dual de alta presion y
de baja presion. (B) Analizador de masas Orbitrap, que incluye en su parte superior una

celda de colision combinada de C-trap "trampa C de alta energia" (HCD) [41].

El modo de adquisicion también es relevante en los parametros de trabajo del equipo y
tiene una influencia importante en el rendimiento de la deteccion. El modo de escaneo
completo es una de las técnicas de adquisicién de datos que se utilizan con mayor
frecuencia, ya que permite la deteccion de todos los iones que llegan al analizador

Orbitrap. Por lo tanto, este modo de operacion permite adquirir una amplia gama de
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informacidn sobre iones precursores con un amplio rango m/z lo que proporciona una
poderosa herramienta de anélisis para deteccion y cuantificacion de alta resolucion y
precision de masa. Otro modo de operacion ampliamente utilizado es la adquisicion
dependiente de datos, que ofrece la ventaja de una alta selectividad. EI proceso
comienza con un escaneo de levantamiento de MS inicial, y un escaneo de MS/MS que
se activa cuando los iones precursores cumplen ciertos criterios predefinidos. EI umbral
de intensidad se puede utilizar como uno de esos criterios, lo que permite aplicar este
modo de adquisicion de forma no dirigida. Una vez que se detecta el compuesto
objetivo y se alcanza el umbral de intensidad, el ion precursor se selecciona y es
enviado a la celda de colision HCD a través de la trampa C para ser fragmentado [40].

LTQ Orbitrap ha demostrado ser una herramienta muy til para la identificacion de
compuestos fendlicos y particularmente el grupo de investigacion de “Antioxidante
Naturales” de la Universidad de Barcelona, posee una dilatada trayectoria en este
ambito. Mediante esta herramienta se ha ampliado y mejorado la identificacion de
compuestos fenolicos de matrices como tomates y derivados [42,43], cervezas [44],
nueces [45], hierbas y especias [46], pasas [47], entre otros derivados y procesados
alimenticios. Por esta razon la presente tesis doctoral propone la identificacion de
nuevos compuestos fendlicos presentes en extractos de sarmientos de vid mediante el

uso de este poderoso equipo (Ver capitulo 3.1).

1.2.4 Meétodos analiticos utilizados previamente en la identificacion de
compuestos fenolicos en sarmientos de vid.

La cromatografia liquida de alta presion acoplada a detectores DAD o FLD son las
principales herramientas utilizadas para la deteccion y cuantificacion de compuestos
fendlicos en los sarmientos de vid. Sin embargo, con el objetivo de asegurar una
correcta identificacion y cuantificacion de los compuestos, los equipos de HPLC se han
utilizado acoplados a espectrometros de masas o a equipos de RMN [48]. La Tabla 3
muestra un resumen de 49 compuestos fendlicos reportados en sarmientos de vid y sus

principales métodos de deteccion e identificacion.
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Tabla 3: Principales compuestos identificados en sarmientos de V. vinifera y su modo
de deteccion. Adaptado de Goufo et al. [24].

Clase Subclase Compuesto Modo de deteccidn
Acido galico MS, RMN, DAD
Acido protocatechico MS
Acidos Acido p-hidroxibenzoico MS
hidroxibenzoicos  Acido vanilico MS, RMN, DAD
Acidos Ac!do siringico MS, RMN, DAD
fendlicos y Ac!do elag]c_o MS
derivados Ac!do caftarl_co MS, RMN, DAD
Acido coutarico MS, DAD
Acidos Acido cafeico MS, RMN, DAD
hidroxicinamicos  Acido p-cumarico MS, RMN, DAD
Acido ferulico MS, RMN, DAD
Acido sinapico MS
Procianidina B1 MS, RMN, DAD
Procianidina Al MS
Procianidina C1 MS, DAD
Procianidina T2 MS, DAD
Flavan-3-oles y Catequina MS, RMN, DAD
Flavonoides proantocianidinas  Procianidina B2 MS, RMN, DAD
Prodelfinidina tipo A MS, RMN, DAD
Gala_to (_je_dlmero de MS, DAD
procianidina
Epicatequina MS, RMN, DAD
Flavonoles Quercet!na—3-O-gaIagtc’>sido MS, RMN, DAD
Quercetina-3-O-arabinosa MS
trans-resveratrol MS, RMN, DAD
(+)-trans-g-viniferina MS, RMN, DAD
Isohopeaphenol MS, RMN
Vitisina B (r-viniferina) MS, RMN
trans-piceatannol MS, RMN
trans-m-viniferina MS, RMN
Hopeaphenol MS, RMN
Palidol MS, RMN
trans-miyabenol C MS, RMN
No- i Ampelopsina A MS, RMN
Flavonoides Estilbenos Vitisina A (r2-viniferina) MS, RMN
trans-o-viniferina MS, DAD
trans-piceido MS, RMN, DAD
Vitisinol C MS
trans-resveratrol-2-C-glucosido MS, RMN
trans-resveratrol-O-glucosido MS, RMN
Leachianol G MS, RMN
Leachianol F MS, RMN
Restrytisol A MS
Carafenol B MS
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cis-piceido MS, RMN
Ampelopsina B MS, RMN
trans-Isorhapontigenina MS
Ampelopsina D MS, RMN
Derlvado de trans-g-viniferina MS, RMN
(anillo de y-lactama)

Derivado trans-resveratrol MS, RMN

(anillo y-lactdmico)

MS: Espectrometria de masas; RMN: resonancia magnética nuclear; DAD: Detector
diodo array
Los estilbenos son la principal clase de compuestos reportados en sarmientos de vid. En
la Tabla 3 se presentan 26 estilbenos identificados previamente en sarmientos, entre los
que destacan trans-resveratrol, (+)-trans-e-viniferin, isohopeaphenol, vitisin B, trans-
piceatannol, trans-o-viniferin, y hopeaphenol como los méas reportados. Ademas, se
muestran otros 23 compuestos fendlicos flavonoides y acidos fenolicos previamente
identificados en sarmientos. En estos grupos los mas reportados son: los &cidos
fendlicos galico, protocatechico, sinapico, ferulico; los flavan-3-oles catequina y
epicatequina; y las proantocianidinas como la procianidina B1 y la prodelfinidina tipo A
[24]. Aunque numerosos sistemas analiticos basado en la espectrometria de masas como
LC-MS, HPLC-DAD-FLD-MS/MS, HPLC-DAD-ESI-MS/MS, UHPLC-DAD/ESI-
Q-TOF e incluso HPLC-RMN se han utilizado para la deteccion y cuantificacion de
compuestos fendlicos en sarmientos de vid [48], previo a la presente tesis doctoral no se
habia reportado ningun trabajo que utilizara un enfoque mediante un sistema analizador
de masas de alta resolucion como LTQ-Orbitrap-MS. EI uso de esta poderosa
herramienta analitica permitié identificar compuestos fendlicos no reportados

previamente en los extractos de sarmientos de vid [16] (Ver capitulo 3.1).
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1.3 EXTRACCION DE COMPUESTOS FENOLICOS DESDE SARMIENTOS
DE VID.

La composicion fenolica de los sarmientos de vid se encuentra fuertemente influenciada
por factores como: el tipo de cultivar [49-51], la zona geogréafica de crecimiento [52], el
tiempo y condiciones de almacenamiento de los sarmientos posteriores a la poda
[51,53-55]. Por su parte, los rendimientos de extraccion de los compuestos fenolicos
dependen de los métodos y variables de extraccion empleadas para su recuperacion
como son: el tamafio de particula de los sarmientos, el tipo de disolvente utilizado, la
temperatura y tiempos de extraccion; al igual que de factores como el pH y la presencia
de luz que afectan a la estabilidad de los compuestos extraidos [32]. A continuacion, se
presenta un detallado resumen de las principales variables que afectan el perfil fendlico

de los sarmientos de vid.

1.3.1 Diferencia en la composicion fendlica entre cultivares.

La composicién y concentracion de compuestos fenolicos y principalmente estilbenos
se encuentra muy relacionada con aspectos concernientes al tipo de cultivar y sus
condiciones de crecimiento y estrés bidtico y abidtico. Numerosos estudios han
reportado el nivel de estilbenos presentes en sarmientos de diferentes especies del
género Vitis como: V. amurensis, V. arizonica, V. berlandieri, V. betulifolia, V. X
champinii, V. cinérea, V. coignetiae, V. davidii, V. doaniana, V. heyneana, V. flexuosa,
V. labrusca, V. mustangensis, V. pentagona, V. riparia, V. ruperstris, V. thunbergii y V.
vinifera [48]. Debido a su importancia economica y amplia distribucion mundial la
extraccion de compuestos fendlicos desde la especie V. vinifera es la mas reportada.

En este sentido, Lambert et al. [50] comparé el perfil de estilbenos en sarmientos de 16
tipos distintos de cultivos de V. vinifera de gran importancia comercial, demostrando
que el contenido y tipo de estilbeno presente en los sarmientos es altamente dependiente
del tipo de cultivar extraido. Altos niveles de E-resveratrol (1526 mg/kg) y E-e-
viniferina (3737 mg/kg) fueron obtenidos desde sarmientos de la variedad Pinot Noir.
Estos resultados coinciden con lo previamente descrito por Vergara et al. [52], que para
la misma variedad. reportd un alto y variable contenido de trans-resveratrol (723 - 5590
mg/kg). Esta concentracion dependia también del lugar o zona geografica de

crecimiento del cultivo. Ademas, en este mismo trabajo se reportd por primera vez, un
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incremento de un 35% en los niveles de resveratrol en la variedad Pinot Noir después de
un almacenamiento de 2 meses posterior a la poda, afiadiendo una nueva e importante

variable en el estudio de los estilbenos en sarmientos de vid.

1.3.2 Condiciones de almacenamiento posteriores a la poda.

Numerosos estudios han demostrado el incremento en los niveles de estilbenos en
sarmientos posterior a la poda [23,51,53-58]. La poda de los sarmientos genera un
estrés mecanico en la madera de la vid, que induce una expresién de los genes de
fenilalanina amonio liasa y la estilbeno sintasa que codifican enzimas claves en la ruta
biosintética de los estilbenos [54]. En este mismo sentido, las variables como la longitud
del sarmiento, el tiempo y temperatura de almacenamiento influyen directamente en la
acumulacién de estilbenos en los sarmientos [54,55]. Por lo tanto, las condiciones de
guarda posteriores a la cosecha de los sarmientos son parametros claves para
incrementar los rendimientos de extraccion de estilbenos con miras una explotacion
industrial.

Un sistema para aumentar el contenido de estilbenos en sarmientos de poda de vid fue
patentado en el afio 2014 (Ver capitulo 8.2.1). El sistema reivindica las condiciones de
almacenamiento de los sarmientos durante un periodo que comprende los 90 - 150 dias,
a una temperatura de entre 20 — 30°C, humedad de entre el 30 - 70%, y una intensidad
luminica entre 0.1 — 15 lux [57]. Mediante este método un aumento significativo de
estilbenos totales de hasta 5 veces fue observado en sarmientos de la variedad Pinot
Noir [53]. Posteriormente, otro estudio analiz6 el aumento de estilbenos durante 30
meses, se observé que los sarmiento de la variedad Pinot Noir llegan a un maximo de
trans-resveratrol en un periodo de 6 meses, luego de este periodo la concentracion
comienza a disminuir significativamente manteniéndose practicamente constante hasta
los 30 meses de estudio [56].

La temperatura de almacenamiento también juega un rol clave en el incremento de la
concentracion de estilbenos monoméricos (E-resveratrol y E-piceatannol). Houille et al.
[55] reporta un aumento de hasta 40 veces de E-resveratrol durante las primeras seis
semanas de almacenamiento a una temperatura de 20°C, indicando que la temperatura
oOptima de aumento en la concentracion de E-resveratrol se encuentra en el rango de 15 a
20 °C. Este estudio ademas concluye que el aumento de resveratrol se debe a una
biosintesis de novo que resulta por la induccién en la expresion de la estilbeno sintasa

durante las primeras semanas de almacenamiento. Este aumento en el estimulo del
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metabolismo de los estilbenos monoméricos estaria provocado por el estrés mecanico
que sufre la vid al momento de ser podada.

La longitud del corte también parece ser un factor clave en el incremento de E-
resveratrol y E-piceatannol postcosecha. Una longitud de 0.5 cm y un almacenamiento
durante 2 semanas permitiria incrementar los niveles de E-resveratrol y E-piceatannol
en sarmientos en un corto periodo de tiempo. Sin embargo, en este mismo estudio, se
observo que por debajo de 1 cm los niveles de transcripcion de los genes biosintéticos
(PAL y STS) de estilbenos disminuyeron. Por lo tanto, un corte de sarmientos por
debajo de 1 c¢cm podria inducir muerte celular y generar un efecto adverso en la
acumulacion de estilbenos [54]. Por otro lado, ademéas de resveratrol un incremento
significativo en la concentracion de otros compuestos fenolicos como la catequina,
acido elagico, e-viniferin y el &cido ferdlico fue observado luego de un almacenamiento
de 6 meses posterior a la poda [23].

Otros sistemas como la aplicacion de metiljasmonato, un elicitor de estilbenos, también
se ha utilizado como estrategia efectiva para el incremento de trans-resvertrol y trans-e-
viniferina, resaltando la importancia del incremento de compuestos objetivo durante el
periodo posterior a la poda de los sarmientos [58].

Finalmente, en sarmientos de 44 variedades de uva europeas, se analiz6 el contenido de
los siguientes polifenoles: catequina, epicatequina, E-resveratrol, E-piceatannol, E-
viniferina, E-miyabenol C, ampelopsina A, E-vitisina B, hopeaphenol e
isophopeaphenol, utilizando un tratamiento postcosecha que comprendia el corte de los
sarmientos en una longitud de 0.5 cm, almacenamiento a 20 °C durante 2 semanas de
guarda. El estudio concluyd, que la aplicacion del sistema de almacenamiento
postcosecha, permitié un aumento en el contenido de compuestos fendlicos estudiados
en un valor promedio cercano al 56%. Ademas, del almacenamiento, y como se ha
mencionado previamente, el perfil fendlico dependio en gran medida de la variedad del
cultivar analizado. En este sentido, Pinot Noir es uno de los 10 cultivares mas
extendidos en todo el mundo con 112,000 ha plantadas, constituyéndose como una
promisoria fuente de biomasa para la extraccion y obtencion de estilbenos [51].

Todas las investigaciones antes sefialadas, resaltan la importancia de las condiciones de
almacenamiento posteriores a la poda de los sarmientos de vid. La viabilidad técnico-
econOomica de estas condiciones de almacenamiento también deben evaluarse a la hora
de proyectar una produccién industrial. En este sentido, largos tiempos de

almacenamiento o tamafios de corte muy especificos serian dificilmente reproducibles a
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escala industrial. Por lo tanto, tal como se menciona en la patente del capitulo 8.2.1
[57], el almacenamiento de los sarmientos de vid en tamarios similares a los cosechados
tradicionalmente, durante un periodo de maximo 3 meses, a una temperatura (20 - 30°C)
y humedad ambiente (30 — 70%), se mantienen como condiciones aplicables a contextos

industriales.

1.3.3 Meétodos y condiciones de extraccion de sarmientos.

La extraccion solido-liquido es uno de los métodos mas utilizados para la recuperacion
de compuestos fenolicos desde sarmientos de vid. Lo anterior, es debido a que estos
procesos son de facil operacion y bajo costo de inversion [48], ademas de ser métodos
escalables con posibilidades de ser adoptados por empresas productivas a mediana y
gran escala. Sin embargo, en los ultimos afios tecnologias de extraccion emergentes
como las extracciones asistidas por ultrasonido y microondas, altas presiones, campos
eléctricos pulsados y descargas eléctricas de alto voltaje; calentamiento 6hmico,
autohidrdlisis, entre otras, se han utilizado para la recuperacion de compuestos fenélicos
desde sarmientos. A continuacion, se presenta un resumen de los distintos métodos y
condiciones utilizados para la extraccion de compuestos fendlicos desde sarmientos de
vid.

1.3.3.1 Método convencional: Extraccion solido-liquido.

La extraccién solido-liquido a escala de laboratorio es el método de recuperacion de
compuestos fendlicos mas reportado. Luque-Rodriguez et al. [59] fueron pioneros en
estudiar la influencia de los pardmetros de extraccion como temperatura, tiempo y
porcentaje de etanol en la extraccion de compuestos fendlicos desde sarmientos de vid
utilizando mezclas de etanol/agua sobrecalentadas. Las mejores condiciones de
extraccion encontradas para la obtencion de fenoles totales fueron etanol a 80% (v/v),
temperatura de 240 °C y tiempo de 60 minutos. Ademas, observaron una mejora en los
rendimientos de extraccion al disminuir el pH. Bajo las mismas condiciones de
extraccion, pero a una temperatura menor (120 °C) y un pH de 3, observaron altos
niveles de acido galico (470 mg/kg), acido protocatechico (379 mg/kg) y acido siringico
(110 mg/kg). Este trabajo, desarrollado a escala de laboratorio, demostro
tempranamente las ventajas de rendimiento en la extraccion de compuestos fendlicos
mediante el empleo de liquido sobrecalentado por sobre la extraccion solido-liquido

convencional realizada a temperatura ambiente. Sin embargo, este estudio no se centro
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en la obtencion de estilbenos, que a la postre serian los compuestos mas estudiados en
sarmientos de vid.

Posteriormente, en el afio 2008, Rayne et al.[60] propusieron concretamente la
extraccion de trans-resveratrol y trans-viniferina usando como materia prima
sarmientos de la variedad Pinot Noir. En este trabajo también se establece que las
soluciones etanol/agua 80:20 (v/v), como las més adecuadas para la extraccion de
estilbenos. Este proceso se realizd a temperatura ambiente (20-25°C) durante 30
minutos y se obtuvieron altos rendimientos de resveratrol (3400 mg/kg) y viniferina
(1300 mg/kg). Parte de este mismo grupo de investigacion, en el mismo afio,
comprobaron que la temperatura de hasta de 83.6 °C y una concentracion de etanol entre
50-70% permitian obtener rendimientos mas altos para trans-resveratrol (4250 mg/kg),
trans-e-viniferina (2030 mg/kg) y fenoles totales (9280 mg/kg). Cabe destacar que este
es el primer trabajo que se realiza a una escala de banco, superior a la de laboratorio,
utilizando un vaso de precipitados de 4 L [61]. En la misma linea de escalamiento de
extracciones, Riquelme et al. [8], optimizan las condiciones de extraccidn a una escala
de banco, utilizando reactores de acero inoxidable de 1 a 7 L (Ver capitulo 8.1.3). Estos
reactores (tipo Parr) cuentan con sensores de temperatura, y poseen un disefio similar a
los reactores industriales por lo que son Utiles en estudios de escalamiento. La
extraccion en este trabajo se llevd a cabo utilizando sarmientos de la variedad Pinot
Noir, recolectados en un vifiedo organico (Vifia de Neira), region del Bio-Bio Chile, que
corresponde al mismo sitio de recoleccion de los sarmientos utilizados en los articulos
de la presente tesis doctoral. Ademas, previo a la extraccion, los sarmientos fueron
almacenados por 3 meses a 19 + 5 °C y 70% de humedad, de acuerdo con la patente
descrita anteriormente (Ver capitulo 8.2.1). EIl trabajo concluye que las mejores
condiciones de extraccion fueron el uso de etanol/agua 80:20 (v/v), una relacion entre
solido/liquido de 1:10, una temperatura de 80°C, un tiempo de 100 minutos y un tamafio
de particula de los sarmientos menores a 1 cm. Cabe sefialar que este estudio se utilizo
como base para la extraccién a escala piloto de 750L (Ver capitulo 3.2).

Aunque otras condiciones de extraccion son utilizadas para la recuperacion de
compuestos fenolicos desde sarmientos de vid, mezclas de etanol/agua y altas
proporciones de etanol son las mas empleadas. Por su parte, temperaturas cercanas a los
80 °C parecen tener un efecto positivo en la extraccién de resveratrol y viniferina,
mientras que se evita superar los 100 °C para no provocar la degradacion de resveratrol

(105 °C) y viniferina (140 °C) [32]. Por otro lado, el tiempo de extraccion es altamente
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dependiente del solvente y temperatura elegidas, aunque tiempos de entre 30 a 100
minutos son los més adecuados y utilizados. El tiempo de extraccion también es un
factor clave para proyectar una produccion industrial, ya que elevados tiempos de
extraccion pueden ver disminuida la productividad de la planta en términos de

producto/hora y por consiguiente volver el negocio menos rentable.

1.3.3.2 Nuevas tecnologias de extraccion: Extraccion Asistida por ultrasonido.

La extraccion asistida por ultrasonido es otro de los métodos de laboratorio més
reportados para recuperar compuestos fendlicos desde sarmientos de vid. Entre ellos,
uno de los métodos méas empleados es el de Vergara et al. [52]. En este trabajo, se
utilizaron sarmientos de diferentes variedades, incluyendo la variedad Pinot Noir,
recolectadas en diferentes sectores geogréficos del sur de Chile. Estas muestras ademas
fueron almacenadas entre 2 a 4 meses, con la finalidad de aumentar el contenido de
estilbenos totales. Las condiciones de extraccion fueron: 2g de sarmientos extraidos en
16 mL de solvente etanol/agua 80:20 (v/v), y se utilizd una barra ultrasonica con una
frecuencia de 50 Hz a temperatura ambiente. Ademas, se optimizaron las etapas de
extraccion encontrandose que un 95% del total de estilbenos se recuperaban luego de 4
etapas de extraccion. En este trabajo se observaron altos niveles de resveratrol (3676
mg/kg) y menores de viniferina (700 mg/kg). EI mismo método fue utilizado por
Gorena et al. [53], que para la variedad Pinot Noir reportd similares niveles de
resveratrol (3773 mg/kg) y viniferina (656 mg/kg). Posteriormente, Séez et al. [17],
utilizando la misma metodologia y cultivar, observo esta vez mayores niveles de
viniferina (1474 mg/kg) y similares niveles de resveratrol (3704 mg/kg). Una tendencia
similar fue descrita por Ewald et al. [56], quien obtuvo aun mayores niveles de
viniferina (2790 mg/kg) y menores niveles de resveratrol (1908 mg/kg). Por lo tanto,
aungue se utilice el mismo cultivar, las diferencias dadas por los sitios de recoleccion,
condiciones de almacenamiento posteriores a la poda y el empleo de distintas
metodologias analiticas influyen directamente en las concentraciones de los compuestos
objetivo.

Una extraccion asistida por ultrasonido a escala piloto fue llevada a cabo recientemente
por Dorosh et al. [36]. La extraccion se realizd utilizando 30g de sarmientos de las
variedades Touriga Nacional y Tinta Roriz, las que fueron extraidas en 1500 mL de
etanol/agua 50:50 (v/v) mediante un procesador ultrasonico IncBio de 3 KW y 20 Hz.
Los mayores niveles de compuestos fenolicos (26000 mg/kg) y una alta actividad
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antioxidante para eliminar radicales libres (DPPH: 33.4 mg equivalentes Trolox (TE)/g)
fue observada en la extraccion a escala piloto. En este trabajo se menciona que la
cantidad de compuestos fendlicos no disminuy0 sustancialmente a escala piloto, lo que
les permitiria obtener mayores cantidades de extracto con el mismo tiempo de

extraccion aplicado a escala de laboratorio.

1.3.3.3 Nuevas tecnologias de extraccion: Extraccion Asistida por Microondas.

La extraccion asistida por microondas también se ha propuesto como un método de
recuperacion alternativo para la obtencion de compuesto fendlicos desde sarmientos de
vid. En el afio 2012, Delgado-Torre et al. [62], fueron los primeros en proponer una
extraccion asistida por microondas para la recuperacion de compuestos fenolicos desde
sarmientos. Esta extracciéon fue comparada con extraccion de liquido sobrecalentado y
extraccion asistida por ultrasonido, buscando maximizar el contenido de compuestos
fenolicos totales. La extraccion asistida por microondas se realizd utilizando 1g de
sarmientos molidos en un recipiente de extraccidén gque contenia 20 mL de etanol/agua
80:20 (v/v) a pH 3, y se aplico una energia auxiliar de potencia de irradiaciéon de 140 W
durante 5 minutos. Los investigadores mencionan que la extraccion asistida por
microondas muestra valores mas bajos de compuestos fendlicos totales, indicandose que
la extraccion de liquido sobrecalentado fue la mas adecuada para la recuperacion de
compuestos fenolicos. Similarmente, Sanchez-Gomez et al. [63], comparan la
extraccion asistida por microondas con las extracciones sélido-liquido convencional y
dindmica utilizando el reactor Naviglio®, que genera un efecto de comprension y
descompresion con agua a temperatura ambiente. La extraccion por microondas se
realiz6 utilizando 50g de sarmientos molidos en un reactor de 250 mL a 100°C, a una
potencia de 600 W durante 5, 10 y 15 minutos. La extraccion por microondas fue
descartada tempranamente por los investigadores que continuaron con el analisis
comparativo de la extraccion sélido-liquido convencional y dinamica (Naviglio®), y
nuevamente se reportd que la extraccion convencional mostraba niveles mas altos de
flavonoides, acidos fenolicos y estilbenos. En otro trabajo Soural et al. [64], también
comparan varios métodos de extraccion para obtener estilbenos (resveratrol, viniferina 'y
r2-viniferina) a partir de sarmientos de la variedad Cabernet Moravia. Los métodos
estudiados incluyeron la extraccidn asistida por microondas, maceracion a temperatura
de laboratorio, extraccion a temperatura elevada, extraccion en lecho fluidizado,

extraccion Soxhlet y extraccion asistida por solvente acelerado. Para la extraccion por
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microondas a una potencia de 150 W se utiliz6 1.5g de sarmiento en polvo en 50 mL de
metanol, a un tiempo inicial de 20 minutos y una retencién de 10 minutos. Bajo estas
condiciones, se obtuvieron aceptables niveles de resveratrol (5506 mg/kg), viniferina
(1963 mg/kg) y r2-viniferina (418 mg/kg). Sin embargo, los mayores niveles de
recuperacion para resveratrol (6030 mg/kg) y viniferina (2260 mg/kg) fueron obtenidos
bajo extraccion acelerada por solvente utilizando metanol. Aunque las tres
investigaciones antes mencionadas muestran desventajas en el uso de la extraccion de
microondas en comparacién con otros métodos, incluyendo una clara ventaja de los
métodos convencionales sélido-liquido, otros tres estudios recientes determinaron que
su mayor ventaja seria la reduccion en los tiempos de extraccion.

Pifieiro et al. [65] desarrollan un disefio experimental factorial para optimizar las
variables de extraccion por microondas. Las variables estudiadas fueron: solvente,
agitacion, temperatura y tiempo de extraccion, potencia de microondas, peso de la
muestra y volumen de extraccion. Las condiciones dptimas de extraccion encontradas
fueron una temperatura de extraccion de 125 °C, una potencia de microondas de 750 W,
tiempo de extraccion de 5 minutos, solvente de extraccion etanol/agua 80:20 (v/v) en
una alta proporcion muestra-solvente de entre 1:100 y 1:125. Aungue por una parte los
investigadores destacan que el bajo tiempo de extraccion empleado; por otro lado, la
alta proporcion de solvente encontrada como Optima seria una limitante en el
escalamiento de estas condiciones de extraccion. Ademas, los resultados comparativos
con una extraccion sdlido-liquido de referencia que utilizaba acetona/agua (6:4),
realizada a temperatura ambiente durante toda la noche, mostraron un mismo orden de
magnitud en las concentraciones de los estilbenos analizados (resveratrol y viniferina).
Similarmente, Moreira et al. [66], comparan los métodos de extraccion por microondas,
agua subcritica y extraccion convencional para la recuperacion de compuestos fendlicos
desde sarmientos de las variedades portuguesas Touriga Nacional y Tinta Roriz. Los
extractos mas concentrados fueron obtenidos mediante la extraccion asistida por
microondas y la extraccién con agua subcritica, realizada en un reactor de 1.7 L,
empleando agua como solvente y una temperatura de 150°C, tiempo de 40 minutos y
una presion de 40 bar. La extraccion por microondas se realizé utilizando 0.1g de
sarmientos molidos en 20 mL de etanol/agua 60:40 (v/v), durante 20 minutos a 100°C.
Aunque los investigadores concluyen que la extraccion por microondas es la que
permite obtener un mayor contenido de fenoles totales (32100 mg/kg), el contenido

méaximo de flavonoides (18700 mg/kg) fue reportado para la extraccion con agua
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subcritica, por lo que ambas extracciones son definidas como adecuadas para la
recuperacion de compuestos fendlicos. Incluso los resultados més altos de actividad
antioxidante medidos por los ensayos FRAP y DPPH fueron también encontrados en la
extraccion con agua subcritica, mostrando nuevamente las ventajas de las extracciones
solido-liquido por sobre la extraccion asistida por microondas.

Finalmente una optimizacion y comparacion entre la extraccion asistida por microondas
y la extraccion solido-liquido mediada por temperatura fue llevada a cabo y publicada
recientemente por Jesus et al. [67]. Las mejores condiciones de extraccion asistida por
microondas fueron a 120°C, durante 5 minutos, que les permitidé recuperar una cantidad
ligeramente mayor de compuestos fendlicos totales (23700 mg/kg), que la extraccion
convencional (21700 mg/kg). Los investigadores mencionan gue, aunque la extraccién
por microondas se utiliza con éxito a escala de laboratorio, el nimero de aplicaciones
industriales es ain muy limitado. Por lo tanto, si bien la extraccién por microondas
muestra reducciones en los tiempos de proceso, no ha logrado mostrar resultados

claramente superiores en los rendimientos de extraccion de compuestos fendlicos.

1.3.3.4 Nuevas tecnologias de extraccion: Autohidrolisis.

Un proceso de autohidrolisis en dos etapas secuenciales para la valorizacion integral de
los sarmientos de vid fue propuesto por Jesus et al. [68]. Se utilizaron sarmientos
molidos (8 mm) y el proceso de autohidrolisis se llevd a cabo en un reactor de acero
inoxidable de 160 mL. La primera etapa de autohidrdlisis se realizé bajo un tratamiento
a 180°C durante 60 minutos y una proporcion de liquido/sélido de 6 g agua/6g
sarmientos. Una segunda etapa de autohidrdlisis se llevé a cabo a una temperatura en el
rango de 180-200 °C y un tiempo de 30-40 minutos. Los compuestos fenolicos
identificados en el licor de autohidrélisis fueron principalmente acidos hidroxibenzoicos
e hidroxicinamicos. Se identificaron otros flavonoides como la catequina, hesperidina y
rutina y solo un estilbeno, el resveratrol que fue observado en bajos niveles (79 mg/kg).
El proceso integral permitié obtener una alta concentracion de oligosacaridos y los
investigadores mencionan que para 100 kg de sarmientos se pueden producir 13.6 kg de
xilooligosacaridos, 27.0 kg de lignina, 13.1 kg de etanol y 3.1 kg de compuestos
fenolicos. Similarmente Gullon et al. [69], describen un proceso de autohidrdlisis no
isotérmica de sarmientos y obtienen una producciéon maxima de xilooligosacaridos
(99000 mg/kg) a 200°C. Los mismos investigadores anteriores, Gullon et al. [70],

realizan un proceso de autohidrolisis de sarmientos que incluia un paso adicional de
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extraccion con acetato de etilo obteniendo altos niveles de extraccion de compuestos
fendlicos totales (38000 mg/kg), flavonoides (9200 mg/kg) empleando altas
temperaturas de extraccion (215°C). Por lo tanto, la autohidrdlisis parece ser un método
eficiente para recuperar la fraccion no fenolica de los sarmientos y particularmente

adecuada para la produccion de oligosacéridos.

1.3.3.5 Nuevas tecnologias de extraccion: Extraccion mediante fluido supercritico y
liquido a presion.
La extraccion mediante fluido supercritico y liquido a presion como métodos analiticos
para la extraccion de estilbenos es propuesta por Zachova et al. [71]. Los resultados
fueron comparados con una extraccion etanolica mediante Soxhlet. Los rendimientos de
la extraccidn de estilbenos por liquido a presion a 10 MPa con una temperatura de entre
80 a 100°C fueron levemente mas altos que Soxhlet, aunque se observé una degradacion
térmica de la r2-viniferina por encima de los 100°C. Por su parte, la extracciéon de
fluidos supercriticos con CO2 a 30 MPa mostrd niveles de recuperacion de viniferinas
menores a la extraccién Soxhlet y requirié el empleo de etanol como cosolvente para
aumentar las recuperaciones de estilbenos. En general estos métodos presentan algunas
ventajas sobre los convencionales por ser rapidos, selectivos y utilizar solventes
respetables con el medio ambiente como el CO». Sin embargo, para la recuperacion de
compuestos fendlicos requieren el uso de etanol como cosolvente, al igual que la
extraccion solido-liquido convencional. Por otro lado, sus elevados costos de operacion
por consumo energético y la necesidad de operarios altamente calificados limitan el uso

de estas técnicas escala industrial.

1.3.3.6 Nuevas tecnologias de extraccion: Extraccion por campos eléctricos pulsados
(PEF), descargas eléctricas de alto voltaje (HVED) y calentamiento éhmico.

La aplicacion de PEF y HVED fue estudiada como método de extraccion para la
recuperacion de compuestos fendlicos desde sarmientos de vid. En un primer trabajo,
Rajha et al. [72], utilizan estos métodos para la extraccion de compuestos fenolicos y
proteinas. EI método de HVED mostr6 mayores rendimientos de polifenoles (3450
mg/kg) utilizando una menor cantidad de energia (10 kJ/kg). El procedimiento permitio
aumentar el coeficiente de difusion de los polifenoles, debido al dafio celular y
estructural en el tejido de los sarmientos. Sin embargo, se observaron bajos niveles de

compuestos fendlicos individuales kaempferol (213 mg/kg), epicatequina (2459 mg/kg)
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y resveratrol (414 mg/kg). Mas tarde, los mismos investigadores utilizaron este método,
seguido de un proceso de purificacion por ultrafiltracion con membranas. Aunque se
demostro que los extractos obtenidos por HVED eran aptos para el proceso de
ultrafiltracion, al menos un 8% de compuestos fendlicos se depositaban en las membras
lo que provocd una reduccion en su rendimiento global [73]. Posteriormente
continuaron con su investigacion, estudiando el efecto mecénico y quimico de las
HVED, y comprobaron que el proceso provoca una fragmentacion de los sarmientos,
mientras que la formacion de perdxido de hidrégeno (H202) generado por las descargas
eléctricas no degrada a los compuestos fendlicos presentes en los sarmientos
manteniéndose estables hasta una energia de 609.5 kJ/kg [74]. Un sistema similar de
extraccion utilizando campos eléctricos bajos e intermedios para una extraccion 6hmica
fue recientemente propuesto por Jesus et al. [75]. Se utilizd un campo eléctrico bajo
(496 V/cm) y un campo eléctrico intermedio (840 V/cm), la extraccidn se realizé en una
solucién de etanol/agua 45% (v/v) a 80°C a distintos tiempos de extraccion entre 20 a
90 minutos. ElI uso de un campo eléctrico permitié obtener mayores niveles de
compuestos fenolicos, y mejores actividades antioxidantes, antimicrobianas y
anticancerigenas. No cabe duda de que los métodos de extraccion por campos eléctricos
son novedosos e interesantes. Sin embargo, no han logrado mostrar resultados de
rendimiento de extraccién de compuestos fendlicos consistentemente superiores a los

métodos convencionales.

1.3.3.7 Nuevas tecnologias de extraccion: Limitaciones de las nuevas tecnologias.

Las tecnologias de extraccion convencionales y emergentes presentan ventajas y
desventajas con respecto a sus costos de implementacion y operacién. Al parecer aln
existen barreras tecnoldgicas asociadas a estos métodos de extraccion emergentes. La
principal ventaja de las extracciones emergentes es la reduccion en los tiempos de
extraccion. Sin embargo, las nuevas metodologias de extraccion también emplean altas
cantidades de solvente. Al mismo tiempo, el alto costo de energia utilizado por estos
sistemas debe ser evaluado a la hora de proyectar un escalamiento de estos procesos
[32]. Actualmente, la extraccion solido-liquido es la mas empleada y estudiada, ya que
es econdmica y rapida de implementar y esta disponible en la mayoria los laboratorios
[48]. De todas formas, pocos estudios de extraccion sélido-liquido de sarmientos se han
realizado a escala piloto o0 mayor y mucho menos se conoce el efecto del escalamiento

en el perfil individual de los compuestos fenolicos (Ver capitulo 3.2).
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1.4 ENCAPSULACION DE COMPUESTOS FENOLICOS.

La tecnologia de microencapsulacion surge en la década de los 30", aunque no es hasta
los afios 50" que se producen las primeras aplicaciones a escala industrial. Hoy en dia
esta técnica se utiliza ampliamente en diferentes industrias como la farmacéutica,
cosmeética, agroquimica y alimentaria. Particularmente, en esta Gltima se ha utilizado
para la fabricacion de compuestos funcionales, aditivos, colorantes y saborizantes [76].
La encapsulacion es una tecnologia en la que una o mas particulas solidas, liquidas o
gaseosas quedan atrapadas y rodeadas dentro de una matriz por un material de
recubrimiento. Esta matriz puede ser solida o liquida, homogénea o heterogénea y de
tamafio microscopico a macroscépico [76]. El/los compuestos que se encapsulan se
denominan “activo”, ’nlcleo”, “fase interna” o “relleno”, mientras que el material que
forma la matriz se denomina “pared”, “agente encapsulante”, “caparazon”, “portador” o
“material de membrana” [76,77].

Las cépsulas se pueden clasificar segin su tamafio en macrocapsulas (>5000 pm),
microcdpsulas (>1 pm y <5000 pum) y nanocapsulas (<1 um). En relacion con su
estructura las microcapsulas pueden ser regulares o irregulares con formas esféricas,
tubulares y ovaladas. Ademas, existe una enorme variedad de materiales que pueden ser
utilizados como agentes de recubrimiento incluyendo polimeros sintéticos,
semisintéticos y naturales. La encapsulacion de compuestos fendlicos se ha llevado a
cabo con numerosos materiales de pared como células de levadura, mezclas de alginato
y quitosano, proteinas, goma arabiga, maltodextrina y ciclodextrinas [76].
Particularmente, estas Gltimas son una de las més utilizadas para la encapsulacion de
compuestos fenolicos [78]. Por otro lado, existen numerosos métodos de
microencapsulacion, los que pueden dividirse en procesos quimicos (polimerizacion
interfacial e in situ); procesos fisicoquimicos como la coacervacién (separacion de
fases), emulsificacion; y procesos fisico-mecanicos como el método de suspension de
aire, recubrimiento en bandeja, recubrimiento en lecho fluidizado, enfriamiento y
secado por aspersiéon. Este ultimo es uno de los métodos mas utilizados para la

encapsulacion de compuestos fendlicos [76].

1.4.1 Secado por aspersion

El secado por aspersion (Spray-drying) es un método fisico-mecanico desarrollado en

los afios 30" y se ha utilizado en la industria alimentaria desde la década de los 50°
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[76,79]. Actualmente, es una técnica muy utilizada por la industria alimentaria para
transformar liquidos en polvos estables he incluso se estima que cerca del 90% de los
productos microencapsulados se preparan mediante este método [80]. El secado por
aspersion es también una técnica simple, rapida, flexible, con bajos costos de operacién
y facil de escalar. Ademaés, permite la produccion industrial en un modo continuo, con
una alta eficiencia de encapsulacion, una buena estabilidad y facil manejo del producto
final. Es importante destacar que a nivel industrial existen una gran disponibilidad de
equipos y se considera como una tecnologia limpia, ya que en la mayoria de los casos
no requiere el uso de solventes organicos [76]. Esta tecnologia es aplicable a una amplia
gama de productos alimentarios incluyendo saborizantes, colorantes, vitaminas,
minerales, grasas y aceites y permite prolongar la vida util de los productos frente a
condiciones ambientales [81]. Este método tiene la capacidad de disminuir la actividad
del agua, evitar procesos de degradacion, asegurar la estabilidad microbioldgica,
mejorar la solubilidad del producto final y reducir sus costes de almacenamiento y
transporte [76].

El proceso de secado por aspersion comunmente implica disolver, emulsionar o
dispersar los compuestos activos para luego ser atomizados, pulverizados, separados y
recuperados [76,80]. De acuerdo con Ribeiro et al. [76] el proceso puede ser dividido en
5 etapas:

1. Preparacion de la solucion de alimentacion, esta etapa implica disolver,
emulsionar o dispersar los compuestos activos, en una solucién concentrada como
vehiculo.

2. Atomizacién de la solucion, que implica la formacion de gotas con un diametro
de pocas micras.

3. Pulverizacién de las gotas deshidratadas en microcapsulas en la camara
calentada por aire del secador (generalmente a una temperatura entre 160 — 220 °C).

4. Separacion de las microcapsulas en el ciclon mediante aire a una temperatura
mas baja (generalmente entre 50 — 80°C).

5. Recuperacion final de las microcapsulas.

El método de secado por atomizacion permite obtener un amplio rango de eficiencia de
encapsulacion el que generalmente varia entre 10 a 90%. La eficiencia de encapsulacion
(EE) depende de muchas variables relacionadas a las condiciones del proceso de secado,
el tipo de atomizacion, los niveles de humedad, el flujo del aire y su temperatura de

entrada y salida, entre otras. Ademas, la EE, depende de la composicion y propiedades

Pagina | 48



INTRODUCCION.

del material de pared, de las caracteristicas del nicleo o compuestos activo y la relacién
de masa entre este Ultimo y el material de pared [76]. Como se menciond anteriormente
para la encapsulacion de compuestos fenolicos existe una alta gama de compuestos
utilizados como material de pared, particularmente las ciclodextrinas son una de las méas

empleadas.

1.4.2 Encapsulamiento mediante Ciclodextrinas

Las ciclodextrinas (CD) fueron descubiertas en 1891 por el cientifico francés Villiers,
quién aislé una sustancia cristalina desde almidon la que denomino “celulosina”
[(CsH1005)2-3H20] debido a su similitud con la celulosa y porque resistia la hidrolisis
acida y mostraba falta de propiedades reductoras [82-84]. Més tarde en 1903 el
microbidlogo austriaco Franz Schardinger, describid dos compuestos cristalinos que
fueron aislados de la digestion bacteriana del almidon de patatas y las identificé como
las “celulosina” de Villers. Sin embargo, en su articulo describe que “dextrina
cristalina” era un mejor nombre para este tipo de compuestos. De esta forma su nombre
cambio a a-dextrina y B-dextrina, conociéndose también como las CD de Schardinger
en su honor. Ademas Schardinger planted la hipétesis de que las CDs eran compuestos
oligosacaridos macrociclicos, proporcionando con ello las bases quimicas de las
ciclodextrinas [83,84]. Las estructuras cristalinas de a- y p-CD fueron determinas por
primera vez mediante difraccion rayos X en 1942, mientras que la estructura de la y-CD
fue descrita en 1948 [82,85]. Més tarde en 1954, Cramer en su libro “Complejos de
inclusion (Einschlussverbindungen)”, presenta todas las caracteristicas fisicoquimicas
de la a-, p- y y-CDs, describiendo su estructura quimica, tamafio de la cavidad,
solubilidad, reactividad y sus capacidades de formar complejos y contribuir en la
estabilidad quimica de las moléculas huésped [84,86].

Las CDs son moléculas quimica y fisicamente estables que se producen por la
modificacion enzimatica del almidon mediada por la enzima CD glucanotransferasa
(CGTasa), que produce una mezcla de CD que incluyen a la a-, 5- y y-CD que poseen
seis, siete u ocho unidades de glucopiranosa unidas por enlaces o-(1,4) [81,82].
Fisicamente las CDs consisten en un macrociclo con forma de cono truncado con una
superficie exterior hidrofila y una cavidad interior relativamente hidrofoba. Esta
caracteristica estructural les permite formar complejos de inclusién con una amplia
gama de moléculas huéspedes a partir de interacciones no covalentes, como fuerzas de

van der Waals, interacciones hidréfobas y enlaces de hidrogeno [83,87].
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Las CDs (a-, - y y-) se han clasificado como aditivos alimentarios generalmente
reconocidos como seguros (GRAS) segun la Administracion de Drogas y Alimentos de
los Estados Unidos (FDA) [81,83,87,88]. Por otro lado, la Autoridad Europea de
Seguridad Alimentaria (EFSA), asignoé una ingesta diaria aceptable de 5mg/kg peso
corporal por dia para el aditivo -CD (E 459) en 1996, lo que fue rectificado en una re-
evalucion en el afio 2016 [89]. Entre las CDs naturales la 5-CD es la m4 s utilizada,
accesible y de menor precio [87], representando cerca de un 97% de las CDs utilizadas
en el mercado [80,90]. Sin embargo, la 5-CD es al menos nueve veces menos solubles
que la a-CD y la y-CDs por esta limitada solubilidad se impulso el desarrollo de algunos
derivados de CDs altamente solubles en agua [80]. De esta forma la adicién del grupo
hidroxi-propilo a la f-CD, origin6 la 2-hydroxipropil-s-ciclodextrina (HP-5-CD), que
posee una solubilidad 27 veces mayor que el compuesto original [88]. La HP-$-CD es la
CDs menos toxica y es bien tolerada en seres humanos, lo que se ha demostrado
mediante estudios clinicos que no muestran efectos adversos en el rifion en dosis
menores a 16g/dia [91,92]. La HP-4-CD fue el primer derivado de CD aprobado como
un ingrediente farmacéutico inactivo por la FDA [83,93], incluso es adecuada tanto para
la administracion oral como intravenosa en una concentracion maxima de 1.5% (v/v)
[93]. Ademaés, la HP-5-CD se encuentra en el listado de la farmacopea europea
(Ph.Eur.) y de EE.UU (USP/NF), asi como en el Codex Farmacéutico Japonés (JPC)
[84].

Se ha publicado extensa literatura cientifica relativa a la encapsulacion de compuestos
fendlicos mediante CDs, como propuestas de aplicacion en los ambitos farmacéuticos y
alimenticios. Como se menciond anteriormente, las CDs pueden servir como vehiculos
para la proteccién de compuestos fendlicos debido a su capacidad de encapsulacion

mediada por un proceso que implica la formacion de un complejo de inclusion [78].

1.4.3 Formacién y analisis de los complejos de inclusién

Los complejos de inclusion son el resultado de una interaccion quimica que ocurre entre
una molécula huésped y la cavidad hidrofébica de las CDs. La capacidad de las CDs de
formar complejos de inclusion esta mediada por interacciones no covalentes que
incluyen fuerzas impulsoras como: interacciones electrostaticas, de van der Waals,
hidrofobas, enlaces de hidrogeno e interaccion de transferencia de carga [94]. Las
fuerzas de van der Waals, las interacciones hidrofébicas y los enlaces de hidrogeno

mantienen las uniones entre las CDs y sus moléculas huésped. La estabilidad de estos
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enlaces es generalmente es débil, por su parte la energia del enlace de hidrégeno va
desde 10 a 40 kJ/mol, mientras que el de las fuerzas de van der Waals varian entre 0.5 a
4 kJ/mol. Sin embargo, los complejos de inclusién pueden lograr una estabilidad
proporcional mayor e incluso similar a la de un enlace covalente (100 a 400 kJ/mol),
debido a la disposicion espacial e interaccion de la CD y el huésped [90]. Varios
estudios sugieren que después de la formacién de los complejos de inclusién, la parte
mas hidrofoba de la molécula huésped es la que se incluye preferentemente en la
cavidad de las CDs, por lo que se maximiza el contacto entre sus grupos hidréfobos y la
cavidad apolar de la CDs [95]. Tanto la polaridad como la carga de las moléculas
huéspedes influyen en la interaccion CDs-huésped, aunque esta caracteristica seria
menos relevante que el ajuste geométrico. Particularmente las moléculas neutras
muestran mayor facilidad de generar complejos que sus contrapartes ionizadas [90].
En general los complejos de inclusion se representan entre una molécula huésped y una
molécula de CD. Sin embargo, la estequiometria del complejo puede diferir de una
relacién 1:1, existiendo asociaciones 2:1, 1:2, 2:2 o incluso mas complejas con
equilibrios de orden superior que pueden ocurrir simultaneamente [80,96]. Por lo tanto,
en el caso de compuestos de bajo peso molecular (como algunos compuestos fendlicos),
mas de un huésped puede entrar en la cavidad de una CD, mientras que para los
compuestos de alto peso molecular, mas de una molécula de CD podria unirse al
huésped [80]. Por otro lado, se pueden utilizar solventes que facilitan la formacion de
complejos de inclusion y permiten que las moléculas huésped se disuelvan parcialmente
antes de ingresar a la cavidad de la CD [83]. El etanol es un solvente aplicado con
frecuencia para estos fines e incluso la estabilidad acuosa de los complejos de inclusién
formados puede ser mejorada mediante el empleo de sales inorganicas [90]. Los efectos
mas importantes de la interaccion entre un huésped poco soluble, como algunos
compuestos fendlicos, y las CDs en una solucion acuosa son [90,96]:

e La concentracion del huesped en la fase disuelta se incrementa

significativamente.
¢ Se modifican las propiedades espectrales del huésped.
e Se modifica la reactividad del huesped, la que en la mayoria de los casos
disminuye.

e El huésped se vuelve mas hidrofilo tras la formacion del complejo.
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Por lo tanto, la encapsulacion de los compuestos huésped en CDs producen alteraciones
fisicoquimicas en ambos agentes, lo que permite evaluar el complejo de inclusion
formado mediante diferentes métodos analiticos. Las técnicas mas utilizadas para la
caracterizacion de las microparticulas y sus complejos de inclusion son: microscopia
electrénica de barrido (SEM), microscopia electronica de transmision (TEM),
infrarrojos por transformada de Fourier (FTIR), dispersion dinamica de luz (DLS),
resonancia magnética nuclear de protones (*H RMN), termogravimetria (TGA),
difraccion de rayos X (XRD), calorimetria diferencial de barrido (DSC), espectro de
absorbancia (UV-Vis), entre otras [76,78,97].

1.4.4 Encapsulacion de compuestos fendlicos mediante ciclodextrinas.

La encapsulacion de los compuestos fenolicos tiene el potencial de resolver varios
problemas en el uso de estos compuestos, debido a su limitada biodisponibilidad, baja
solubilidad en agua y baja estabilidad en condiciones ambientales. En general los
compuestos fenolicos pueden degradarse si se exponen al oxigeno, luz, actividades
enzimaticas, condiciones adversas de temperatura y pH, iones metalicos, lo que provoca
una alteracion y disminucion de sus propiedades funcionales [98]. Una solucion viable
para solucionar estos problemas es la encapsulacion mediante CDs, que proporcionan
una matriz protectora que preserva las funcionalidades bioquimicas de estos compuestos
[76]. Algunas de las ventajas de la encapsulacion de compuestos fendlicos en CDs son
las siguientes:

v Permiten mejorar la biodisponibilidad e incrementar sus efectos terapéuticos.
Basado en una reciente revision sistematica, dos Santos Lima [99], concluyen
que luego de la formacion de un complejo de inclusion los flavonoides
aumentan sus parametros farmacocinéticos en relacion a los flavonoides libres.

v Mejorar la solubilidad. La mayoria de los estudios utilizan las propiedades de las
CDs para optimizar la solubilidad y estabilidad acuosa de los compuestos
fenolicos [78,79,99].

v’ Estabilidad y proteccion a la degradacion. La encapsulacion mediante CDs
protege a algunos compuestos fenolicos de la degradacion térmica, la
degradacion UV y les otorga proteccion contra la foto-degradacion [78]. Esta
capacidad es de vital importancia para proteger compuestos inestables a la luz

como el resveratrol.
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v' Mejora 0 al menos preserva la capacidad antioxidante. Algunos autores
mencionan que la encapsulacion de resveratrol en HP-$-CD aumenta su
capacidad antioxidante o al menos la preserva y proponen el método ORAC-FL
como el mas adecuado para cuantificar la actividad antioxidantes de los
complejos de inclusion [100,101].

Una gran cantidad y diversidad de compuestos fenodlicos “individuales” se ha
encapsulado mediante el uso de diferentes CDs, en particular la f-CD y la HP-$-CD son
las més utilizadas [78,102—-106]. Entre los acidos fendlicos encapsulados con estas CDs
destacan el: acido cafeico, acido clorogénico, &cido cumarico, acido feralico, vainillina,
acido protocatechico, p-hidroxibenzaldehido y el acido géalico [78,102-104]. Por su
parte, entre los flavonoides encapsulados se pueden mencionar: catequina, galato de
epigalocatequina, isoquercetina, quercetina, apigenina, rutina, kaempferol, miricetina,
astilbina, naringenina, hesperetina, hesperidina [78]. El estilbeno méas estudiado para su
encapsulacion es el resveratrol, aunque también se han realizado trabajos de
encapsulacion con otros estilbenos como el oxiresveratrol, pterostilbeno, pinosilvin y
piceatannol [105,106]. Por otra parte, la encapsulacion de “extractos fendlicos” ha
recibido menos atencion, debido a la dificultad de estudiar los mecanismos de inclusion
para mezclas complejas de compuestos. En particular los extractos fendlicos derivados
de la industria vitivinicola como el orujo, semillas, pieles y lias de uva se han
encapsulado preferentemente mediante secado por aspersion y utilizando maltodextrina
como agente encapsulante [107]. Por otro lado, hasta antes de la presente tesis doctoral
no se encontraron estudios relacionados con la encapsulacion de extractos de sarmientos
de vid, aunque un trabajo anterior utilizd la f-CD como agente de extraccion de
compuestos fenolicos desde sarmientos. Rajha et al [108], realizaron y optimizaron la
extraccion de compuestos fenolicos desde sarmientos mediante una extraccion asistida
por B-CD en medio acuoso. La extraccion con S-CD permitid la recuperacion de
resveratrol, &cido galico, &cido 4-hidroxibenzoico, acido ferulico y é&cido trans-
cindmico, demostrando la capacidad de la f-CD para optimizar los rendimientos de
compuestos fenolicos desde sarmientos de vid. Aunque la encapsulacién de los
compuestos durante la extraccion con S-CD es mencionada por el estudio anterior, la
formacion de los complejos de inclusion, la eficiencia de encapsulacion y el perfil
fenolico completo de los compuestos presentes en el extracto no fue analizado, por lo

que fue estudiado durante la presente tesis doctoral (Ver -capitulo 3.3).
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2 HIPOTESISY OBJETIVOS

2.1 HIPOTESIS

“Los procesos de produccion y encapsulacion a escala piloto industrial modifican el
perfil fendlico del extracto de sarmientos (V. vinifera L.), modificaciones que pueden
ser estudiadas mediante cromatografia de liquidos acoplada a espectrometria de masas
de alta resolucion (LC-ESI-LTQ-Orbitrap-MS)

2.2 OBJETIVO GENERAL

Estudiar los cambios en el perfil fendlico de un extracto de sarmientos (V. vinifera L.)
durante su produccion y encapsulacion, mediante cromatografia de liquidos acoplada a
espectrometria de masas de alta resolucion (LC-ESI-LTQ-Orbitrap-MS).

2.2.1 OBJETIVOS ESPECIFICOS

1. Identificar compuestos fendlicos en extractos de sarmientos (V. vinifera L.)
producido a escala analitica, mediante cromatografia de liquidos acoplada a

espectrometria de masas de alta resolucion (LC-ESI-LTQ-Orbitrap-MS).

2. Analizar el efecto del procesamiento a escala de planta piloto sobre el perfil fenélico
del extracto de sarmientos (V. vinifera L.), mediante LC-ESI-LTQ-Orbitrap-MS.

3. Encapsular compuestos fenolicos presentes en un extracto de sarmientos (V. vinifera
L.) producidos a escala de planta piloto mediante secado por pulverizacion utilizando
Hidroxipropil Beta Ciclodextrina (HP-$-CD) y maltodextrina para la formacion de

complejos de inclusion.
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3 RESULTADOS

En esta seccion se exponen los trabajos que componen la presente tesis doctoral. Los
resultados son desarrollados a lo largo de tres publicaciones en las que se incluye sus
respectivas metodologias, resultados, discusiones y conclusiones. El primer articulo fue
publicado en la revista Molecules correspondiente al segundo cuartil (Q2) de las
categorias Quimica, multidisciplinaria/ Bioquimica y Biologia molecular. EI segundo
articulo fue publicado en la revista Food Research International que pertenece al primer
cuartil (Q1) y primer decil (D1) de la categoria Ciencia y Tecnologia Alimentaria.
Finalmente, el tercer articulo fue publicado en la revista Antioxidants que también

pertenece al Q1 y D1 en la misma categoria.

Previo a cada articulo se encuentra su respectivo resumen donde se detallan los

objetivos y principales resultados y conclusiones de cada estudio.

La seccion de resultados se encuentra organizada en 3 capitulos estrechamente

relacionados con cada objetivo especifico, previamente mencionados.

1. Identificacion de compuestos fendlicos en sarmientos de vid mediante LC-ESI-
LTQ-Orbitrap-MS.

2. Extraccidn a escala de planta piloto y su efecto sobre el perfil de compuestos
fendlicos presentes en sarmientos de vid analizado mediante LC-ESI-LTQ-
Orbitrap-MS.

3. Encapsulacion de los compuestos fendlicos extraidos a partir de sarmientos de
vid a escala de planta piloto en HP--CD y maltodextrina mediante secado por

aspersion.
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3.1 CAPITULO 1: PERFIL FENOLICO DE LOS SARMIENTOS DE VID:
NUEVOS COMPUESTOS IDENTIFICADOS POR LC-ESI-LTQ-
ORBITRAP-MS.

Articulo titulado: “Phenolic Profile of Grape Canes: Novel Compounds Identified by
LC-ESI-LTQ-Orbitrap-MS"

Autores: Danilo Escobar Avello, Julian Lozano-Castellon, Claudia Mardones; Andy J.
Pérez, Vania Saez, Sebastian Riquelme, Dietrich von Baer, Anna Vallverdd-Queralt.

Revista: Molecules 2019, 24, 3763.
DOI: https://doi.org/10.3390/molecules24203763

RESUMEN

Los sarmientos de vid (Vitis vinifera L.) son un subproducto de la industria vitivinicola
con un contenido importante de metabolitos secundarios, principalmente polifenoles
con un amplio espectro de demostrados beneficios para la salud. Por lo tanto, los
sarmientos de vid tienen un potencial economico considerable como fuente de
fitoquimicos de alto valor. En este trabajo, la cromatografia liquida acoplada a
espectrometria de masas cuadrupolo-Orbitrap con trampa lineal hibrida de ionizacién
por electropulverizacion (LC-ESI-LTQ-Orbitrap) se utiliz6 para la identificacion
integral de compuestos polifendlicos en los sarmientos de vid. La identificacion de
polifenoles se realiz6 comparando sus tiempos de retencidn, la medicién de su masa
precisa y la comparacion de los patrones de fragmentacion de los compuestos
encontrados con los de las sustancias de referencia o con los datos disponibles en la
literatura. Se identificaron un total de 75 compuestos, incluidos acidos fendlicos,
flavonoides, flavonoles, flavanonoles, flavanonas y estilbenoides. Los polifenoles mas
abundantes fueron las proantocianidinas y estilbenoides y sus oligémeros. Ademas, el
andlisis de espectrometria de masas de alta resolucion revelo la presencia de 17
polifenoles nunca descritos previamente en los sarmientos de vid, lo que proporciona un

perfil polifendlico mas completo, de este potencialmente valioso subproducto.
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Abstract: Grape canes (Vitis vinifera L.) are a viticulture industry by-product with an important
content of secondary metabolites, mainly polyphenols with a broad spectrum of demonstrated
health benefits. Grape canes, therefore, have considerable economic potential as a source of
high-value phytochemicals. In this work, liquid chromatography coupled with electrospray ionization
hybrid linear trap quadrupole-Orbitrap mass spectrometry (LC-LTQ-Orbitrap) was used for the
comprehensive identification of polyphenolic compounds in grape canes. Identification of polyphenols
was performed by comparing their retention times, accurate mass measured, and mass fragmentation
patterns with those of reference substances or available data in the literature. A total of 75 compounds
were identified, including phenolic acids, flavanols, flavonols, flavanonols, flavanones, and stilbenoids.
The most abundant polyphenols were proanthocyanidins and stilbenoids and their oligomers.
Moreover, the high-resolution mass spectrometry analysis revealed the occurrence of 17 polyphenols
never described before in grape canes, thereby providing a more complete polyphenolic profile of
this potentially valuable by-product.

Keywords: grape canes; polyphenols; LC-LTQ-Orbitrap; Vitis vinifera; by-products

1. Introduction

The bark of woody plants considered a by-product of the forestry agricultural, and wood
industry. This can be an abundant source of polyphenolics compounds with high recovery yields [1-3].
Bark polyphenols might be esterified and used for the design of thermoplastic blends [4,5] and the
developing of adhesive resins [6]. However, the most extended application of bark polyphenols
compounds is its biological effects, such as antioxidant, anti-inflammatory, anti-tumor, antidiabetic,
antimutagen, etc. [1,7]. In particular, grape canes, known also as vine-shoots, are one of the most
important by-products in viticulture, alongside grape seeds, pomace, stalks, and skins, all of which
could provide low-cost raw material for the production of high-value phytochemicals because of their
rich polyphenolic content.

Polyphenolic compounds, the most important class of secondary metabolites in V. vinifera L., are
synthesized by the phenylpropanoid pathway in response to biotic and abiotic stimuli [8]. The most
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abundant polyphenols in grape canes are oligostilbenoids and proanthocyanidins [9,10]. Stilbenoids
are members of the non-flavonoid phenolic family and play an important role in the defense mechanism
of plants. The concentration of stilbenoids in grape canes strongly depends on their storage/treatment
after pruning [11]. Proanthocyanidins are oligomers and polymers formed by flavan-3-ol units with
multiple possible linkages and different degrees of polymerization [10].

Stilbenoids, mainly (E)-resveratrol, have a wide range of health benefits, with positive effects
on cardiovascular and cognitive diseases, cancer, type 2 diabetes, oxidative stress, and inflammation
states [12]. Proanthocyanidins exhibit a broad spectrum of pharmacological and therapeutic benefits,
including prevention of oxidative stress and degenerative diseases, gastrointestinal distress, neurological
disorders, pancreatitis and various stages of neoplastic processes and carcinogenesis [13]. Besides
stilbenoids and proanthocyanidins, grape canes contain other polyphenolic compounds with high
biological value but in lower concentrations. The unique combination of grape phenolic compounds
makes grape, raisins and grape canes, a promising source for the development of novel nutraceutical
products [14].

Although various polyphenols have been identified and quantified in grape canes [9-11,15-23],
a comprehensive chemical profiling is still needed, particularly of specific identities for
proanthocyanidins and some polyphenolic derivatives. For the structural elucidation of unknown
compounds in complex samples, the high-resolution/accurate mass system, LTQ-Orbitrap-MS, has
proven to be a reliable tool [24-30].

The aim of the present work was to provide an accurate and comprehensive identification of
polyphenols in grape canes using liquid chromatography coupled with electrospray ionization hybrid
linear trap quadrupole-Orbitrap mass spectrometry (LC-LTQ-Orbitrap) analysis, with special focus
on previously unreported compounds. The novelty of this study is to extend the knowledge about
polyphenols identity of grape canes for the development of additives in food, cosmetics, biomaterials,
and other biobased products.

2. Results and Discussion

2.1. General

Table 1 shows the 75 polyphenolic compounds identified in grape canes through LC-LTQ-Orbitrap
experiments, along with their retention times (min), accurate mass, ion molecular formula (IMF),
error (ppm), and the MS? ions used for identification. The main polyphenolic classes identified were:
hydroxybenzoic acids (14), hydroxycinnamic acids (2), flavanols (mainly proanthocyanidins) (31),
flavonols (3), flavanonols (3), flavanones (3), and stilbenoids (19). To the best of our knowledge,
17 polyphenols were identified for the first time in grape canes, although some of them have been
previously identified in other wine by-products, such as grape seeds [31-33], stalks [34], pomace [27,35]
and skins [31,33,36]. Figure 1 shows a base peak chromatogram of a grape cane extract.

2.2. Phenolic Acids

Phenolic acids, abundant in agro-industrial by-products [37], are of interest for their
biological activity as anti-inflammatory, hepatoprotective, antioxidant, antimicrobial, cardioprotective,
antidiabetic, anticancer, and neuroprotective agents [38]. Phenolic acids identified in grape cane extract
can be subdivided into hydroxybenzoic and hydroxycinnamic acids and their derivatives.
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Figure 1. Base peak chromatogram of grape cane. Peaks and compounds are shown in Table 1.

2.2.1. Hydroxybenzoic Acids and Derivatives

A total of fourteen hydroxybenzoic acids were identified in the grape cane extract (Table 1).
The typical neutral loss of CO, (44 Da) was observed for: gallic acid (m/z 169.0141, peak 2),
protocatechuic acid (m/z 153.0192, peak 5), 2-hydroxybenzoic acid (m/z 137.0243, peak 8),
4-hydroxybenzoic acid (m/z 137.0242, peak 10), and ellagic acid (1m/z 300.9980, peak 14). Moreover, gallic,
4-hydroxybenzoic and ellagic acids were confirmed by comparing the retention time and MS? spectra
with available standards. The presence of these compounds, with the exception of 2-hydroxybenzoic
acid (my/z 137.0243, peak 8), was also recently reported in Portuguese vine shoot wastes [39].

Seven hexoside derivatives of hydroxybenzoic acids were detected in the grape cane extract:
monogalloyl-glucose (1m/z 331.0668, peak 1; m/z 331.0664, peak 3), protocatechuic acid-O-hexoside (m/z
315.0719, peak 4; m/z 315.0718, peak 6), syringic acid hexoside (im/z 359.0981, peak 7), hydroxybenzoyl
hexoside (m/z 299.0770, peak 9), and ellagic acid hexoside (m/z 463.0518, peak 11). The MS? spectra
showed the characteristic fragmentation involving cleavage of the hexosyl moiety (-162 Da) [25].
Additionally, both monogalloyl-glucoses showed product ions at m/z 271 and 211, probably generated
by the fragmentation of the hexose moiety (—60 Da) [26] and removal of two formaldehyde (CH;O)
groups in the glucose moiety, respectively [40]. Previous studies have identified and quantified
phenolic acids (e.g., gallic, protocatechuic, syringic and ellagic acids) in vine shoot extracts [39], but
to the best of our knowledge, this is the first report of hydroxybenzoic acid hexoside derivatives in
grape canes.

Interestingly, two hydroxybenzoic acid derivatives were also identified. Gallic acid ethyl ester (1m/z
197.0454, peak 12) showed an ion at m/z 169 arising from the loss of an ethyl unit (-28 Da). Gallic acid
ethyl ester or ethyl gallate have been previously identified in wine extracts [41], but not in grape canes.
Ellagic acid pentoside (m/z 433.0416, peak 13) was also identified and confirmed by MS? experiments.
In the MS? spectrum of m/z 433, the ion at m/z 301 was due to the loss of a pentosyl unit (—132 Da) [42].
As far as we know, this is the first time that ellagic acid pentoside has been identified in grape canes.
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2.2.2. Hydroxycinnamic Acids Derivatives

Hydroxycinnamic acids are important polyphenol precursors biosynthesized in plants from the
amino acids phenylalanine and tyrosine in the shikimate pathway [43]. Hydroxycinnamic acids and
their derivatives exhibit antioxidant, anti-inflammatory, antimicrobial, and ultraviolet protective effects,
suggesting a potential application in anti-aging and anti-inflammatory products [44].

Two hydroxycinnamic acids were identified: (i) caftaric acid (m/z 311.0406, peak 15), with ions at
m/fz 179 (caffeic acid) and 149 (tartaric acid) due to the loss of a tartaric acid moiety (~132 Da) and the
presence of a tartaric acid molecule, respectively [45]; and (ii} coutaric acid (m/z 295.0456, peak 16),
with an ion at m/z 163 attributed to a coumaric acid molecule observed after the loss of tartaric acid
(=132 Da) [31,45]. Caftaric and coutaric acids have been previously identified and quantified in wine
and vine shoot extracts [22,23].

2.3. Flavanols (Proanthocyanidins)

Proanthocyanidins identified in grape cane extracts can be subdivided into procyanidins with
a 3’ 4’-dihydroxy substitution and prodelphinidins with a 3’,4",5’-trihydroxy substitution, both on the
B ring (Figure 2).

OH

— - n

Figure 2. Flavonoid skeleton. Procyanidins: Rj=H, R;=OH; Prodelphinidins R;=0H, R,=0OH. Adapted
from [46].

2.3.1. Procyanidins and Monomers

The flavan-3-ols (+) catechin (m/z 289.0715, peak 29) and (—) epicatechin (m/z 289.0715, peak 37)
were confirmed after comparison with standards. In the MS? spectrum of m/z 289, ions at m/z 245
[M — H — 44]" could be attributed to the loss of -CH,—-CHOH- or CO; moieties [47,48] and at m/z 205
and 179 to the loss of the flavonoid A ring [M — H — 84]™ and B ring [M — H — 110]™ [48], respectively.
(+) Catechin and (-) epicatechin have been widely reported and quantified in grape canes [17,23,39].

Several procyanidins with different degrees of polymerization (DP) were found. Procyanidins
show various fragmentation pathways derived from quinone methide (QM), heterolytic ring fission
(HRF), and retro-Diels-Alder (RDA) mechanisms [49].

Five procyanidin dimers (DP2) (m/z 577.1342, peak 26; m/z 577.1347, peak 28; m/z 577.1348, peak 32;
mfz 577.1356, peak 33; m/z 577.1346, peak 40) were detected. Procyanidins B1, B2, and C1 were
confirmed by MS? and standard in previous works [9,17]. The MS? spectrum of m/z 577 produced ions
at mfz 451, 425, 407 and 289. The m/z 451 was attributed to HRF of the C ring with a characteristic loss
of 126 Da. The ion at m/z 425 was due to RDA fragmentation with a neutral loss of 152 Da, followed by
the loss of a water molecule unit (—18 Da) at m/z 407 [M — H — 152 — 18]~. The ion at m/z 289 was due
to QM fission of the interflavan bond producing a distinctive loss of 288 Da [35].
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Four procyanidin trimers (DP3) (m/z 865.1982, peak 19; m/z 865.1978, peak 30; m/z 865.1979,
peak 41; m/z 865.1959, peak 43) were tentatively identified. In previous studies, two procyanidin
trimers, including procyanidin C1, were identified using a QTrap 3200 LC/MS/MS system [17].
The higher sensitivity of the LTQ-Orbitrap system used in the current study allowed the identification
of the other two procyanidin trimers. MS? of m/z 865 produced peaks at m/z 739, 713, 695, 577, 451,
425, 407, and 289. The ion at m/z 739 was due to HRF [M — H — 126]~ of the C ring (of the upper unit).
The ions at m/z 713 and m/z 695 were produced by the RDA mechanism [M — H — 152]7, followed
by the loss of a water molecule [M — H — 152 — 18]~. The ion at m/z 577 was generated by a QM
[M — H — 288]™ cleavage between the C and D rings. The remaining ions at m/z 451, 425, 407, and 289
could be explained as for the procyanidin dimers above.

One procyanidin tetramer (DP4) (m/z 576.1271 [M — 2H]>~, peak 31) with doubly charged ions
was detected, whose fragmentation gave rise to ions at m/z 1027, 865, 863, 739, 451, 407, 289 and 287.
The ion at m/z 1027 was produced by HRF [M — H — 126]" of the tetrameric unit [50]. The ions at m/z
865 and 863 arose from QM [M — H — 288] " cleavage of the interflavan bond in the top and second units.
Another ion at m/z 287 was generated by QM fission due to the ion at m/z 863 [M — H — 288 — 288]".
Tetrameric procyanidins have been previously detected in grape canes [19]. The ions at m/z 739, 451,
407, and 289 are explained above.

Two procyanidin pentamers (/z 720.1580 [M — 2H]=, peak 36; m/z 720.1578 [M — 2H]?, peak 44)
were also detected as doubly charged ions, as confirmed by the mass difference of 0.5 Da between the
isotopic peaks (Figure 3). Fragmentation of both doubly charged ions gave ions at m/z 1315, 1153, 1151,
1027, 865, 863, 739, 635, 577,575, 451, 407, 289, and 287. The ion at m/z 1315 was produced by the HRF
[M - H — 126]" fragmentation pathway from the ion at m/z 1441. The ions at m/z 1153 and 1151 were
derived from a QM-type cleavage. The ion at m/z 635 has been previously observed in a procyanidin
pentamer in grape stalk extracts [34]. The product ions at m/z 1027, 865, 863, 739, 577, 575, 451, 407, 289,
and 287 are explained above for other oligomeric procyanidins. As far as we know, this is the first time
that procyanidin pentamers have been identified in grape canes.
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Figure 3. Mass spectra showing the doubly charged ions of the procyanidin pentamer.

2.3.2. Prodelphinidins and Gallate Derivatives

Prodelphinidins have been previously identified in grape canes using a two-dimensional liquid
chromatography-based method [10], but the use of a high-resolution mass analyzer, such as the LTQ
Orbitrap MS, could be used by improves their characterization.
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Epicatechin gallate (m/z 441.0825, peak 45) was confirmed by comparison with the standard.
The MS? spectrum of epicatechin gallate produced two fragment ions arising from the cleavage of
the ester bond: at m/z 289 for deprotonated epicatechin and at m/z 169 for a deprotonated gallic acid
moiety [25]. Epicatechin gallate has been previously identified in vine shoots of the Airén and Cencibel
varieties [22].

Three monogallate procyanidin dimers (m/z 729.1459, peak 39; m/z 729.1449, peak 42; m/z 729.1441,
peak 46) were also identified. The peaks 39 and 46 were tentatively assigned as (epi)catechin gallate
(ECG)—(epi)catechin, and produced ions at m/z 603, 577, 439, 425, 407, and 289. The ion at m/z 603
corresponded to the loss of the A ring (1,3,5-trihydroxybenzene) (126 Da) of the upper elemental unit
via RDA fission [51]. The ions at m/z 577, 425, 407 and 289 showed the same fragmentation pattern
as described for procyanidin dimers. The ion at m/z 439 was due to QM fission and was crucial in
assigning the gallic acid ester in the upper position [51,52]. In addition, the compound at peak 42 was
tentatively identified as (epi)catechin—(epi)catechin gallate, with ions at m/z 603, 577, 451, 441, 407,
and 289. The main difference with peaks 39 and 46 was the presence of an ion at m/z 441 due to QM
cleavage. This fragment unambiguously confirms that the gallic acid ester is at the bottom position [51].
Procyanidin dimer monogallates (m1/z 729) were detected in grape canes in previous studies [10,17],
although here their positions are proposed for the first time.

Epigallocatechin and gallocatechin (m/z 305.0665, peak 21; m/z 305.0662, peak 27) were tentatively
identified. Fragmentation of both compounds produced ions at m/z 261, 221, 219, and 179. The ion
at m/z 261 was due to loss of CO; (—44 Da). The ions at m/z 221, 219, and 179 arose from cleavage of
the A ring and loss of =126 Da by HRF [53]. To the best of our knowledge, this is the first time that
epigallocatechin or gallocatechin have been identified in grape canes.

A prodelphinidin dimer formed with units of (epi)catechin and (epi)gallocatechin (EGC) gallate
(m/z 745.1400, peak 35) was tentatively assigned as (epi)catechin—(epi)gallocatechin gallate (EGCG).
MS? of m/z 745 produced ions at m/z 593, 575, 457, 441, 423, and 305. The ion at m/z 593 was generated by
the loss of a galloyl moiety (~152 Da), and at m/z 575 by the loss of gallic acid (=170 Da). The ion at m/z
457 resulted from QM cleavage and suggested a linkage between (epi)catechin and (epi)gallocatechin
gallate [54]. Furthermore, the ion at m/z 305 generated by QM fission suggests that (epi)catechin
and (epi)gallocatechin are positioned at the top and bottom, respectively [55]. The ion at m/z 593
underwent further fragmentation, producing an ion at m1/z 441 due to RDA (152 Da) cleavage [55].
The high-intensity ion at m/z 423 arose from the loss of a water molecule (~18 Da) from the ion at m/z
441. As far as we know, this is the first time that (epi)catechin—(epi)gallocatechin gallate has been
identified in grape canes.

(Epi)gallocatechin gallate (EGCG) (m/z 457.0770, peak 38) was also tentatively identified. MS?
of my/z 457 produced ions at m/z 331, 305, and 169. The ions at m/z 305 and 169 were formed by
(epi)gallocatechin and gallic acid deprotonated units, respectively [53]. The ion at m1/z 331 was generated
by the HRF (=126 Da) mechanism, characteristic of flavan 3-ol monomers [56]. (Epi)gallocatechin
gallate is the predominant polyphenol in green tea, and is largely responsible for the biological activity
of this beverage [57]. Widely studied for its antioxidant [58], anticarcinogenic [59], and neuroprotective
properties [60], (epi)gallocatechin gallate has been identified and quantified in grape seeds, including
of the Pinot Noir variety [61], although to our knowledge, this has not been previously reported in
grape canes.

Theaflavin (m/z 563.1191, peak 47) was likewise tentatively identified. MS? of m/z 563 produced
ions at myz 545, 519, 425, 407, 397, and 379. The ions at m/z 545 and 519 arose from a loss of H,O (—18 Da)
and CO, (—44 Da), respectively [53]. The ion at m/z 425 was due to an RDA rearrangement of the ni/z
563 precursor ion with the loss of a neutral molecule (—138 Da). Fragmentation of the ion at m/z 425
led to ions at mi/z 407, 397, and 379, corresponding to losses of H,O (—18 Da), CO (-28 Da), and H,O
and CO (—46 Da), respectively [53]. Theaflavins can be produced from green tea catechins (EC, ECG,
EGC, and EGCG) through oxidation by polyphenol oxidase and peroxidase enzymes. This process
occurs in fresh green tea leaves during the production of black tea leaves or the green tea fermentation
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stage [62]. Accordingly, the presence of theaflavin in grape canes was tentatively attributed to the
extraction process, which provoke its formation from other flavan-3-ols. To the best of our knowledge,
this is the first report of theaflavin in grape canes.

Four prodelphinidin dimers consisting of (epi)gallocatechin—(epi)catechin (m/z 593.1305, peak 20;
mfz 593.1301, peak 22; m/z 593.1296, peak 24; m/z 593.1290, peak 34) were also tentatively identified.
Three (epi)gallocatechin— (epi)catechins were observed at peaks 20, 24, and 34. The MS? spectrum
of this sequence produced ions at m/z 467, 425, 407, 303, and 289. The ion at m/z 467 was due to
fragmentation by HRF [M — H — 126]~ on the upper unit. The ion at m/z 425 arose from RDA cleavage
on the extension unit of the dimer [63], and at m/z 407 from water loss at m/z 425. These dimers
were identified as (epi)gallocatechin—(epi)catechin based on the specific ions at m/z 303 and 289
derived from QM cleavage [52,63]. Peak 22 of the (epi)catechin— (epi)gallocatechin sequence showed
distinctive ions at m1/z 441, 423, 305, and 287. The ions at m/z 441 and 423 were generated by the RDA
mechanism and the subsequent loss of a water molecule [64]. The ions at m/z 305 and 287 resulted from
QM cleavage and were specific to the (epi)catechin—(epi)gallocatechin sequence [52]. Prodelphinidin
dimers (m/z 593) have been detected in grape cane extracts in previous studies [10,17], although their
sequences are proposed here for the first time.

Two prodelphinidin dimers consisting of (epi)gallocatechin—(epi)gallocatechin (im/z 609.1244,
peak 17; m/z 609.1240, peak 18) were tentatively identified. The MS? spectrum of mi/z 609 produced
ions at my/z 483, 441, 423, and 305. The ion at m/z 483 was due to HRF [M — H — 126]~ on the upper unit.
The ion at m1/z 441 can be attributed to RDA-type fragmentation and at n1/z 423 to water elimination
from m/z 441. The ion at m/z 305 was produced by QM cleavage between the C and D rings [64].
Prodelphinidin dimers made up of two (epi)gallocatechin units have been previously identified in red
wine [52,64], although not in grape canes.

Two prodelphinidin trimers (m/z 897.1869, peak 23; m/z 897.1868, peak 25) were tentatively
identified. A trimer with the sequence (epi)gallocatechin—(epi)catechin—(epi)gallocatechin was
detected at peak 23, with ions at m/z 771, 729, 711, 593, and 305. The ion at m/z 771 was generated by
HRF [M — H - 126]" of the C ring. The ion at m/z 729 was produced by an RDA-type mechanism on
the upper unit, and the consequent loss of a water molecule led to m/z 711. The ions at m/z 593 and 305
were due to QM cleavage between the C and D rings [64] (Figure 4A), and were specific to the proposed
sequence. Peak 25 corresponds to (epi)gallocatechin—(epi)gallocatechin—(epi)catechin, with ions at
mfz 771,729,711, 593, 303, and 289. Specific ions at m/z 303 and 289 were detected, thereby indicating
a QM cleavage of the interflavan bonds and formation of monomeric units, (epi)gallocatechin (-3H)
and (epi)catechin, respectively (Figure 4B) [65]. A prodelphinidin trimer (m/z 897) was previously
identified in a grape cane extract [10]. The sequences of the two prodelphinidin trimers identified here
are proposed for the first time.

2.4. Flavonols and Derivatives

Flavonols are biologically valuable phytochemicals associated with antioxidant and anticancer
activities. In particular, myricetin has shown a wide spectrum of biological properties, including
antioxidant, anticancer, anti-inflammatory, and possibly even protection against Parkinson’s and
Alzheimer’s disease [66]. Quercetin, on the other hand, has attracted attention for its potential effects
against cardiovascular diseases [67]. Three conjugated flavonols were identified in the chromatograms
of grape cane extracts.

Myricetin-O-hexoside (1m/z 479.0821, peak 48) showed ions at m/z 317 and 316 corresponding to
the loss of a hexoside moiety (=162 Da) with concomitant H rearrangement, as usually occurs with
polyphenol O-glycosides [68]. Myricetin-O-hexoside was tentatively identified by comparison with
the mass spectra of previous studies using the LTQ-Orbitrap to analyze red wine [25], persimmon
leaves [28], and grape pomace [27]. Although myricetin has been previously identified and quantified
in vine shoot extracts [39], to our knowledge, this is the first identification of its hexoside derivatives in
grape canes.

Pagina | 68



RESULTADOS

Molecules 2019, 24, 3763 11 of 21

Quercetin-O-glucoside (m/z 463.0876, peak 49) was unambiguously determined and confirmed
by comparison with its pure standard. The MS? spectrum of m/z 463 produced ions at m/z 301 and
299 due to the loss of a hexoside moiety (~162 Da) and concomitant H rearrangement, respectively.
Quercetin-O-hexoside was detected previously in grape canes using a QTrap3200 LC/MS/MS system [17].

Quercetin-3-O-glucuronide (m/z 477.0674, peak 50) was also identified. The MS? spectrum
of m/z 477 revealed an ion at mfz 301 arising from the loss of a glucuronide moiety (=176 Da).
Quercetin-3-O-glucuronide has been previously identified in grape canes infected by Bois noir,

a serious grapevine yellows disease [19].
:

C
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Figure 4. Fragmentation pathways of (epi)gallocatechin—(epi)catechine— (epi)gallocatechin (A) and
(epi)gallocatechin—(epi)gallocatechin—(epi)catechin (B): key ions produced by quinone methide
(QM) fragmentation.

2.5. Flavanonols and Derivatives

Flavanonols, also known as dihydroflavonols, are a polyphenol subclass inversely associated
with diabetes in animal and in vitro models [69]. Furthermore, a high intake of dihydroflavonols
has been linked with a reduced risk of diabetes in elderly persons at high risk of cardiovascular
disease [70]. Thus, flavanonols, particularly dihydroquercetin (or taxifolin), have high potential value
for the development of new natural drugs for the control of type 2 diabetes.
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Three flavanonols were identified in the grape cane extract. Taxifolin (mm/z 303.0505, peak 51)
showed ions at m/z 285, 177, and 125. The ion at m/z 285 was due to the loss of a water molecule
(—18 Da), whereas at m/z 177 and 125 the ions correspond to cleavage of the C ring attributed to
LAB~ — 2H, and '*A~ + 2H scissions, respectively (Figure 5) [71]. This is the first report of taxifolin in
extracts from grape canes.

m/z 177
o= BN

OH/
14 A 2H =7
nm/z 125

Figure 5. Proposed formation of product ions at m/z 177 and 125 for taxifolin (dihydroquercetin).

Two isomers of astilbin (m/z 449.1090, peak 52; m/z 449.1086, peak 53) were also tentatively
identified. The MS? spectrum of m/z 449 produced ions at m/z 303, 285, and 151. Those at m/z 303 and
285 were generated by the loss of a rhamnose moiety (—146 Da) and the consecutive loss of a water
molecule (18 Da), respectively. The ion at m/z 151 was generated after RDA-type cleavage [72].
Astilbin (dihydroquercetin-rhamnoside) (m/z 449) has been previously identified in grape canes [19].

2.6. Flavanones and Derivatives

Eriodictyol and its glycoside derivatives are the main flavanones found in grape canes. Eriodictyol
protects against oxidative stress and could have potential application in nutraceuticals for the prevention
of cardiovascular disease [73]. Eriodictyol and two of its glycoside conjugates were identified in the
grape cane extract.

The MS? spectrum of eriodictyol-O-hexoside (m/z 449.1090, peak 54; m/z 449.1087, peak 55)
produced an ion at m/z 287 generated by the loss of a hexosyl moiety (—162 Da). This is the first time
that eriodictyol-O-hexoside is reported from grape canes.

Eriodictyol (m/z 287.0556, peak 56) showed product ions at m/z 151 and 135 formed by an RDA-type
fragmentation in the C ring involving type '*A~ and B~ scission (Figure 6) [74], respectively.
Eriodictyol has been previously identified in elicited V. vinifera (Pinot Noir) hairy root culture extracts
by LC-MS and 3C NMR methods [21].

OH
laA-d‘_’_’”f/:Z.]f_]__, OH
C }
U m/z 135
OH o =Y » 13

Figure 6. Proposed formation of product ions at m/z 135 and 151 for eriodictyol.
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2.7. Stilbenes and Derivatives

Several authors have reported stilbenes as well as oligostilbenoids in grape canes [9,10,17,75].
The most relevant stilbene is resveratrol, associated with activity against cardiovascular diseases,
neurodegenerative diseases, and cancer [76]. In grape canes, the most abundant polyphenolic
compounds are oligomeric stilbenes (oligostilbenoids) [9].

2.7.1. Stilbene Monomers

Resveratrol (m/z 227.0707, peak 67) was confirmed by comparison with an available standard.
The MS? spectrum of m/z 227 showed ions at m/z 185 [M — H — 42]~ and 143 [M — H — 42 — 42]~
produced by the sequential loss of two ketene molecules (CoH,O) [77].

Piceatannol (m/z 243.0659, peak 62) was also identified by comparison with its pure standard.
The MS? spectrum of m/z 243 produced ions at m/z 225 [M — H — 18], arising from the loss of a water
molecule, and at m/z 201 [M — H — 42]” and 159 [M — H — 42 — 42]~ due to successive losses of CoH,0.
Both monomers has been previously identified in grape cane extract [9,11,17,18].

2.7.2. Stilbene Dimers

Four different resveratrol dimers were identified. (i) Pallidol (m/z 453.1340, peak 66) showed
ions at m/z 359 [M — H — 94]” and 265 [M — H — 94 — 94]” produced by successive losses of one
and two phenol groups, respectively [78]. (ii) (E)-e-viniferin (m/z 453.1335, peak 73) was identified
by comparison with its pure standard. The MS? spectrum of (E)-¢-viniferin showed ions at n/z 359
[M — H — 94]~, produced by the loss of a phenol group, and at m/z 347 [M — H — 106]~, by the loss of
4-methylenecyclohexa-2,5-dienone [78]. (iii) (E)-w-viniferin (m/z 453.1335, peak 74) was tentatively
identified and showed ions at m/z 435 [M — H — 18] and 411 [M — H - 42]7, produced by the loss of
a water molecule and a C;H,O group, respectively, and at m/z 359 and 347, as explained above. (iv) The
stilbenoid dimer (11/z 453.1339, peak 68) was tentatively identified as a resveratrol dimer and showed
a high intensity ion at m/z 359 [M — H — 94]~ due to the loss of a phenol group. Several stilbenoid
dimers with a very similar structure, parthenocissin A, quadrangularin A, and ampelopsin D, are
reported in the literature. Therefore, the accurate identity of this compound should be elucidated by
NMR spectroscopy techniques [33,79]. Resveratrol dimers have been previously identified in grape
cane extracts [9,17].

Three stilbenoid heterodimers consisting of (E)-resveratrol and (E)-piceatannol with signals at m/z
469 were also detected. Stilbenoid dimer 1 (1m/z 469.1283, peak 61) revealed ions at m/z 451 [M — H — 18]~
and 375 [M — H — 94]7, due to the loss of a water molecule and a phenol moiety, respectively, and
at m/z 363 [M — H — 106]~ due to the loss of C;HgO. Stilbenoid dimer 2 (m/z 469.1287, peak 64) was
also tentatively identified and showed ions at m/z 363 and 375, explained above. Stilbenoid dimer 3
(mfz 469.1283, peak 71) revealed ions at m/z 385 [M — H — 84] (the loss of two CoH,O moieties) [80],
at m/z 359 [M — H — 110]~ (the loss of the pyrocatechol or resorcinol moiety) [9,80], and at m/z 347
[M — H —122] (the loss of C;HgO;). The latter ion was observed by Moss et al. [78] and Séez et al. [9]
for scirpusin A.

Four oxidized dimers with signals at m/z 471 were tentatively identified. Restrisol (A or B) (m/z
471.1441, peak 58) revealed ions at m/z 377 [M — H — 94]~, due to the loss of a phenolic group, at m/z 349
[M — H — 94 — 28]~ produced by the consecutive loss of a phenol group (-94 Da) and carbon monoxide
CO (-28 Da), and at m/z 255 [M — H — 94 — 28 — 94], due to the successive loss of phenol (—94 Da),
CO (28 Da) and phenol (-94 Da) groups [78]. Another three compounds with the same signals at
m/z 471 were assigned as oxidized dimers (1 to 3) (m/z 471.1438, peak 59; m/z 471.1443, peak 60; m/z
471.1446, peak 63), and revealed a prominent ion at m/z 349 analogous to restrisol. On the other hand,
restrisol and oxidized stilbenoid dimers could be formed by dimerization of resveratrol induced by the
laccase enzymes or its isoform produced by the mycopathogen Botrytis cinerea [81]. Oxidized dimers
have also been previously identified in grape canes [9,17].
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2.7.3. Glycosylated Stilbenes

Resveratrol C-hexoside (m/z 389.1241, peak 57) was tentatively identified. The MS? spectrum
of mfz 389 showed ions at m/z 269 and 299 with losses of 120 Da and 90 Da, respectively, which is
the typical fragmentation pattern for C-glycosides in MS? mode [82]. Furthermore, another ion at
m/z 241 was observed with the same relative abundance as reported by Piissa et al. [83]. Resveratrol
C-hexoside designated as E-3,5,4'-trihydroxystilbene 2-C-glucoside has been previously identified in
grape canes [75].

Resveratrol dimer-O-hexoside (m/z 615.1866, peak 69) was also tentatively identified. MS? of m/z
615 showed a high intensity ion at m/z 453 [M — H — 162]~ produced by the loss of a hexoside moiety.
To our knowledge, this is the first resveratrol dimer-O-hexoside identified in grape cane extract.

Viniferin diglycoside (m/z 777.2387, peak 65) was also tentatively identified. The MS? of m/z 777
showed ions at m/z 615 [M — H - 162]” and 453 [M - H — 162 — 162]~ corresponding to the loss of
one hexoside unit and two hexoside units, respectively. Viniferin diglycoside has been previously
identified in grape canes [10].

2.7.4. Stilbene Oligomers

Hopeaphenol and isohopeaphenol (m/z 905.2582, peak 70; m/z 905.2580, peak 72) were confirmed
after comparison with the previously isolated standards [9]. The two compounds showed the same
ions at m/z 811 and 717, and their identification was confirmed based on the elution time order. The ions
atm/z 811 [M — H — 94]” and 717 [M — H — 94 — 94]~ were produced by the loss of one and two phenol
moieties, respectively [78].

A stilbenoid tetramer (m/z 905.2576, peak 75), tentatively identified, revealed ions at m/z 887, 811,
799, and 359. The ion at m/z 887 [M — H — 18]~ was produced by the loss of a water molecule and at
m/z 811 [M — H — 94]~ by the loss of a phenolic group. The ion at m/z 799 was probably due to the loss
of 4-methylenecyclohexan-2,5-dienone (—106 Da), as proposed by Moss et al. [78]. The ion at m/z 359
was due to the loss of a phenolic group from a previously divided tetramer molecule [78]. Stilbenoid
tetramers has been previously identified in grape canes [9,10,17].

3. Materials and Methods

3.1. Chemicals

Acetonitrile, formic acid, water, and ethanol were purchased from Merck (Darmstadt, Germany).
All solvents were of HPLC grade. Ultrapure water was obtained from a Milli-Q water purification
system (Millipore, Bedford, MA, USA).

Gallic, ellagic, and 4-hydroxybenzoic acid, (+)-catechin, (—)-epicatechin, (E)-resveratrol,
(E)-piceatannol, quercetin-O-glucoside, and (E)-e-viniferin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Epicatechin gallate was acquired from Extrasynthese (Genay, France). All standards
were handled without exposure to light.

3.2. Grape Cane Samples

Grape canes (Vitis vinifera L.) of the variety Pinot Noir were collected from healthy plants in an
organic vineyard (chemical fertilizers, pesticides, fungicides, not employed), Vifia De Neira, located
in Ranquil, Itata Valley, the Biobio region in South Chile (36°36’50.33" S, 72°39'40.63" W at 279 m
of altitude). After pruning, all samples were cut in 30-50 cm pieces and stored at room temperature
(~20 °C) for at least three months [9,10].
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3.3. Polyphenol Extraction from Grape Canes

Grape canes were handled in a room with light filters to prevent photodegradation and oxidation
of the polyphenols. The extraction was done following a previously reported procedure with minor
modifications [82].

Grape canes (0.5 g, n = 3) were homogenized and vortexed for 1 min with 4 mL ethanol/water (80:20,
v/v) and then sonicated in an ultrasound bath (Bandelin electronic GmbH&Co0.KG, Berlin, Germany)
for 10 min. The grape cane extract was centrifuged at 4000 RPM for 5 min at 4 °C. The supernatant
was collected and the extraction procedure was repeated twice. The supernatants were combined and
evaporated under nitrogen flow, and the residue was reconstituted into 0.1% of aqueous formic acid
(5 mL). The extract was filtered by 0.20 um PTFE (Waters Corporation, Mildfore, MA, USA) into an
amber vial. Samples were stored at —20 °C until analysis by LC LTQ-Orbitrap.

3.4. LC-LTQ-Orbitrap-MS Analyses

Liquid chromatography analysis was performed using an Accela chromatograph (Thermo
Scientific, Hemel Hempstead, UK) equipped with a quaternary pump, a photodiode array detector
(PDA), and a thermostated autosampler. Chromatographic separation was performed in an Atlantis T3
column 2.1 x 100 mm, 3um (Waters, Milford, MA, USA). Gradient elution of analytes was carried out
with H,(O/0.1% H-COOH (solvent A) and CH3CN (solvent B) at a constant flow rate of 0.350 mL/min,
and the injection volume was 5 uL. A non-linear gradient was used: 0 min, 2% B; 0-2 min, 8% B;
2-12 min, 20% B; 12-13 min, 30% B; 13-14 min, 100% B; 14-17 min, 100% B; 17-18 min, 2% B and the
column was equilibrated for 5 min to initial conditions [28].

The LC system was coupled to an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific,
Hemel Hempstead, UK) used for accurate mass measurements and equipped with an ESI source
operated in negative mode. Operation parameters were as follows: source voltage, 4 kV; sheath gas,
20 a.u. (arbitrary units); auxiliary gas, 10 a.u.; sweep gas, 2 a.u.; and capillary temperature, 275 °C.
Default values were used for most other acquisition parameters (FT Automatic gain control (AGC)
target 5 x 10° for MS mode and 5-x 10* for MS® mode). Grape cane samples were analyzed in full scan
mode at a resolving power of 30,000 (FWHM at m/z 400) and data-dependent MS/MS events acquired
at a resolving power of 15,000. The most intense ions detected in the full scan spectrum were selected
for the data-dependent scan. Parent ions were fragmented by high-energy C-trap dissociation (HCD)
with normalized collision energy of 35 V and an activation time of 10 ms. The mass range in Fourier
transformation mass spectrometry (FTMS) mode was from m/z 100 to 1000 [28]. Instrument control
and data acquisition were performed with Xcalibur 3.0 software (Thermo Fisher Scientific).

4. Conclusions

The use of LC-LTQ-Orbitrap-MS allowed a comprehensive profiling of polyphenols in a grape
cane extract. The characterization was carried out based on accurate mass measurement with low error
(<3.1 ppm) and MS? spectrum data. The polyphenolic compounds were confirmed by comparisons with
pure standards whenever possible, as well as by referring to the literature. A total of 75 polyphenolic
compounds were identified or tentatively characterized, 17 of them reported for the first time in grape
canes. Most of the identified polyphenols were hexoside derivatives, such as syringic acid hexoside,
hydroxybenzoyl hexoside, ellagic acid hexoside, myricetin-O-hexoside, eriodictyol-O-hexoside, and
resveratrol dimer-O-hexoside. Additionally, an exhaustive analysis of proanthocyanidins showed
for the first time the presence of pentameric procyanidins and (epi)gallocatechins, and the specific
sequence of each prodelphinidin compound.

The reported results broaden knowledge of the polyphenol profile of grape canes and may be
useful for further investigations related to the production of high-added-value food additives based on
this by-product.
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Abbreviations

FTMS fourier transformation mass spectrometry
PDA photodiode array detector

AGC automatic gain control

PTFE polytetrafluoroethylene

HCD high-energy C-trap dissociation
FWHM full width at half maximum

a.u. arbitrary units

ESI electrospray ionization

HPLC high performance liquid chromatography
MS mass spectrometry

LC liquid chromatography

13C-NMR Carbon-13 nuclear magnetic resonance
EC catechin

ECG catechin gallate

EGC gallocatechin

EGCG gallocatechin gallate

QTrap quadrupole ion trap

DP degree of polymerization

oM quinone methide

HRF heterolytic ring fission

RDA retro-Diels-Alder

IMF Ion molecular formula

LC_LTQ-Orbitra liquid chromatography coupled with electrospray ionization hybrid
P linear trap quadrupole-Orbitrap mass spectrometry
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RESUMEN:

Los sarmientos de vid, también llamados cafias de uva, son subproductos vitivinicolas
muy conocidos que contienen altos niveles de compuestos fenolicos, los que estan
asociados con una amplia gama de beneficios para la salud. En este trabajo se extrajeron
sarmientos de vid (Vitis vinifera cv. Pinot Noir) en un reactor de planta piloto de 750 L
bajo las siguientes condiciones: temperatura 80 °C, tiempo 100 minutos y relacion
solido/liquido 1:10. La caracterizacion integral de los compuestos fendlicos de la cafia
de uva se realiz6 mediante cromatografia liquida acoplada a espectrometria de masas
LTQ-Orbitrap de alta resolucién / medicion de masa precisa. Se identificaron un total de
44 compuestos y, de ellos 26 fueron también cuantificados, estos estaban constituidos
por &cidos fenolicos y aldehidos (17), flavonoides (12) y estilbenoides (15). La clase
mas abundante de compuestos fendlicos fueron los estilbenoides, entre los cuales (E)-¢-
viniferina predominaba. El perfil fendlico de los sarmientos de vid obtenido mediante la
extraccion a escala de planta piloto difirié significativamente de los resultados previos
obtenidos a escala de laboratorio. Adicionalmente, observamos una alta capacidad
antioxidante del extracto de sarmientos a escala de planta piloto, la que fue medida por
el potencial de eliminacion de radicales antioxidantes (ABTS*®") (2209 + 125 pmol TE/g
DW) y por absorbancia de radicales de oxigeno usando fluoresceina (ORAC-FL) (4612
+ 155 umol de TE/g DW). El extracto de sarmientos a escala de planta piloto por su
perfil fendlico puede utilizarse como subproducto para el desarrollo de nuevos
productos nutracéuticos y farmaceuticos, mejorando el valor y la sostenibilidad de estos

residuos.
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ARTICLE INFO ABSTRACT

Keywords:

Pilot-plant scale extraction
Agro-food residue valorization
By-products

Grape canes, also named vine shoots, are well-known viticultural byproducts containing high levels of phenolic
compounds, which are associated with a broad range of health benefits. In this work, grape canes (Vitis vinifera
cv. Pinot noir) were extracted in a 750 L pilot-plant reactor under the following conditions: temperature 80 °C,
time 100 min, solid/liquid ratio 1:10. The comprehensive characterization of grape cane phenolic compounds

gﬁ:ﬂ:?cn?l;poun ds was performed by liquid chromatography coupled to high-resolution/accurate mass measurement LTQ-Orbitrap
stilbenes mass spectrometry. A total of 44 compounds were identified and, 26 of them also quantified, consisting of
Viniferin phenolic acids and aldehydes (17), flavonoids (12), and stilbenoids (15). The most abundant class of phenolics
Grape canes were stilbenoids, among which (E)-e-viniferin predominated. The phenolic profile of grape canes obtained using
Vine shoots pilot plant extraction differed significantly from the results of laboratory-scale studies obtained previously.

LTQ-Orbitrap-MS Additionally, we observed a high antioxidant capacity of grape cane pilot-plant extract measured by the radical
antioxidant scavenging potential (ABTS ") (2209 + 125 pmol TE/g DW) and oxygen radical absorbance capacity
using fluorescein (ORAC-FL) (4612 + 155 pmol TE/g DW). Grape cane pilot-plant extract for their phenolic
profile may be used as a by-product for the development of novel nutraceutical and pharmaceutical products,

improving the value and the sustainability of these residues.

1. Introduction

Grape canes from Vitis vinifera L. are an abundant viticultural
byproduct generated after grapevine pruning. Their production is esti-
mated to range from 2 to 4 tons per hectare of vineyard (Davila, Gullon,
Luis Alonso, Labidi, & Gullon, 2018). According to data from the In-
ternational Organization of Vine and Wine (OIV), 7.4 million hectares
are dedicated to vineyard cultivation in the world (OIV, 2020). Conse-
quently, approximately 14.8-29.6 million tons of grape canes are
generated each year worldwide. Grape canes, which are usually burned
or incorporated into the vineyard soil, are considered to be an under-
valued residue. From the viewpoint of integrated biorefinery and

circular economy, they are potentially a high-value resource due to their
attractive chemical composition and possible industrial applications.
For instance, grape canes can be used as a food ingredient, based on a
commercial product called Vineatrol®30, developed and manufactured
by Actichem (Montauban, France).

As well as biopolymers such as lignin, cellulose, and hemicellulose,
grape canes contain phytochemicals, mainly polyphenols (Riquelme
et al., 2019). A procedure to recover the polymeric fraction from vine
shoots, including hemicellulosic oligosaccharides, lignin fragments, and
cellulosic substrates, has been proposed by Davila et al. (2017). In the
same direction, biopolymers such as cellulose, hemicellulose, lignin, and
polyflavonoids from diverse woody resources have been extensively
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studied as bio-based materials with novel applications (Diaz-Galindo
et al., 2020; Garcia et al., 2018; Garcia, Gavino, Escobar, & Cancino,
2017; Peredo et al., 2015). Grape canes, however, have been studied
principally for the recovery of phenolic compounds (Moreira et al.,
2018; Zwingelstein, Draye, Besombes, Piot, & Chatel, 2020).

Grape canes have heterogeneous phenolic profiles, including
phenolic acids, flavanols, flavonols, flavanonols, flavanones, and stil-
benoids, the most abundant being flavanols and oligomeric stilbenes
(Escobar-Avello et al., 2019). Many of these phenolic compounds have
promising biological activities. Besides their antimicrobial, antioxidant,
anti-cancer, and cardio-protective properties, tannins seem to exert
beneficial effects on metabolic disorders and protect against many
oxidative stress-related diseases (Smeriglio, Barreca, Bellocco, &
Trombetta, 2017). Stilbenes, particularly resveratrol, have a wide range
of benefits for human health, such as antioxidant, anti-inflammatory and
anti-cancer properties (Ramirez-Garza et al., 2018). Stilbenes can un-
dergo polymerization by oxidative coupling of two to eight units of
monomers and these derivatives may exhibit higher activity, stability,
and selectivity than resveratrol (Xue et al., 2014).

The stilbene profile of grape canes strongly depends on the cultivar
(Lambert et al., 2013), geographic growing area (Vergara et al., 2012),
and duration of post-pruning storage (Gorena et al., 2014). Pinot noir
canes in particular contain high levels of resveratrol and viniferin
(Lambert et al., 2013; Vergara et al., 2012), which can increase five-fold
after three months of post-pruning storage (Gorena et al., 2014). The
yields of phenolic compounds may also be influenced by extraction
methods and specific experimental conditions, such as the particle size
of raw material, temperature, extraction time, and solvent composition.
A recent review article summarizes the extraction methods and the in-
fluence of extraction parameters on polyphenol recovery from grape
canes (Zwingelstein et al., 2020).

Over the last decade, the most investigated method to recover
polyphenols from grape canes has been conventional extraction using
mixtures of aqueous ethanol as the solvent. Emerging techniques, such
as ultrasound-assisted (Pineiro, Marrufo-Curtido, Serrano, & Palma,
2016), microwave-assisted (Moreira et al., 2018), or pressurized low
polarity water extraction (Turgut, Feyissa, Baltacioglu, Kiiciikoner, &
Karacabey, 2020), are being studied to enhance resveratrol and viniferin
recovery from grape canes. However, although less time-consuming,
these new methods are not necessarily more efficient than the conven-
tional approaches (Zwingelstein et al., 2020). Their application in the
industrial field is still in its early days and much more research needs to
be done. On the other hand, few studies have been performed on a
bench-, pilot-plant scale, or above for grape canes using mixtures of
ethanol and water (Dorosh et al., 2020; Riquelme et al., 2019).

The ultimate objective of the study was to gain new knowledge about
scaling up the extraction process of phenolic compounds from grape
canes and thus facilitate their industrial application in the fields of food,
cosmetics, biomaterials, and other bio-based products. Consequently, a
comprehensive identification of polyphenols in grape cane extracts
produced in a pilot-plant reactor, using liquid chromatography hybrid
linear ion trap quadrupole-Orbitrap-mass spectrometry (LC-LTQ-Orbi-
trap-MS) analysis was performed. Additionally, the levels of phenolic
compounds were quantified, and the reactions involved in the extraction
process are discussed.

2. Materials and methods
2.1. Chemicals

Light exposure was avoided when manipulating the standards.
Gallic, 4-hydroxybenzoic, and ellagic acids, catechin, epicatechin, (E)-
resveratrol, (E)-e-viniferin, eriodictyol, taxifolin, quercetin-3-O-gluco-
side, and quercetin-3-O-glucuronide were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Gallic acid ethyl ester (ethylgallate) and
kaempferol-3-O-glucoside were acquired from Extrasynthese (Genay,
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France).

HPLC grade acetonitrile, formic acid, ethanol, and water were pur-
chased from Merck (Darmstadt, Germany). Ultrapure water was gener-
ated by a Milli-Q water purification system (Millipore Bedford, MA,
USA). Potable ethanol (96°) from molasses employed for pilot plant
scale extraction was purchased from Oxiquim S.A. (Coronel, Chile).

2.2. Grape canes: Collection and preparation

Grape canes (V. vinifera L. cv. Pinot noir) were collected from vines in
an organic vineyard at Vina De Neira, located in Ranquil, Itata Valley,
Biobio region, in Southern Chile (36°36'50.33” S, 72°39'40.63” W at
279 m of altitude).

After pruning, all samples were cut in 30-50 cm pieces and stored for
3 months at room temperature (19 °C + 5) and 30-70% relative hu-
midity, in accordance with a Chilean patent (Riquelme et al., 2019).
From a total of 500 kg wet sample, 67 kg of dry grape canes were used
for the pilot plant extraction. Before extraction, the grape canes were
chopped in a Retsch grinder (model SM) at 300-2000 rpm until particle
size was below 1 c¢cm.

2.3. Pilot plant scale extraction

Grape cane extraction was performed on a pilot-plant scale at 80 °C
for 100 min, based on a previous bench-scale optimization study
(Riquelme et al., 2019). Extractions were carried out in a 750 L stainless-
steel reactor using ethanol/water solution (80:20 v/v). Fig. 1 shows the
pilot plant extraction process.

After extraction, the solvent was evaporated under vacuum (absolute
pressure 0.05 bar) to remove and recover the ethanol through a distil-
lation process. The extract was then spray-dried using a BHS Biittner-
Schilde-Haas AG dryer, and stored in the dark at 4 °C.

The whole extraction yield was 5.45 (w/w) calculated as % grams of
extract/gram of dry grape canes.

2.4. Phenolic profile by LC-LTQ-Orbitrap-MS

Identification and quantification of phenolic compounds in the pilot
plant extract was performed by liquid chromatography analysis coupled
to high resolution mass spectrometry. An Accela chromatograph
(Thermo Scientific, Hemel Hempstead, UK) equipped with a photodiode
array detector (PDA), a quaternary pump, and a thermostated auto-
sampler was employed. Chromatographic separation was carried out on
an Atlantis T3 Column 2.1 x 100 mm, 3 um (Waters, Milford, MA, USA).
Gradient elution was performed with water/0.1% formic acid (solvent
A) and acetonitrile (solvent B) at a constant flow rate of 350 pL/min, and
the injection volume was 10 uL. The gradient employed was 0 min, 2%
B; 0-2 min, 8% B; 2-12 min, 20% B; 12-13 min, 30% B; 13-14 min,
100% B; 14-17 min, 100% B; and 17-18 min, 2% B. The column was
equilibrated for 5 min returning to initial conditions.

For accurate mass measurements, the LC system was coupled to an
LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific, Hemel
Hempstead, UK), equipped with an electrospray ionization source. The
mass spectrometer was operated in the negative mode, and particular
parameters were as follows: source voltage, 3 kV; sheath gas, 50 a.u.
(arbitrary units); auxiliary gas, 20 a.u.; sweep gas, 2 a.u.; and capillary
temperature, 375 °C. Pilot plant extracts were investigated in FTMS
mode at a resolving power of 30,000 (FWHM at m/z 400) and data-
dependent MS/MS events collected at a resolving power of 15,000.
The most intense ions detected in the FTMS spectrum were selected for
the data-dependent scan. Parent ions were fragmented by high-energy
collisional dissociation with normalized collision energy of 35% and
an activation time of 10 ms. The mass range in FTMS mode was from m/z
100 to 1500. LC-LTQ-Orbitrap-MS parameters were adapted from a
previous study with some modifications (Escobar-Avello et al., 2019).
The data analyses and instrument control were performed with Xcalibur
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Fig. 1. Flowchart of grape cane extraction process in a pilot plant designed by the AutoCAD P&ID (v. 64 bits) program. Principal equipment: D-101 steel reactor (750

L); C-101 heat exchanger; J-101 Pump; F-101 steel tank.

3.0 software (Thermo Fisher Scientific).

Individual compounds were semi-quantified using pure standards
when available or the most similar compound. Some analytes, such as
glycosylated forms, dimers, or oligomers, were semi-quantified using
the aglycon form or the monomer (Heras et al., 2016). The analytical
parameters of the calibration curves are shown in Table 1.

2.5. Antioxidant capacity assay

Antioxidant capacity of grape cane pilot-plant extract was per-
formed, according to the method reported by Saez et al. (2018a). The
analysis was completed in microplates of 96-well- using a microplate
reader (Synergy/HTX multi-mode reader, BioTeK, Winooski, Vermont,
USA)-. An ABTS™ (2,2"-Azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid) solution (7.5 mM) with K5S,0g (2.5 mM) was diluted with ethanol
to obtain an absorbance of 0.7 at 734 nm. Into each well, 190 pL of
diluted ABTS" ' radical solution was added. After incubation at 5 min
and 30 °C, the first read was performed at 734 nm. The sample or Trolox
calibration point (10 pL) were added, then the well-plate was incubated
for 20 min at 30 °C. The assay of oxygen radical absorbance capacity
using fluorescein (ORAC-FL)- was conducted according to the method
reported by Ou et al. (2013). The calibration curves were prepared with
Trolox, and results reported as umol Trolox equivalents (TE)/g DW. All
assays were performed in triplicate and protected from light.

3. Results and discussion
3.1. Identification of phenolic compounds

Table 2 shows the 44 phenolic compounds detected in the grape cane
extract produced under pilot plant conditions and identified through LC-

LTQ-Orbitrap-MS. The main classes of phenolic compounds identified
were phenolic acids and aldehydes (17), flavonoids (12), and stilbenes
(15). Several of these compounds have been previously identified in
grape canes (Escobar-Avello et al., 2019). However, to the best of our
knowledge, this is the first time that the phenolic profile of grape canes
extracted at pilot plant level has been comprehensively characterized by
high-resolution mass spectrometry.

3.1.1. Phenolic acids and aldehydes

Phenolic acids were the most diverse class of phenolic compounds
found in the grape cane extracts. Monogalloyl-glucose (m/z 331.0668),
gallic acid (m/z 169.0141), protocatechuic acid-O-hexoside isomer 1
and 2 (m/z 315.0719, tg. 7.39 min; m/z 315.0718, tg. 8.52 min), pro-
tocatechuic acid (m/z 153.0192), syringic acid hexoside (m/z
359.0981), hydroxybenzoyl hexoside (m/z 299.0770), 4-hydroxyben-
zoic acid (m/z 137.0243), ellagic acid hexoside (m/z 463.0518), and
gallic acid ethyl ester (m/z 197.0453) were identified by the typical loss
of CO5 [M — H—44] . Phenolic acid hexosides also showed the char-
acteristic cleavage of their hexose moiety [M — H—162] . Additionally,
gallic acid, 4-hydroxybenzoic acid, and gallic acid ethyl ester were
identified by comparison with their corresponding pure standards.

Two hydroxycinnamic acids were tentatively identified based on
their accurate mass measurements and MS? fragments. Caftaric acid (m/
2z 311.0406) showed ions at m/z 179.0342 (caffeic acid) and 149.0085
(tartaric acid), owing to the loss of a tartaric acid moiety (132 Da) and
the presence of a tartaric acid molecule, respectively. Coutaric acid (m/z
295.0457) was tentatively identified based on the loss of the tartaric
acid (132 Da) and the presence of an ion at m/z 163.0391, due to the
presence of a coumaric acid molecule.

Ellagic acid (m/z 300.9986) and ellagic acid pentoside (m/z
433.0410) were also identified. Ellagic acid produced three fragment

Table 1
Analytical parameters for phenolic compound quantification using HPLC-MS/MS.
Compound tg (min) Accurate mass Calibration curve R? LOD (mg/L) LOQ (mg/L)
Gallic Acid 4.29 169.0141 y = 353688 + 717410x 0.9999 0.215 0.652
Epicatechin 13.36 289.0714 y = 1458160 + 1764540x 0.9880 0.864 2.620
Taxifolin 17.03 303.0506 y = 172319 + 259345x 0.9980 0.523 1.584
Eriodictyol 21.07 287.0555 y = 1162620 + 1484100x 0.9819 1.111 3.368
Resveratrol 20.28 227.0709 y = 6536890 + 2896920x 0.9991 0.617 1.870
(E)-g-viniferin 21.69 453.1336 y = 2470030 + 1252110x 0.9892 1.781 5.396

tg., retention times; R?, correlation coefficients; LOD, limit of detection; LOQ, limit of quantification.
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Table 2
Identification of phenolic compounds in the grape cane pilot plant extract using LC-ESI-LTQ-Orbitrap-MS in negative mode.
Compounds tp Accurate Theoretical Error MS/MS ions (% intensity) Molecular
(min) mass Mass (ppm) Formula
PHENOLIC ACIDS AND ALDEHYDES
Monogalloyl-glucose 3.63 331.0668 331.0671 —0.87 169.0134(100), 125.0237(10.12) Ci3H16040
Gallic acid 4.29 169.0141 169.0142 -1.04 125.0239(100) C7HgOs
Protocatechuic acid-O-hexoside (1) 7.39 315.0719 315.0722 -0.67 153.0186(100), 109.0290(11.78) C13H1609
Protocatechuic acid 7.67 153.0192 153.0193 -0.97 109.0290(100) C7HeO4
Protocatechuic acid-O-hexoside (2) 8.52 315.0718 315.0722 -1.01 153.0186(100), 109.0290(8.15) Cy3H;60¢
Syringic acid hexoside 8.76 359.0981 359.0984 —0.63 197.0446(100) C15Hz0010
Caftaric acid 9.27 311.0406 311.0409 —0.88 149.0085(100), 179.0342(41.55) C13H 2049
Protocatechuic aldehyde 9.47 137.0242 137.0244 ~1.33 93,0343(100), 109.0291(81.93) C7HgO5
Hydroxybenzoyl hexoside 9.95 299.0770 299.0772 -0.73 137.0237(100) Cy3H;60g
4-Hydroxybenzoic acid”* 10.04 137.0243 137.0244 -1.03 93.0340(100) C7HgO3
Coutaric acid 11.17 295.0457 295.0459 —0.95 163.0391(100) Cy3H;20g
Hydroxybenzaldehyde 11.75 121.0294 121.0295 -1.13 93.0296(100) C7HgO2
Ellagic acid hexoside 14.00 463.0518 463.0518 0.05 300.9975(100) CaoHi16013
Gallic acid ethyl ester” 14.30 197.0453 197.0455 —1.00 169.0134(100), 125.0239(6.85) CoH1005
Ellagic acid pentoside 16.03 433.0410 433.0412 —0.53 300.9976(100), 299.9899(46.54) CigH14042
Ellagic acid* 16.95 300.9986 300.9990 —-1.26 257.0077(100), 229.0131(55.46), 185.0235(32.44) C14HgOg
Ethyl protocatechuate 18.58 181.0504 181.0506 —-1.30 153.0187(100), 152.0109(14.47), 109.0290(6.77) CgH1004
FLAVONOIDS
Flavanols
Catechin® 11.40  289.0715 289.0718 ~0.75 245.0810(100), 205.0499(40.55), 179.0343(15.63) C15H1406
Epicatechin® 13.36 289.0714 289.0718 —1.32 245.0807(100), 205.0496(37.72), 179.0340(15.86) C15H140¢
Procyanidin A-type dimer 15.80 575.1194 575.1195 ~0.17 449.0856(100), 289.0710(32.12), 539.0912(25.78), CaoH24010
285.0390(21.75)
Flavanones
Eriodictyol-O-glucoside (1) 13.58 449.1090 449.1089 0.23 287.0546(100) Co1H22011
Eriodictyol-O-glucoside (2) 19.05 449.1089 449.1089 -0.17 287.0550(100), 151.0031(6.25) C21H22041
Eriodictyol 21.07 287.0555 287.0561 —-2.20 151.0033(100), 135.0446(4.93) Ci5H1206
Flavanonols
Taxifolin” 17.03 303.0506 303.0510 -1.50 285.0391(100), 177.0185(14.36), 125.0239(10.77) Ci5H1207
Astilbin (1) 17.39 449.1090 449.1089 0.10 303.0498(100), 285.0393(93.25), 151.0031(27.06) Co1H22014
Astilbin (2) 18.23 449.1084 449.1089 -1.19 303.0494(100), 285.0390(82.97), 151.0029(26.16) Cy1H2201y
Flavonols
Quercetin-3-0-glucoside’ 17.21 463.0879 463.0882 -0.72 301.0344(100), 300.0268(31.95) Co1Hp0012
Quercetin-3-O-glucuronide” 17.28 477.0670 477.0675 —0.98 301.0340(100) Co1H18013
Kaempferol-3-0-glucoside™ 18.41 447.0930 447.0933 —0.54 284.03113(100), 285.0391(73.74), 327.0496(16.43), Ca1H20011
255.0287(10.42)
STILBENES
Resveratrol C-hexoside 13.68 389.1238 389.1242 —-0.95 269.0807(100), 299.0810(2.61), 241.0857(2.42) Ca0H2205
Restrytisol (A or B) 15,12 471.1442 471.1449 -1.48 255.0653(100), 377.1018(53.27), 349.1070(43.20) C2gH240,
Oxyresveratrol 15.51 243.0659 243.0663 —1.48 201.0547(100), 109.0290(57.60), 199.0755(28.10), C14H; 204
215.0703(27.08), 157.0651(8.10)
Oxidized stilbenoid dimer (1) 16.19 471.1449 471.1449 —0.06 349.1067(100) CogHa407
Stilbenoid dimer 1 (Caraphenol B/C) 17.81 469.1286 469.1293 —1.45 451.1183(100), 363.0870(38.83), 375.0867(28.66), CogH2207
281.0448(1.28)
Oxidized stilbenoid dimer (2) 18.90 471.1446 471.1449 -0.71 349.1070(100), 255.0654(20.66). CogH2407
Stilbenoid dimer 2 (heterodimer) 19.26 469.1288 469.1293 —-0.92 363.0861(100), 375.0860(39.24), 451.1169(6.21) CosH2204
Pallidol 19.52 453.1341 453.1344 —0.52 359.0918(100), 265.0499(8.70) CasH2206
(E)-resveratrol’ 20.28 227.0709 227.0714 -2.03 185.0600(100), 183.0808(37.78), 159.0809(28.91), C14H;203
157.0653(23.39), 143.0497(16.53)
Stilbene dimer (resveratrol dimer) 20.63 453.1338 453.1344 -1.26 359.0914(100), 289.0859(6.64) CasH220¢
Stilbenoid trimer 20.77 681.2123 681.2130 —1.07 453.1324(100), 359.0906(72.94), 331.0963(62.31), C42H3404¢
587.1672(26.06), 227.0702(24.41)
Resveratrol dimer-O-hexoside 20.85 615.1866 615.1872 —1.02 453.1323(100) Ca4H32091
Stilbenoid dimer 3 (Scirpusin A) 21.31 469.1289 469.1293 -2.09 375.0861(100), 385.1067(52.43), 359.0913(36.46). CogH2207
451.1172(22.49), 241.0497(16.56), 347.0912(12.55)
Stilbenoid tetramer(Hopeaphenol/ 21.44 905.2580 905.2568 1.29 811.2148(100), 717.1739(71.83), 451.1164(10.45). Cs6Hy2042
Isohopeaphenol) 359.0908(7.98)
(E)-e-viniferin’ 21.69 453.1336 453.1344 -1.58 359.0922(90.11), 347.0918(43.73), 435.1234(20.95) C2sH220¢

: Comparison with standard. tg, retention times; Isomers are shown in the bracket.

ions at m/z 257.0077 (loss of CO2), m/z 229.0131 (loss of CO2 and CO),
and m/z 185.0235 (loss of two CO; and one CO) (Yan, Yin, Ma, & Liu,
2014), and was further confirmed by comparison with its pure standard.
Ellagic acid pentoside showed fragment ions at m/z 300.9976, due to the
loss of a pentosyl unit (132 Da) (Gasperotti, Masuero, Vrhovsek, Guella,
& Mattivi, 2010). The presence of gallic and ellagic acids indicated that
grape canes contain hydrolyzable tannins (Luque-Rodriguez, Pérez-
Juan, & Luque De Castro, 2006), which were hydrolyzed under the
superheating conditions of pilot-plant extraction.

Two phenolic aldehydes were detected, hydroxybenzaldehyde (m/z

121.0294) and protocatechuic aldehyde (m/z 137.0242), which both
gave the similar fragments at m/z 93.0296 and m/z 93.0343, arising
from the losses of CO (28 Da) and CO2 (44 Da) moieties, respectively.
Furthermore, protocatechuic aldehyde showed a fragment at m/z
109.0291 corresponding to the loss of a carbon monoxide molecule.
Phenolic aldehydes were probably generated by heat-induced lignin
degradation (Luque-Rodriguez et al., 2006). A high percentage of lignin
(38.7%) was observed in grape canes in a previous study (Riquelme
et al., 2019).

Ethyl protocatechuate (m/z 181.0504) was also tentatively
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identified. MS? of m/z 181.0504 produced ions at m/z 153.0187[M —
CH2CH3] ™ and m/z 109.0290[M — CHoCH3 —CO2] ~ (Baderschneider &
Winterhalter, 2001). The presence of this compound could be attributed
to the condensation of the protocatechuic acid with ethanol.

3.1.2. Flavonoids

This phenolic class is subdivided into subclasses of flavanols, flava-
nones, flavanonols, and flavonol derivatives.

Flavanols. Proanthocyanidins, also referred to as condensed tannins,
have been extensively reported in grape canes (Cebrian-Tarancon et al.,
2018a; Escobar-Avello et al., 2019; Montero, Saez, von Baer, Cifuentes,
& Herrero, 2018; Sdez et al., 2018b). However, in the grape cane pilot
plant extract only three flavanols were detected in MS® mode.

The identification of catechin (m/z 289.0715) and epicatechin (m/z
289.0714) was confirmed by comparison with standards. These com-
pounds have been previously reported in laboratory-scale grape cane
extracts (Escobar-Avello et al., 2019).

A procyanidin A-type dimer (m/z 575.1194) was tentatively identi-
fied. The MS? spectrum of m/z 575.1194 showed ions at m/z 449.0856,
289.0710, 539.0912, and 285.0390. The ion at m/z 449.0856 corre-
sponded to the elimination of a phloroglucinol (126 Da) molecule from
the A-type dimer. The ions at m/z 289.0710 and 285.0390 arose from
quinone methide cleavage of the A-type linkage (Li et al., 2012). The ion
at m/z 539.0912 was attributed to the loss of two water molecules (36
Da). A procyanidin A-type dimer has not been previously detected in
laboratory-scale grape cane extracts, although five type-B dimers (at m/z
577) were successfully identified (Escobar-Avello et al., 2019). A likely
explanation is that B-type procyanidin dimers can be converted into A-
type dimers by radical oxidation (Kondo et al., 2000; Osman & Wong,
2007). In addition, other studies have determined that the conversion is
significantly affected by temperature and pH (Chen, Yuan, Chen, Jia, &
Li, 2014). Therefore, the presence of a procyanidin A-type dimer in the
extract was attributed to the oxidative environment in the pilot plant
reactor.

The minor presence of oligomeric procyanidins and prodelphinidins
contrasts with the results previously obtained on a laboratory scale
(Escobar-Avello et al., 2019), and could be explained by the epimeri-
zation, hydrolysis, and oxidation/condensation reactions of the tannins
caused by the temperature (80 °C) and oxygen in the pilot plant reactor.
Similarly, flavan-3-ols could undergo oligo/polymerization under heat
treatment (Fan et al., 2016). Polymerization and degradation processes
of these compound classes have been previously studied by UHPLC-LTQ-
Orbitrap-HRMS (Vallverdi-Queralt et al., 2017).

Flavanones. Eriodictyol and two of its glycoside isomers were
detected. Eriodictyol (m/z 287.0555) revealed product ions at m/z
151.0033 and m/z 135.0446 corresponding to retro-Diels-Alder frag-
mentation in the C-ring, and was confirmed by comparison with the
standard. Two eriodictyol-O-glucoside (m/z 449.1090, tg, 13.58 min; m/
2z 449.1089, tg. 19.05 min) generated ions at m/z 287.0546 and m/z
287.0550, respectively, and were tentatively identified based on accu-
rate mass measures and cleavage of the glycoside moieties (162 Da).

Flavanonols. Taxifolin (m/z 303.0506) and two of its glycoside iso-
mers, astilbin 1-2 (m/z 449.1090, tg 17.39 min; m/z 449.1084, tg
18.23 min), were identified. Both astilbin isomers exhibited cleavage of
the rhamnosyl moiety (146 Da), generating ions at m/z 303.0498 and m/
z 303.0494 (taxifolin), and ions at m/z 285.0393 and m/z 285.0390 due
to the consecutive loss of a water molecule (18 Da). Taxifolin (or
dihydroquercetin) was confirmed by comparison with its pure standard.
These compounds was recently reported in grape canes (Escobar-Avello
et al., 2019).

Flavonols. Quercetin-3-O-glucoside (m/z 463.0879), quercetin-3-O-
glucuronide (m/z 477.0670), and kaempferol-3-O-glucoside (m/z
447.0930) were identified by comparison with pure standards. All have
been previously reported in grape cane extracts (Escobar-Avello et al.,
2019; Moreira et al., 2018). In a study of six onion varieties submitted to
different temperatures, Sharma et al. (2015) reported that quercetin and
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its glucoside derivatives increased at 120 °C, subsequently decreasing at
150 °C. Our results are consistent with these findings, as the flavonol
glycosides were not affected by pilot plant extraction conditions.

3.1.3. Stilbenes

Stilbenoids, probably the most investigated phenolic group in grape
canes, exhibit many patterns of oligomerization and glycosylation.
Oligomeric stilbenes are generated by oxidative coupling of trans-
resveratrol, isorhapontigenin, oxyresveratrol, or piceatannol (Riviere,
Pawlus, & Mérillon, 2012).

(E)-resveratrol (m/z 227.0709) showed product ions at m/z
185.0600, 183.0808, 159.0809, 157.0653 and 143.0497 and was
confirmed by comparing the retention time and MS? data with an
authentic standard. Oxidation of resveratrol generates some well-known
dimeric compounds and also other complex oxidized derivatives. Thus,
although some compounds were tentatively identified by comparing
accurate mass and fragmentation patterns with those in the literature,
their precise structures should be elucidated by NMR spectroscopy
techniques.

Oxyresveratrol (m/z 243.0659), two oxidized stilbenoid dimers (m/z
471.1449, tg. 16.19 min; m/z 471.1446, tg. 18.90 min), and restrytisol A
or B (m/z 471.1442) were tentatively identified in the grape cane pilot
plant extract. Oxyresveratrol was identified by comparison with the
mass spectra reported by Huang et al. (2010). The precursor ion at m/z
471.1442 of restrytisol (A or B) showed product ions at m/z 377.1018,
349.1070, and 255.0653. The MS? of both oxidized stilbenoid dimers
(m/z 471) showed an intense product ion at m/z 349.1067 and m/z
349.1070, while stilbenoid dimer 2 also gave a product ion at m/z
255.0654. Restrytisol (A or B) and oxidized stilbenoid dimers have been
previously identified in grape canes (Escobar-Avello et al., 2019).

(E)-e-viniferin (m/z 453.1336) was verified by matching with a pure
standard. The MS? of (E)-e-viniferin showed ions at m/z 435.1234,
359.0922, and 347.0918. Pallidol (m/z 453.1341) was also tentatively
identified by comparing the fragments with literature data (Flamini &
De Rosso, 2018). The ion at m/z 265.0499 is characteristic of pallidol
and could be essential for identification by mass spectrometry. An un-
defined stilbenoid dimer (m/z 453.1338) produced ions at m/z
359.0914, corresponding to the loss of a phenol (94 Da), and at m/z
289.0859, associated with the sequential losses of CO (28 Da) and H2C
= C = O (42 Da). The latter fragment has been observed for different
regioisomers, such as parthenocissin A, quadrangularin A, and ampe-
lopsin D (Flamini & De Rosso, 2018; Moss, Mao, Taylor, & Saucier,
2013).

Three dimers with [M — H] ™ ion signals at m/z 469 were tentatively
identified. Stilbenoid dimer 1 (m/z 469.1286) produced MS? ions at m/z
451.1183, 363.0870, 375.0867, and 281.0448, the latter reported by
Piissa et al. (2006) for caraphenol. Caraphenol B and C were initially
isolated from the roots of Caragana sinica, and their structures were
elucidated through spectroscopic methods (Luo, Zhang, & Hu, 2001),
only to be revised and then confirmed by synthesis (Snyder & Brill,
2011). Therefore, using our spectrometry approach, it was not plausible
to assign the name of the structure with precision. Stilbenoid dimer 2
(m/z 469.1288) showed a similar fragmentation pattern, although with
the absence of the ion at m/z 281.0448. Stilbenoid dimer 3 (m/z
469.1289) gave product ions at m/z 451.1172, 385.1067, 375.0861,
359.0913, 347.0912, and 241.0497. The product ion at m/z 241.0497 is
characteristic of scirpusin A, as verified previously by NMR analysis
(Saez et al., 2018).

Two glycosylated stilbenes were tentatively identified by comparing
their mass spectra with the literature (Escobar-Avello et al., 2019).
Resveratrol C-hexoside (m/z 389.1238) showed fragment ions at m/z
269.0807, 299.0810, and 241.0857 corresponding to the losses of 120
Da and 90 Da, characteristic of C-hexosides. Resveratrol dimer-O-
hexoside (m/z 615.1866) was also detected and gave an intense product
ion at m/z 453.1323 arising from the loss of a sugar moiety (162 Da).
Various resveratrol glycoside dimers have been experimentally
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demonstrated by NMR in Riesling wine, including e-viniferin digluco-
sides, and pallidol mono- and diglucosides (Baderschneider & Winter-
halter, 2000). Likewise, a resveratrol trans-dehydrodimer (§-viniferin)
and its 11- and 11‘-p-O-glucosides have been reported in cell suspension
cultures of V. vinifera (Waffo-Teguo et al., 2001). The glycosylation of
resveratrol may help to protect compounds from enzymatic oxidation
and extend their half-life in cell tissues (Regev-Shoshani, Shoseyov,
Bilkis, & Kerem, 2003).

A stilbenoid trimer (m/z 681.2123) was also tentatively identified,
showing product ions at m/z 587.1672, 453.1324, 359.0906, 331.0963,
and 227.0702, which were generated by the typical stilbenoid losses of a
phenol (94 Da), a unit of resveratrol (228 Da), and a phenol group (94
Da) from the ion at m/z 453. The product ion at m/z 331.0963 was
probably due to the loss of CyHgO5 (122 Da) from m/z 453.1324 or a loss
of CO (28 Da) from the ion at m/z 359.0906. Additionally, the presence
of a deprotonated resveratrol unit was detected at m/z 227.0702. The
proposed fragmentation pathway for the stilbenoid trimer (m/z
681.2123) is illustrated in Fig. 2.

A tentatively identified stilbenoid tetramer (m/z 905.2580) gave a
mixed spectrum, apparently due to the co-elution of hopeaphenol and
isohopeaphenol, which have been previously identified in grape canes
(Escobar-Avello et al., 2019). The main product ions detected at m/z
811.2148,717.1739, 451.1164, and 359.0908 were produced following
the characteristic fragmentation pathway of stilbene oligomers (Moss
et al., 2013).

The higher-order oligomers are often the product of either oxidative
coupling to resveratrol/e-viniferin or an intermolecular Friedel — Crafts
reaction (Keylor, Matsuura, & Stephenson, 2015). These routes can
generate highly diverse and complex structures, entailing additional
studies for the elucidation of the oligomers. Furthermore, several un-
controlled reactions could occur in the oxidative environment of the
pilot-plant reactor leading to new and unknown compounds.

3.2. Concentrations of individual phenolic compounds in the grape cane
pilot-plant extract.

The semi-quantification of phenolic compounds was performed by
external calibration curves using six reference compounds. The linearity
of the method obtained with a regression coefficient (Rz) was higher

Resveratrol (C,,H;,0;)
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than 0.9819. The LOD values range from 0.215 to 1.781 mg/L, whereas
the LOQ values range from 0.652 to 5.396 mg/L (Table 1).

The main phenolic classes obtained in the grape cane pilot-plant
extract were stilbenes (55%), phenolic acids and aldehydes (28%),
and flavonoids (17%), as shown in Fig. 3 A. The individual semi-
quantification of phenolic compounds in the grape cane extract ob-
tained on a pilot-scale is presented in Fig. 3 C-E.

3.2.1. Phenolic acids and aldehydes

Phenolic acids found abundantly in agro-food waste have application
in the cosmetic, pharmaceutical, and polymer industries (Tinilul,
Chenprakhon, Maenpuen, & Chaiyen, 2018). They are also used in the
food and beverage industry for their organoleptic, color, sensory,
nutritional, and antioxidant properties (Valanciene et al., 2020).

The total amount of phenolic acids and aldehydes in the grape cane
pilot-plant extract was 4117 + 530 mg/kg DW (Fig. 3A). The predom-
inant phenolic aldehyde was hydroxybenzaldehyde (1295 + 131 mg/kg
DW) (Fig. 3C), and the high amount of hydroxybenzaldehyde acid was
likely due to the thermal degradation of lignin. Also detected in high
levels was protocatechuic aldehyde (711 + 100 mg/kg DW). Proto-
catechuic acid was previously quantified in grape canes at concentra-
tions of 3 to 379 mg/kg (Luque-Rodriguez et al., 2006; Sanchez-Gomez
etal., 2014). Protocatechuic aldehyde has been studied for its regulatory
effects on myocardial fibrosis, which is associated with cardiovascular
disease (Wan et al., 2019). Additionally, an isomer of protocatechuic
acid-O-hexoside was quantified (388 + 53 mg/kg DW).

The presence of hydrolyzable tannins in grape canes could be
explained by the high levels of ellagic acid and gallic acid (Luque-
Rodriguez et al., 2006), which were hydrolyzed by the pilot plant
extraction conditions. Ellagic acid was observed in high levels (284 4 7
mg/kg DW), representing a recovery up to 5-fold higher than values
reported in previous studies (0.01 to 53.25 mg/kg) (Goufo et al., 2020).
In contrast, the ellagic acid pentoside (164 + 16 mg/kg DW) was
detected in minor levels.

The concentration of gallic acid (279 + 58 mg/kg DW) was in
agreement with levels reported for different vine-shoot cultivars using
superheated liquid extraction (Delgado-Torre, Ferreiro-Vera, Priego-
Capote, Pérez-Juan, & Luque De Castro, 2012). A derivative of gallic
acid identified as gallic acid ethyl ester (ethyl gallate) was also detected
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Fig. 2. Proposed fragmentation pathway for a stilbenoid trimer (m/z 681.2123).
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Fig. 3. Semi-quantification of phenolic compounds in a grape cane pilot-plant extract (expressed in mg/kg DW). (A) Concentration and percentage levels of each
phenolic class in the extract. (B) Cumulative levels of flavonoid subclasses: flavanonols (expressed in equivalents of taxifolin), flavanones (expressed in equivalents of
eriodictyol), and flavanols (expressed in equivalents of epicatechin). (C) Levels of individual phenolic acids and aldehydes (expressed in equivalents of gallic acid).
(D) Levels of individual flavonoids. (E) Levels of individual stilbenes (expressed as: *(E)-resveratrol equivalents and “(E)-e-viniferin equivalents).

(45 + 8 mg/kg DW). This metabolite is reported in plants, but as it can Torre et al., 2012). This compound has very promising inhibitory
also be formed by gallic acid condensation with ethanol, its origin in the properties against neurodegenerative diseases like Alzheimer’s and

extract is difficult to establish. Parkinson’s (Krzysztoforska, Mirowska-Guzel, & Widy-Tyszkiewicz,
Monogalloyl-glucose was found at low levels (42 + 6 mg/kg DW), 2019). The high level of ethyl protocatechuate (283 + 45 mg/kg DW)
although its detection provided evidence for the presence of gallo- is provisionally attributed to the condensation of protocatechuic acid
tannins in the grape cane pilot plant extract. with ethanol.
The concentration of protocatechuic acid (266 + 47 mg/kg DW) was Two hydroxycinnamic acids, caftaric (135 4+ 21 mg/kg DW) and
in accordance with the results reported for vine shoots of grape cultivars coutaric (97 + 20 mg/kg DW) acids, were semi-quantified at higher
such as Tempranillo, Cabernet Franc, Malbec, and Mazuelo (Delgado- levels than a previous reported (77.60 and 19.39 mg/kg, respectively)

Pagina | 87



RESULTADOS

D. Escobar-Avello et al.

(Goufo et al., 2020). Caftaric acid has shown anti-oxidant and anti-
inflammatory effects in indomethacin-induced gastric ulcers (Tanyeli
et al., 2019).

The concentration of 4-hydroxybenzoic acid (69 + 8 mg/kg DW) is
similar to levels reported in Sauvignon Blanc vine-shoot extracts using
superheated liquid extraction (Delgado-Torre et al., 2012). 4-hydroxy-
benzoic acid has recently emerged as a promising intermediate for
diverse value-added bioproducts with potential biotechnological appli-
cations in food, pharmacy, cosmetics, and fungicides (Wang, Bilal, Hu,
Wang, & Zhang, 2018). We also detected a low concentration of
hydroxybenzoyl hexoside (59 + 10 mg/kg DW).

3.2.2. Flavonoids

Flavonoids have a wide variety of cosmetic, nutraceutical, and
pharmaceutical applications, due to their anti-inflammatory and anti-
oxidative properties (Panche, Diwan, & Chandra, 2016).

The cumulative concentration of flavonoids recovered from the pilot
plant grape cane extract was 2492 + 408 mg/kg DW (Fig. 3A). The
highest level was observed for flavanonols (2100 + 336 mg/kg DW),
followed by flavanols (249 + 38 mg/kg DW), and flavanones (143 + 34
mg/kg DW) (Fig. 3B), while three flavonols were detected but not
quantified.

Flavanonols. High levels of two isomers of astilbin 1 (1352 + 208 mg/
kg DW) and astilbin 2 (479 + 76 mg/kg DW) were observed (Fig. 3D).
High levels of astilbin have been reported in Sauvignon grapes during
noble rot stages, suggesting it is used by the plant to fight against
botrytis (Landrault et al., 2002). Taxifolin was also detected in a sig-
nificant concentration (269 + 52 mg/kg DW), similar to a study using
ohmic heating to extract bioactive compounds from Loureiro vine
pruning residue collected in Minho-Portugal (Jesus et al., 2020). Taxi-
folin has shown a wide range of pharmacological properties, such as an
antimicrobial, antioxidant, anti-Alzheimer, hepatoprotective, and car-
dioprotective (Sunil & Xu, 2019), and is therefore of interest for the
development of new natural drugs for the control of various illnesses.

Flavanols. Highly variable levels of the extensively studied catechin
were recently reported in grape canes (65 to 6735 mg/kg) (Goufo et al.,
2020). The concentration in our study (249 + 38 mg/kg DW) (Fig. 3D)
was similar to the results obtained with toasted vine-shoot chips of Airén
and Cencibel varieties extracted at 180 °C for 45 min (Cebrian-Tarancon
et al., 2018b). Epicatechin and procyanidin A-type dimer were detected
but not quantified (<LOQ). Procyanidin A-type dimer may be the result
of thermal conversion from B-type procyanidin dimers, which seem
sensitive to thermal-oxidative processes.

Flavanones. As well as the parent compound eriodictyol (143 + 34
mg/kg DW), two glycosides, eriodictyol-O-glucoside isomers 2 and 1,
were detected but not quantified (<LOQ). These compounds are not
commonly found in grape canes, although they were also identified in
our previous work (Escobar-Avello et al., 2019). Eriodictyol defends
against oxidative stress and could have application in nutraceuticals for
the prevention of cardiovascular disease (Lee et al., 2015).

Flavonols. Three flavonols: quercetin-3-O-glucuronide, quercetin-3-
O-glucoside, and kaempferol-3-O-glucoside were also only detected but
not quantified (<LOQ). Although predominant in grapevine leaves
(Goufo et al., 2020), these flavonols are not usually reported in grape
canes. Notwithstanding, all these compounds have been previously
quantified in whole Bois Noir-infected and also healthy Chardonnay
canes (Rusjan & Mikulic-Petkovsek, 2015). Glycosylated quercetin and
kaempferol have potential as natural drugs because of their anti-
influenza, anti-leishmania, and anti-inflammatory activities (Xiao,
2017).

3.2.3. Stilbenes

The most studied stilbene, resveratrol, is associated with activity
against pathologies related to oxidative stress, inflammatory bio-
markers, type 2 diabetes, and cardiovascular and neurological diseases
(Ramirez-Garza et al., 2018).
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Stilbenoids were the predominant polyphenol class detected in the
grape cane extract (8174 + 1185 mg/kg DW in total) (Fig. 3A). The most
abundant was (E)-e-viniferin (3962 + 485 mg/kg DW) (Fig. 3E), its
concentration almost 3-fold higher than in a previous study of a Pinot
noir grape cane extract obtained using ultrasound under laboratory
conditions (Saez et al., 2018). A stilbenoid (resveratrol) dimer (239 +
51 mg/kg DW) and pallidol (393 + 71 mg/kg DW) were semi-quantified,
the concentration of the latter falling within the range previously re-
ported in grape canes (4 to 1276 mg/kg) (Goufo et al., 2020).

Three stilbenoid heterodimers (at m/z 469) were observed, the most
abundant being heterodimer 1 (Caraphenol B/C) (1683 + 236 mg/kg
DW), while heterodimers 2 and 3 were only detected but not quantified
(<LOQ). An isomer at m/z 469, namely ampelopsin A, has been previ-
ously quantified in grape canes (204-207 mg/kg) (Saez, Gayoso, et al.,
2018).

High levels of a stilbenoid tetramer (hopeaphenol/isohopeaphenol)
(974 + 227 mg/kg DW) were also found. Both hopeaphenol and iso-
hopeaphenol have been detected in grapevine canes at higher concen-
trations (1439 and 3521 mg/kg, respectively) (Goufo et al., 2020),
whereas a comparable level of hopeaphenol (1126 + 294 mg/kg DW)
was detected in woody canes of Pinot noir collected in France (Lambert
et al., 2013).

The concentration of (E)-resveratrol (502 + 50 mg/kg DW), although
significant, was lower than the levels obtained by Vergara et al. (2012)
(723 to 5590 mg/kg) in extracts obtained using ultrasound under lab-
oratory conditions from eleven samples of Pinot noir collected in
different locations of Southern Chile. The lower levels of resveratrol in
our study could be due to oxidation, degradation, and epimerization
reactions during the pilot plant extraction. The oxidation of resveratrol
is simple and can be mediated by plant constituents such as peroxidases,
exogenous fungal laccases, and also reactive oxygen species generated
by UV irradiation (Keylor et al., 2015).

The oxidized dimer with the highest concentration was restrytisol (A
or B) (421 + 65 mg/kg DW). Oxidized stilbenoid dimers have been
previously identified in grape canes of the Pinot noir variety, one at
notably high concentrations (up to 868 + 14 mg/kg DW) (Sdez et al.,
2018).

Finally, we also detected a low amount of oxyresveratrol, resveratrol
C-glucoside, resveratrol dimer-O-hexoside, and an unidentified stilbe-
noid trimer. However, all of them were below the quantification limit
(<LOQ).

3.3. Antioxidant capacity of grape cane pilot-plant extract

The antioxidant capacity of grape canes has been studied by several
authors (Dorosh et al., 2020; Jesus et al., 2019; Karacabey & Mazza,
2010; Moreira et al., 2018) and through diverse methods of antioxidant
capacity. High variability in the antioxidant activity has been found in
the literature, which could be partially explained by grape canes variety,
extractions conditions, or analytical protocols used in each study.

The antioxidant capacity of grape cane pilot-plant extract measured
by the radical antioxidant scavenging potential (ABTS' ), and by assay
of oxygen radical absorbance capacity using fluorescein (ORAC-FL)
were 2209 + 125 pmol TE/g DW and 4612 + 155 uymol TE/g DW,
respectively. Those concentrations were very similar to a previous study
of a Pinot noir grape cane extraction at a bench-scale of 7L where the
values found were 1954 + 264 umol TE/g and 6895 + 996 umol TE/g,
respectively and under the same extraction conditions (Riquelme et al.,
2019).

4. Conclusion

Pilot-plant scale extraction of grape canes allowed the recovery of 44
phenolic compounds. Grape cane pilot-plant extract showed a high
antioxidant capacity measured by ABTS™" (2209 + 125 umol TE/g DW)
and ORAC-FL (4612 + 155 umol TE/g DW). The most diverse classes
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were phenolic acids and aldehydes (17), while the most predominant
were the stilbenes (8174 + 1185 mg/kg DW), (E)-e-viniferin being the
most abundant (3962 + 485 mg/kg DW).

The phenolic composition of grape cane extracts is highly dependent
on the extraction conditions. The phenolic profile obtained on a pilot
scale showed some differences compared with a previous laboratory-
scale extraction (Escobar-Avello et al., 2019). The most relevant dif-
ferences were the minor presence of oligomeric procyanidins and pro-
delphinidins. Moreover, phenolic aldehydes were only present in pilot
grape cane extract. These differences highlight the importance of car-
rying out a comprehensive characterization of phenolic profiles in the
scale-up process before industrial exploitation. Their unique mixture of
phenolic compounds makes grape cane pilot-plant extracts a promising
by-product for the development of novel nutraceutical and pharma-
ceutical products.
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RESUMEN:

Los sarmientos, principales subproductos de la industria vitivinicola, contienen
compuestos fendlicos bioactivos de alto valor, cuya aplicacién se encuentra limitada por
su inestabilidad y escasa solubilidad en agua. La encapsulacién en ciclodextrinas
permite superar estos inconvenientes. En este trabajo, se encapsuld un extracto de
sarmientos a escala de planta piloto (GCppe) en hidroxipropil beta-ciclodextrina (HP-4-
CD) mediante una técnica de secado por atomizacién y se confirmé la formacion del
complejo de inclusion por microscopia y espectroscopia infrarroja. El perfil fendlico del
complejo se analizd mediante LC-ESI-LTQ-Orbitrap-MS y ademés se determiné la
eficiencia de encapsulacion de los compuestos fendlicos. Se identificaron 42
compuestos entre estilbenos, flavonoides y acidos fendlicos, y se detectd un complejo
de (epi) catequina con S-CD, lo que confirmé la interaccion entre polifenoles y
ciclodextrina. La eficiencia de encapsulacion para el extracto total fue 80.5 + 1.1%, con
restrytisol mostrando el valor mas alto (97.0 + 0.6%) y (E)-resveratrol (32.7 + 2.8%) el
valor mas bajo. La capacidad antioxidante del complejo de inclusion, determinada por
ORAC-FL, fue de 5300 + 472 umol TE/g DW, valor similar al obtenido para el extracto
no encapsulado. Esta formulacion podria usarse para mejorar la estabilidad, solubilidad
y biodisponibilidad de los compuestos fendlicos del GCppe en aplicaciones alimentarias

y farmacéuticas solubles en agua.
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Abstract: Grape canes, the main byproducts of the viticulture industry, contain high-value bioactive
phenolic compounds, whose application is limited by their instability and poorly solubility in water.
Encapsulation in cyclodextrins allows these drawbacks to be overcome. In this work, a grape cane
pilot-plant extract (GCppg) was encapsulated in hydroxypropyl beta-cyclodextrin (HP-5-CD) by a
spray-drying technique and the formation of an inclusion complex was confirmed by microscopy and
infrared spectroscopy. The phenolic profile of the complex was analyzed by LC-ESI-LTQ-Orbitrap-MS
and the encapsulation efficiency of the phenolic compounds was determined. A total of 42 compounds
were identified, including stilbenes, flavonoids, and phenolic acids, and a complex of (epi)catechin
with B-CD was detected, confirming the interaction between polyphenols and cyclodextrin. The
encapsulation efficiency for the total extract was 80.5 £ 1.1%, with restrytisol showing the highest
value (97.0 £ 0.6%) and (E)-resveratrol (32.7 & 2.8%) the lowest value. The antioxidant capacity of
the inclusion complex, determined by ORAC-FL, was 5300 £ 472 pmol TE/g DW, which was similar
to the value obtained for the unencapsulated extract. This formulation might be used to improve the
stability, solubility, and bioavailability of phenolic compounds of the GCppg, for water-soluble food
and pharmaceutical applications.

Keywords: microencapsulation; cyclodextrin; vine shoots; food waste; Vitis vinifera L.; polyphenols;
stilbenoids; mass spectrometry; Fourier Transform Infrared Spectroscopy; Scanning Electron Microscopy

1. Introduction

The generation of food and agricultural waste is a growing problem, with negative
impacts on the economy, environment, and human health. Therefore, the integral valoriza-
tion of these wastes by conversion into bioenergy or recovery of chemical compounds
for biobased products is a technological challenge for achieving a circular economy. Al-
ternative ways of disposing of food waste include the valorization of byproducts as a
source of phenolic compounds used to fortify high-consumption foods or to formulate new
functional foods [1].
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Grape canes of V. vinifera L. produced during pruning are the main byproduct of
viticulture, and millions of tons are generated worldwide every year [2,3]. With the aim of
developing a circular economy by an integrated biorefinery strategy, grape canes are being
investigated as a high-value resource due to their attractive chemical composition and
potential industrial applications. These include SO, substitution in wine to improve wine
quality [4], usage as a cosmetic ingredient [5] and as a filler in food packaging [4,6], and for
the recovery of hemicellulosic oligosaccharides, lignin, and cellulosic substrates [7]. Above
all, however, grape canes have been studied for their nutraceutical applications, as they
contain high-added-value phenolic compounds with wide-ranging biological properties.

Grape canes contain a complex mixture of phenolic compounds, including phenolic
acids (hydroxybenzoic acid and hydroxycinnamic acids), flavonoids (mainly proantho-
cyanidins, flavonols, flavanonol and flavanones), and stilbenes (monomers, dimers, and
oligomers). The most abundant phenolic compounds are proanthocyanidins and stilbene
oligomers [8,9]. The phenolic composition of V. vinifera plants is genetically determined
and strongly influenced by environmental conditions such as water stress [10]. Other
determining factors, which particularly affect the stilbenes content, are the cultivar [11], the
geographic region of cultivation [12], and the time, temperature, and humidity of storage
after pruning [13]. Moreover, the yields of phenolic compounds such as resveratrol and
e-viniferin are highly dependent on variables of the extraction methods such as grape
cane particle size, the type of solvent, temperature, duration, and the effects of light [14].
Furthermore, the phenolic profile of grape canes can also be altered by the extraction
and scale-up process, where oxidation, degradation, or polymerization of proanthocyani-
dins have been observed, as well as the formation of phenolic aldehydes [2]. Phenolic
compounds are known to be unstable and sensitive to high temperature, light, pH, and
oxidative and degradative enzymes, which affects the phenolic profile of extracts. It is
therefore important to find a strategy to protect phenolic compounds, and preserve their
biological activities and properties. Enhancing their bioaccessibility and bioavailability
and promoting their transport for absorption by the human body are also of great inter-
est. Accordingly, new approaches, such as encapsulation with cyclodextrins, have been
developed to overcome these drawbacks. [15].

Cyclodextrins are highly biocompatible and have been approved by the Food and
Drug Administration (FDA) as safe for humans. Several research studies have described the
complexation of phenolic compounds with cyclodextrins [15], which provides protection
from environmental conditions and improves bioactive shelf-life. Cyclodextrins, which
have a truncated cone-shaped structure, possess a hydrophobic interior and a hydrophilic
outer surface. Complexation in cyclodextrins improves the water solubility of phenolic
compounds, which is otherwise relatively poor. The stability of the complex is maintained
via hydrophobic forces, van der Waals interactions and hydrogen bonding [15]. Therefore,
encapsulation of the bioactive molecule by cyclodextrin alters the physicochemical prop-
erties of both agents. Nevertheless, the effect of cyclodextrins on the profile of phenolic
compounds from grape canes after encapsulation needs further study.

In this context, we encapsulated a previously characterized grape cane pilot-plant
extract [2] in HP-B-CD by a spray-drying technique, using maltodextrin (MD) as a coating
material. The physicochemical properties and parameters of the encapsulation process
were determined, and the complex formation was verified by scanning electron microscopy
(SEM) and Fourier Transform Infrared Spectroscopy with diamond attenuated total re-
flectance (FTIR-ATR). In addition, the phenolic profile of the inclusion complex was in-
vestigated using LC-ESI-LTQ-Orbitrap-MS, and encapsulation efficiency and antioxidant
capacity were determined. The microencapsulated extract is envisaged as a functional
ingredient of food, cosmetics, biomaterials, and other biobased products.
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2. Materials and Methods
2.1. Chemicals and Reagents

Gallic, 4-hydroxybenzoic, and ellagic acids, catechin, epicatechin, (E)-resveratrol,
(E)-e-viniferin, (E)-piceatannol, eriodictyol, taxifolin, quercetin, quercetin-3-O-glucoside,
and quercetin-3-O-glucuronide were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Gallic acid and kaempferol-3-O-glucoside were acquired from Extrasynthese (Genay,
Auvergne-Rhone-Alpes, France). Ischopeaphenol and hopeaphenol were kindly given by
the research group of Prof. Dr. Peter Winterhalter (Institute of Food Chemistry, Technical
University Braunschweig, Lower Saxony, Germany). Light exposure was avoided when
manipulating the standards.

HPLC-grade acetonitrile, formic acid, ethanol, and water were purchased from Merck
(Darmstadt, Hesse, Germany). Ultrapure water was generated by a Milli-Q water purifica-
tion system Millipore (Bedford, Massachusetts, USA). Potable ethanol (96%) from molasses
employed for pilot-plant scale extraction was purchased from Oxiquim S.A. (Coronel,
Concepcion, Chile).

Hydroxypropyl beta-cyclodextrin (HP-5-CD, Kleptose®, HP oral grade) was pur-
chased from Roquette Fréres (Lestrem, Lillers, France). Maltodextrin (MD) (dextrose
equivalent 16.5-19.5) was obtained from Merck KGaA, (Darmstadt, Hesse, Germany).

2.2. Pilot-Plant Scale Extraction

Grape cane extraction was performed on a pilot-plant scale (750 L) at 80 “C for 100 min,
following our previously reported extraction process [2].

After winter pruning, we collected a total of 500 kg of wet sample grape canes (V.
vinifera L. cv. Pinot noir) from plants in an organic vineyard at Vifia De Neira, located in
Ranquil, Itata Valley, Biobio Region, Chile. All samples were cut into 30-50 cm long pieces
and stored for three months at room temperature (19 °C % 5) and 30-70% relative humidity,
according to previous reports by Riquelme et al. [16] and Patent [13]. We used 67 kg of
dry grape canes from a total sample of 500 kg of wet samples for the pilot-plant extraction,
before which grape canes were crushed in a Retsch grinder (model SM) at 300-2000 rpm
until particle size was less than 1 cm. After extraction, the ethanol used as a solvent for
the extraction was removed and recovered by distillation (absolute pressure 0.05 bar). The
liquid extract was collected in a dark container and protected from light.

2.3. Preparation of Microcapsules by Spray-Drying

The GCppg was in a mixed ethanol/water solution (30:70 v/v). HP--CD was used
to prepare the microcapsules in a proportion of 2.2% w/v with the extract. MD in a
proportion of 10% w/v was used as the coating material. HP-S-CD was slowly added
to a beaker containing 200 mL of GCppg to avoid its agglomeration. The mixture was
continuously stirred at room temperature and protected from the light for 24 h, during
which the encapsulation took place. Then, MD was added slowly, and the mixture was
stirred for a few minutes [17]. The microencapsulated and unencapsulated GCppg were
dried using a Biichi Mini Spray Dryer B-290 (Btichi, Flawil, Switzerland). Inlet temperature
was maintained at 130 °C, while the outlet air temperature was 71 °C. Air inlet and airflow
were 35-40 m?®/h and 473 L/h, respectively. The spray dryer was equipped with a nozzle
tip diameter of 0.7 mm and a peristaltic pump operated at 6-7 mL/min. The dried powder
was collected and stored in an amber airtight container at 4 °C until analysis.

2.4. Determination of the Physical Properties of the Microencapsulated Powders
2.4.1. Moisture Content and Total Solids

The moisture content of the samples was calculated from the weight loss after heating
the sample to 105 °C for 6 h [18].
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2.4.2. Process Yield (PY%)

The yield of the powder process was calculated considering the number of solids
introduced into the spray drying system and the powder obtained at the end of the
technological process [19]. The results were determined according to Equation (1):

oy Powder after spray dry
PY (%) = Solids introduced in the feeding 100 @)

2.4.3. Bulk Density

To determine the bulk density, about 10 g of the spray-dried sample was weighed,
placed in a 25 mL graduated test tube, and the occupied volume was recorded [18].

2.44. Angle of Repose

The angle of repose was determined using a fixed funnel by the following Equation (2)
as in Dadi et al. [18]:
Angle of repose (°) = tan™! (H/R) (2)

where H is the height of the pile and R is its radius at the base.

2.4.5. Size Distribution

The particle size distribution was determined in a particle size analyzer by laser
diffraction with a Mastersizer 3000 (Malvern Instruments, Worcestershire, UK). Samples
were dispersed in MilliQ water (900 mL) under constant stirring (2300 RPM) using a Hydro
EV dispersion unit to achieve a homogeneous suspension. The particle size distribution in
the powder (span) was calculated using Equation (3):

Span = (d90 —dyp)/dso 3)

where dgg, d1g, and ds are the equivalent volume diameters at 90%, 10%, and 50% cumula-
tive volume, respectively [20].

2.5. Scanning Electron Microscopy

The microcapsules and GCppg, were analyzed by scanning electron microscopy (SEM)
using the JSM 6380 LV system (JEOL Techniques Ltd., Tokyo, Japan). The microscope
was operated at 20 kV accelerating voltage. The samples were coated with a gold layer of
about 150 A in thickness, using an Edwards S 150 sputter coater (Agar Scientific, Standsted,
UK) [21].

2.6. Fourier Transform Infrared Analysis

The FTIR absorption spectra of the individual samples of GCppg, HP-B-CD, the in-
clusion complex (IC) (GCppg+HP-B-CD+MD), and the physical mixture were analyzed
separately. The physical mixture (PM) (GCppg/HP-B-CD/MD) was prepared by accurately
weighing HP-A-CD (100 mg), GCppg (100 mg), and MD (20 mg), which were ground
in a mortar until the mixture was homogeneous. The resulting physical mixture was
immediately analyzed by FTIR-ATR.

The FTIR spectra were recorded using a Bruker Alpha T FTIR (Bruker, Germany)
spectrophotometer equipped with a diamond attenuated total reflectance (ATR) unit.
The 32 scans were acquired over a spectral range of 4000-500 cm ! with a resolution of
4 em~1 [22,23]. All spectra were acquired and processed using the OPUS 7.0 software.

2.7. LC-ESI-LTQ-Orbitrap-MS Analyses

Liquid chromatography (LC) analysis was conducted using an Accela chromatograph
(Thermo Scientific, Hemel Hempstead, UK) equipped with a quaternary pump, photodiode
array detector, and thermostated autosampler. Chromatographic separation was performed
in an Atlantis T3 column 2.1 x 100 mm, 3um (Waters, Milford, MA, USA). Gradient elution
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EE (%) =

Phenolic compound of GCPPE — Phenolic compound of the capsule »

of analytes was performed utilizing H,O/0.1% HCOOQOH (solvent A) and CH3CN (solvent B)
at a continuous flow rate of 0.350 mL/min, and an injection volume of 5 uL. The following
gradient was applied: 0 min, 2% B; 0-2 min, 8% B; 2-12 min, 20% B; 12-13 min, 30% B;
13-14 min, 100% B; 14-17 min, 100% B; 17-18 min, 2% B and the column was equilibrated
to the initial conditions for 5 min [24].

The LC equipment was coupled to an LTQ-Orbitrap Velos mass spectrometer (Thermo
Scientific, Hemel Hempstead, UK) employed for accurate mass measurements and equipped
with an electrospray ionization (ESI) source operating in negative mode. The working
parameters were as follows: source voltage, 4 kV; sheath gas, 20 a.u. (arbitrary units);
auxiliary gas, 10 a.u.; sweep gas, 2 a.u.; and capillary temperature, 275 °C. Default values
were used for most of the other acquisition parameters (FT Automatic gain control target
5.10° for MS mode and 5-10* for MS™ mode). Samples were analyzed in FTMS mode with
a resolving power of 30,000 (FWHM at m/z 400) and data-dependent MS5/MS events were
acquired with a resolving power of 15,000. The most intense ions detected in the FTMS
spectrum were chosen for the data-dependent scan. The parent ions were fragmented by
high-energy C-trap dissociation by normalized collision energy of 35 V and an activation
time of 10 ms. The mass range in FTMS mode was from n1/z 100 to 1500. Instrument
control and data recovery were conducted using Xcalibur 3.0 software (Thermo Fisher
Scientific). The tentative identification of analytes was performed by comparing MS/MS
spectra with fragments found in databases and the literature when no standard compound
was available [25].

Individual compounds were semi-quantified using pure standards or the most similar
compounds. Some analytes, such as glycosylated forms, dimers, or oligomers, were
semi-quantified using the aglycone form of the monomer [2].

2.8. Encapsulation Efficiency

Encapsulation efficiency was calculated by considering the nonencapsulated com-
pounds present in the GCppg before the encapsulation process and the encapsulated com-
pounds after the spray drying process. The identification and quantification of phenolic
compounds from GCppg were specified in a previous article [2] (see detail Supplementary
Materials Table 51). Extraction of polyphenols from the microcapsules was performed ac-
cording to the procedure of Robert et al. [26] with minor modifications. Before the analysis,
samples were dissolved in highly pure deionized water containing 0.1% v /v formic acid
(1 mg/mL). The GCppg was centrifuged at 4000 rpm for 5 min at 4 °C. The supernatant
was recovered, and the extraction procedure was repeated twice. The supernatants were
combined and evaporated under nitrogen flow, and the residue was reconstituted in 0.1%
aqueous formic acid (5 mL). The samples were filtered through 0.20 um PTFE membrane
filters (Waters Corporation, Milford, CT, USA) into an amber vial. Subsequently, both sam-
ples were analyzed using LC -ESI-LTQ-Orbitrap- MS to determine the individual degree of
encapsulation according to the method described above (Section 2.7). We estimated the
encapsulation efficiency (EE), according to Radiinz et al. [27], based on Equation (4):

Phenolic compound of GCPPE 100 (4)
2.9. Antioxidant Capacity Assay

The assay of oxygen radical absorbance capacity using fluorescein (ORAC-FL) was
carried out according to the method reported by Ou et al. [28]. The calibration curves were
prepared with Trolox, and results reported as umol Trolox equivalents (TE) by grams of dried
weight (DW) (TE/g DW). All assays were performed in triplicate and protected from light.

2.10. Statistical Analysis

All samples were run at least three times, and results are expressed as means =+ stan-
dard deviations. A p-value < 0.05 was considered statistically significant using Student’s
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t-test with 95% confidence. Statistical analyses were determined using GraphPad Prism
8.0.1 (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion
3.1. Physical Characterization of the Microencapsulated Powder

Table 1 shows the physicochemical properties and process parameters for the GCppg
and inclusion complex (IC) (GCppg+HP--CD+MD). The process yield obtained by spray-
drying for IC (GCppr+HP-3-CD+MD) was 83.8 & 2.6%, which was two-fold higher than
for GCppg alone (38.4 £ 1.2%). Similarly, the total solids increased 2.6-fold for the microen-
capsulated formulation. The high yield of powdered microparticles can be attributed to
the rapid formation of the drying crust, which prevents the powder from adhering to the
drying chamber [29]. Our result constitutes an improvement on the yield (64.5 £ 1.5%) re-
ported by Davidov-Pardo et al. [30], who microencapsulated a grape seed extract using MD.
The high values obtained in our work are promising for the development of industrial-scale
applications.

Table 1. Physical characteristics and process parameters for the grape cane phenolic extract (GCppg) and inclusion complex
(GCppg+HP-3-CD+MD).

Process Parameters Size Distribution Property of Powders
Moisture Solids PY D50 Span Bulk Density Angle of
(%) (® (%) (um) P (g/mL) Repose(°)
GCppg 63+152 11.0+018 384+12° 175+ 042 615+01°7 0.10+0.017 348+05%
IC (GCppg+HP- a b b b a b a
B-CD+MD) 72+03 289+ 0.1 83.8+26 109 £ 0.9 6.14 +0.1 0.19 +0.01 369+13

Results are expressed as means + standard deviations, and values with different superscripts letters in a column indicate significant
differences at p < 0.05.

The particle size distribution and median particle diameter were smaller in the IC
(GCppg+HP-p-CD+MD) than in the GCppg alone; the particle sizes were 10.9 um and
17.5 um, respectively. According to the literature, the diameter of spray-dried particles
depends on the properties of the material, the drying conditions, the atomization method
used, and the concentration and viscosity of the encapsulated material [31]. The span values
of the IC (GCppg+HP-B-CD+MD) and GCppg were very similar, 6.14 and 6.15, respectively,
and were higher than those reported for an aqueous grape skin extract microencapsulated
with Arabic gum, polydextrose, and partially hydrolyzed guar gum, which ranged from
191 t0 5.99 [32]. A lower span value is a desirable result, as it indicates a more homogeneous
particle size distribution [32].

The bulk density was 0.10 £ 0.01 g/mL and 0.19 £ 0.01 g/mL for the GCppg and IC
(GCppg+HP-B-CD+MD), respectively, being lower than the values reported for encapsulated
rosemary essential oil (0.25-0.34 g/mL) [31] or soy milk (0.21-0.22 g/mL) [20]. The slightly
higher bulk density of the IC (GCppg+HP-B-CD+MD) vs. the GCppg indicates an improved
powder flow, as a more densely packed powder reflects weaker forces between the parti-
cles [20]. Density is an important factor for the packaging, transportation, and marketing of
a microencapsulated product. A dry product with high density can be stored in a smaller
container compared to a less dense product [31]. The flowability of the samples was also
determined by the angle of repose, which was 34.8° & 0.5 for the GCppg and 36.9° £ 1.3 for
the IC (GCppg+HP--CD+MD), showing no statistical difference between them. A similar
value was obtained in a study on the microencapsulation of bioactive products from a Moringa
stenopetala leaf extract using MD, where the angle of repose was 37.26° 4= 1.01 [18].

3.2. Surface Morphology: SEM Analysis

SEM can be used to determine the surface morphology of materials and is recognized
as an auxiliary method for monitoring the formation of inclusion complexes. The structure
and size of the GCppr and IC (GCppr+HP-B-CD+MD) in the solid state obtained from the
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spray-drying process were analyzed through microscopy. Microcapsules should preferably
have a slightly spherical form and a uniform and smooth cover with minimum fractures
and signs of collapse [33]. The SEM micrographs showed that the GCppg was composed
of a mixture of non-spherical particles with irregular surfaces and other larger spherical
microparticles (Figure 1A-C). In contrast, the 1C (GCppg+HP-3-CD+MD) was spherical,
and without visible pores on a smooth surface; microparticles of a variable size but with
similar morphology were observed together (Figure 1D-F). These significant morphological
changes are probably due to a loss of crystallinity of the guest molecule after its inclusion
in the cyclodextrin [34]. The SEM results provided evidence for the formation of the IC
(GCppg+HP-B-CD+MD), which was subsequently supported by mass spectrometry and
FTIR analysis.

GCrre

(A) 1000x (B) 5000x (€) 10,000
IC (GCres+HP-p-CD+MD)

(D) 1000 (E) 5000 (F) 10,000x

Figure 1. Scanning electron microscopy micrographs of the GCppg (A-C) and IC (GCppg+HP-§-
CD+MD) (D-F) at different magnifications.

3.3. FTIR Analysis of Spray-Dried Potwders

FTIR-ATR is a useful method to detect the formation of inclusion complexes, which
are revealed by changes in the FTIR spectra, such as the reduction, disappearance, or shift
of absorption bands, due to weak intermolecular interactions [35]. The FTIR spectra of the
GCppg, HP--CD, IC (GCppg+HP-B-CD+MD), and physical mixture (PM) (GCppg /HP-f-
CD/MD) are shown in Figure 2.

GCppp

Transmittance (a.u.)

T T T T T T T T T T T 1

T T
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500

Wavenumber (cm™)

Figure 2. FTIR-ATR spectra of the GCppg (red), HP-3-CD (purple), IC (GCppp+HP-3-CD+MD)
(blue), and PM (GCppg /HP-8-CD/MD) (green).
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The FTIR spectrum of the GCppg (Figure 2, red) showed specific bands associated with
phenolic compounds (in bold). The peaks at 1602 cm ™! and 1448 cm ™! were owing to the
C=C stretching vibration of the phenolic aromatic ring and the C-H bending vibrations
of the CH, groups. The peak at 1239 cm™~! was assigned to C=0O stretching of gallic or
ellagic acid components due to the presence of hydrolyzable tannins [36]. The band at
1513 cm ! was due to the C-C benzene skeletal vibrations of stilbenoids. The strong
band at 1032 cm™! is attributed to C-O stretching in phenolic compounds [22]. Moreover,
the band at 831 cm~! was due to the C-H out-of-plane bending vibrations of aromatic
compounds. On the other hand, the signals at 2918 cm~! and 2850 cm~! were related
to the CH; asymmetric and symmetric stretch vibration in aliphatic hydrocarbons [37].
Additionally, a peak at 1103 cm~! was observed owing to the C-H in-plane bending
vibration [36].

The FTIR spectrum of HP-B-CD (Figure 2, purple) showed bands at 3341 cm ! due to
O-H stretching vibrations and 2927 cm~! due to C-H stretching vibrations. The peaks at
1645 em ! correspond to the bending of H-O-H, at 1151 cm ! to C—O vibration, and at
1020 cm~! to the C-O—-C symmetric stretching vibration. The peak at 849 cm~! was due
to an a-type glycosidic bond [38]. The band at 1080 cm ! was ascribed to C—C stretching
vibrations, and the peak at 1410 cm~! to C-C-H and O-C-H bending [39]. The presence
of the hydroxypropyl group was recognized by a peak at 2970 cm ! corresponding to the
antisymmetric vibration of methyl groups. Additionally, a peak was observed at 1367 cm™!,
which was ascribed to the bending vibration of the methyl group [40].

The spectrum of the IC (GCppg+HP-p-CD+MD) (Figure 2, blue) shows that some of
the characteristic peaks of the GCppg and HP-B-CD have shifted, decreased, or disappeared.
The bands at 1645 cm~! and 1020 cm ™! of HP-8-CD have shifted to 1634 cm~! and
1015 cm ™!, respectively, in the IC. Two peaks of the GCppg at 1239 cm~! and 1513 cm ™},
ascribed to the presence of hydrolysable tannins and stilbenes, respectively, have shifted to
1246 cm~! and 1514 cm ™!, showing a sharp reduction in intensity due to the complexation,
whereas the peak at 2850 cm~! disappeared. Furthermore, the bands of the GCppg at
1602 cm ! and 1448 cm !, related to the phenolic aromatic ring, completely disappeared in
the IC (GCppg+HP-B-CD+MD). These findings may indicate that the phenolic rings became
embedded in the HP-8-CD cavities.

The FTIR spectrum of the PM (Figure 2, green) showed a simple overlap between
the individual components of GCppg, HP--CD, and MD. Insignificant variations in in-
tensity were detected, indicating a mixture of the three components without interactions
between them.

3.4. Phenolic Profile of the IC (GCppg+HP-B-CD+MD) by LC-ESI-LTQ-Orbitrap-MS

We performed a targeted analysis of phenolic compounds in the IC (GCppg+HP--
CD+MD) using LC-ESI-LTQ-Orbitrap-MS. Table 2 shows 42 identified compounds with
their accurate mass, theoretical mass, retention times (min), molecular formula, error
(ppm) between the found mass and the accurate mass of each compound, and the MS/MS
fragment ions with their respective intensities used for identification. The identification
was further supported by comparisons with mass spectra databases and the literature. In
addition, 13 phenolic compounds were identified by comparing the retention times and
their masses with pure standards. We have reported the fragmentation patterns of most of
these compounds in previous studies using an analytical [§] and pilot-scale extraction [2].
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Of the 42 compounds identified in the present work, 22 had been previously detected
in both the analytical and pilot-plant extractions [2,8]: gallic acid (m/z 169.0138, —2.41 ppm),
monogalloyl-glucose (1m/z 331.0662, —2.65 ppm), protocatechuic acid-O-hexoside (1) (m/z
315.0718, —1.07 ppm), protocatechuic acid (m/z 153.0190, —2.16 ppm), protocatechuic
acid-O-hexoside (2) (m/z 315.0717, —1.30 ppm), syringic acid hexoside (m/z 359.0933,
2.21 ppm), catechin (m/z 289.0722, 1.43 ppm), epicatechin (m/z 289.0715, —1.00 ppm),
restrytisol (A or B) (m/z 471.1441, —1.86 ppm), taxifolin (m1/z 303.0508, —0.78 ppm),
astilbin (m/z 449.1084, —1.12 ppm), stilbenoid heterodimer (caraphenol B/C) (m/z 469.1292,
—0.06 ppm), eriodictyol-O-glucoside (m/z 449.1089, —0.04 ppm), stilbenoid dimer (m/z
469.1292, —0.07 ppm), pallidol (m/z 453.1349, 2.24 ppm), (E)-resveratrol (m/z 227.0715,
0.77 ppm), stilbenoid dimer (resveratrol dimer) (m/z 453.1351, 1.57 ppm), resvertarol-O-
hexoside (m/z 615.1868, —0.62 ppm), eriodictyol (m/z 287.0558, —0.92 ppm), hopeaphenol
(m/z905.2607, —2.24 ppm), isohopeaphenol (m/z 905.2588, 2.15 ppm) and (E)-e-viniferin
(m/z 4531348, 1.03 ppm). These findings indicate that these compounds are stable through
each step of the production process, including microencapsulation.

On the other hand, seven compounds identified in the microencapsulated extract had
previously been detected only in the analytical extraction [8]: procyanidin dimer (1) (m/z
577.1348, —0.69 ppm), procyanidin dimer (2) (m/z 577.1346, —0.35 ppm), epicatechin gallate
(m/z 441.0821, —1.30 ppm), (E)-piceatannol (m/z 243.0665, 0.79 ppm), viniferin diglycoside
(m/z 777.2397, —0.36 ppm), (E)-w-viniferin (m/z 453.1346, 0.62 ppm), and stilbenoid tetramer
(vitisin A/B/C/D) (m/z 905.2599, —3.05 ppm). Thus, although these compounds were
not detected in the pilot-scale extraction, they were recovered after the microencapsulation
process. Similar to our results, the incorporation of B-CD enabled an effective and selective
recovery of flavan-3-ols [41] and stilbenes [42], resulting in a cleaner analytical extract phenolic
profile. Additionally, three compounds previously detected in the pilot-scale extraction [2]:
protocatechuic aldehyde (m/z 137.0241, —2.02 ppm), kaempferol-3-O-glucoside (m/z 447.0931,
—0.49 ppm), and ethyl protocatechuate (1/z 181.0504, —1.02 ppm), were also recovered and
identified in the microencapsulated extract.

Finally, ten compounds were identified only in the IC (GCppg+HDP-g-CD+MD), and
not in the analytical or pilot extracts: five flavonoids, three stilbenes, an adduct of 5-CD,
and a complex of g-CD with (epi)catechin.

Flavonoids. The taxifolin isomer (m/z 303.0503, —2.32 ppm) showed ions at m/z
285.0390, owing to the initial loss of a water molecule and ions at m/z 177.0184 and
125.0237 due to cleavage of the C ring, respectively. Quercetin (i /z 301.0354, 0.06 ppm) was
identified and confirmed by comparison with a pure standard. Myricetin (m/z 317.0301,
—0.63 ppm), tentatively identified by its fragmentation pattern, produced ions at m/z
178.9981 (*A~) and 151.0032 (1*A~) due to retro-Diels-Alder fragmentation [43], and
at m/z 192.0058 due to the loss of the B ring. Although they were not identified in our
previous studies, these compounds have been recovered, detected, and quantified by
other authors using microwave-assisted, subcritical water, and conventional extraction
techniques [44].

Dihydrokaempferol-O-rhamnoside (engeletin) (m/z 433.1139, —0.38 ppm), a com-
pound previously reported in grape stems [45], was tentatively identified and showed
fragment ions at n1/z 269.0446, 287.0550, and 259.0603. An undefined tetrahydroxyisofla-
vanone (m/z 287.0561, —0.18 ppm) gave product ions at m/z 259.0602, 243.0652, and
201.0547, and was provisionally identified as 2,6,7,4'-tetrahydroxyisoflavanone, based on
the exact mass and fragmentation pattern. However, as dihydrokaempferol and eriodictyol
chalcone have similar structures, the identity of this compound could not be accurately
defined using our spectrometric approach.

Stilbenes. A stilbenoid dimer (maackin, Figure 3A) (m/z 485.1242, 0.01 ppm) showed
product ions at m/z 467.1125, 375.0865, and 363.0863, which were generated by the loss
of a water molecule (18 Da), resorcinol (110 Da), and 2-hydroxy-4-methylenecyclohexa-
2,5-dienone (122 Da), respectively [46]. This compound has a structure consisting of two
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piceatannol units, and the most likely assignment is maackin A, which was identified
previously in V. vinifera stalks [47].

J§ I L Qe 1
L Sy T T
YA NI m,L/lJ )

0L A 0

(C) Viniphenol A (CsiHs:O1s)

Figure 3. Representative stilbenes tentatively identified in the microencapsulated extract. (A)
Maackin (ngszOg); (B) Viniferol E (C56H44013),' (C) Viniphenol A (C34H64018).

A stilbenoid tetramer (Figure 3B) (m/z 923.2680, 0.68 ppm) was tentatively identified
as viniferol E and yielded product ions at m/z 905.2576, 881.2573, 801.2318, 783.2209 and
707.1898. The product ions at m/z 905.2576 and 881.2573 were due to a loss of H,O (18 Da)
and C;H,0 (42 Da), respectively, and at m/z 801.2318 probably to the loss of the group
C7HgO, (122 Da). The ion at m/z 801.2318 was further fragmented to ions at m/z 783.2209
and m/z 707.1898 by the loss of a water molecule (18 Da) and a phenol group (94 Da),
respectively. Viniferol E was previously detected and quantified from grapevine canes by
subcritical water extraction [48].

A stilbenoid hexamer, viniphenol A (Figure 3C) (m/z 679.1969 [M — 2H]*~, —1.12 ppm),
was detected as a doubly charged ion with product ions at m/z 905.2584, 585.1543, 491.1126,
453.1333 and 359.0914. The product ion at m1/z 905.2584 shows the presence of a stilbenoid
tetramer molecule, probably formed by the loss of a stilbenoid dimer (454 Da) from the
deprotonated hexamer. The high-intensity product ion at m/z 585.1543 could be attributed
to the loss of a phenol group (94 Da) from the stilbenoid trimer (m/z 679). The product
ion at m/z 585.1543 underwent fragmentation to ions at m/z 491.1126 and m/z 359.0914,
which could be attributed to the loss of a phenol group (94 Da) and a stilbenoid dimer
(226 Da), respectively. Finally, a low intensity stilbenoid dimer fragment was observed atm/z
453.1333. Viniphenol A was previously isolated from V. vinifera stalks by centrifugal partition
chromatography, while its structure was proposed based on the analysis of spectroscopic
data and molecular modeling under NMR conditions [47].

According to the supplier, the HP-8-CD used for encapsulation has a maximum -CD im-
purity of 1.5%. The presence of [-CD+ HCOO] ™ (in/z 1179.3679, —0.04 ppm) and a complex
of (epi)catechin with 5-CD [B-CD +(epf)catechin]— (m/z 1423.5708, —0.71 ppm) were detected
and identified by comparison with the mass spectra reported by Zyzelewicz et al. [49]. The de-
tection of this complex by mass spectrometry confirmed the interaction between polyphenols
and cyclodextrins, in agreement with the SEM and FTIR analysis.

3.5. Encapsulation Efficiency

GCppE is a complex mixture of various compounds that have different physical and
chemical properties and abilities to form interactions and bind within the HP--CD cavity.
As shown earlier, the phenolic compounds in the microencapsulated extract are phenolic
acids and derivatives, flavonoids, and stilbenes. The individual EE (%) for twentv of these
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compounds was calculated and presented in Table 3. The other compounds were identified
but not quantified due to their low amounts (see detail Supplementary Materials Table S1).

Table 3. Encapsulation efficiency (%).

Compounds EE (%)
Phenolic Acids and Derivatives
Protocatechuic acid-O-hexoside (1) 543 +24
Protocatechuic acid 66.8 = 9.8
Ethyl protocatechuate 69.7 £ 5.5
Protocatechuic aldehyde 75.6 £ 4.2
Gallic acid 83.4 £ 0.6
Caftaric acid 87.1+22
Ellagic acid pentoside 87.6 05
Hydroxybenzaldehyde 95.8 + 0.6
Weighted Average 81.5 + 0.7
Flavonoids
Eriodictyol 742 £4.7
Quercetin-O-glucoside 81.8+7.0
Quercetin-3-O-glucuronide 88.0+3.1
Astilbin (1) 827+23
Astilbin (2) 92.0 £ 1.1
Weighted Average 852 + 2.4
Stilbenes

(E)-resveratrol 327 +28
Stilbenoid tetramer (hopeaphenol/ischopeaphenol) 65.8 = 8.6
Pallidol 74.6 £3.8
(E)-e-viniferin 76.8 + 3.5
Stilbene dimer (resveratrol dimer) 941 +21
Stilbenoid heterodimer (caraphenol B/C) 96.8 + 0.4
Restrytisol (A or B) 97.0£ 0.6
Weighted Average 78.6 = 1.9
Total Weighted Average 80.5 = 1.1

Results are given as means + standard deviations. For each phenolic class, we calculated the weighted average
of the concentration of the respective metabolites. The total weighted average was calculated by weighting all
quantified compounds. All encapsulation efficiencies were calculated according to Equation (4) (Section 2.8).

The average EE for all the analyzed compounds was 80.5 4 1.1%. Several authors have
studied the encapsulation of phenolic compounds from wine byproducts using different
encapsulation materials. Davidov-Pardo et al. [30] reported a similar polyphenol EE of
82% for a commercial grape seed extract microencapsulated by spray drying using MD
as the wall material. Moschona and Liakopoulou-Kyriakides [50] found a low EE of 55%
to 79% for grape marc and lees phenolic extracts from white and red wine encapsulated
with alginate and chitosan. Lavelli and Sri Harsha [51] also reported a low EE of 68% in a
study where alginate hydrogel was used as an agent to encapsulate phenolic compounds
from grape skin. Another study using grape skin extracts, encapsulated in water-in-oil-
in-water (W/O/W) double emulsions, observed an improved EE of 87.74 £ 3.12% for
anthocyanins [52]. The EE depends on a variety of factors, such as the technique used, the
solubility and size of the guest molecule relative to the cavity of the host, the concentrations
of the host and guest molecules, the binding constant within the guest and host, etc. [53].
As we did not find a similar study in the literature that employed the same raw material,
encapsulant, and analytical methods to determine the concentration of guest molecules,
we also analyzed the individual encapsulation of twenty compounds present in the IC
(GCPPE+HP-ﬁ—CD+MD).

The average EE for the phenolic acids and derivatives was 81.5 £ 0.7%, the lowest
value being obtained for protocatechuic acid-O-hexoside 1 (54.3 4+ 2.4%) and the highest
for hvdroxvbenzaldehvde (95.8 & 0.6%). The EE for protocatechuic acid was 66.8 &= 9.8%,
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higher than the value reported by Taofiq et al. [54], who determined an EE of 50.3% for
protocatechuic acid encapsulated by the atomization/coagulation technique, using sodium
alginate in combination with calcium chloride (CaCl;) to promote alginate gelation. The
EE for hydroxybenzaldehyde obtained here is higher than the value (46.50%) reported for
p-hydroxybenzaldehyde in a f-CD inclusion complex [55].

The EE for gallic acid, 83.4 & 0.6%, was slightly higher than the value reported by da
Rosa et al. [56], who determined an EE of 80.0 £ 1.4% for microencapsulated gallic acid
using B-CD and the lyophilization method. However, Olga et al. [53] obtained a higher
EE of 89.22% in a complex with HP-B-CD, a result that was reduced to 77.34% when the
gallic acid was co-encapsulated with trans-ferulic acid. The authors suggested a possible
antagonistic relationship between the two phenols in the HP-5-CD cavity.

The EE of 87.6 & 0.5% observed for ellagic acid pentoside was considerably higher
than the 55.2% reported for ellagic acid (aglycone) encapsulated with polyvinyl alcohol [57].
The EE for caftaric acid—a hydroxycinnamic acid—was very high (87.1 4 2.2%) in com-
parison with the values reported for other hydroxycinnamic acids, such as the essential
oil-encapsulated chitosan-p-coumaric acid (42 & 1%) [58] and chlorogenic acid (77.5%) in
B-CD nanosponges [59], respectively. Finally, to our knowledge, this is the first time that
the EE for ethyl protocatechuate (69.7 £ 5.5%) and protocatechuic aldehyde (75.6 + 4.2%)
has been reported.

The average EE for flavonoids was 85.2 £ 2.4%. The values for astilbin isomer (2) and
astilbin (1) were particularly high, 92.0 £ 1.1% and 82.7 £ 2.3%, respectively. Zheng and
Zhang [60] reported a lower EE of 80.1% for astilbin encapsulated with zein—caseinate
nanoparticles by the antisolvent method.

Quercetin-3-O-glucuronide (88.0 = 3.1%) and quercetin-O-glucoside (81.8 + 7.0) also
had high EE values. Tchabo et al. [61] obtained a lower EE (63.90-66.45%) for quercetin-
3-O-glucoside in a spray-dried mulberry leaf extract prepared with MD, yet the EE was
higher (91.71-93.95%) when sodium carboxymethyl cellulose was used. To the best of our
knowledge, no EE values have been previously reported for quercetin-3-O-glucuronide.

The EE for eriodictyol was 74.2 £ 4.7%, similar to the almost 70% reported for narin-
genin (another flavanone) in polymer PLGA nanoparticles prepared by an emulsion-
diffusion-evaporation method [62].

The stilbene group had the lowest mean EE (78.6 £ 1.9%), mainly because of the
low value obtained for (E)-resveratrol (32.7 + 2.8%). Nevertheless, previous studies
have shown that the cyclodextrin encapsulation of resveratrol increases its solubility,
stability, and bioactivity (antioxidant and anticarcinogenic properties) [15]. Furthermore,
the HP-B-CD complex exhibits a strong H-bonding interaction with molecules such as
oxyresveratrol [63]. In our study, we found a high EE (97.0 £ 0.6%) for restrytisol (A or B),
an oxidized resveratrol dimer, which may be related to the van der Waals force interaction
and hydrogen bonding between the guest compound and the HP-5-CD.

A good EE was obtained for stilbene dimers such as pallidol (74.6 & 3.8%), (E)-e-viniferin
(76.8 & 3.5%), and an undefined resveratrol dimer (94.1 & 2.1%). Previously, e-viniferin, a
resveratrol dimer, was encapsulated in phospholipid-based multi-lamellar liposomes called
spherulites or onions. This formulation gave a lower EE (58 £ 3%) than in our study, but
increased the water solubility of this stilbene more than five-fold and provided protection
against its UV-induced isomerization [64]. Finally, the low EE (65.8 £ 8.6%) obtained for the
stilbenoid tetramer is probably due to its large size and polar surface area.

3.6. Antioxidant Capacity

Several authors suggest that the antioxidant capacity of phenolic compounds is im-
proved by encapsulation in cyclodextrins [15]. The ORAC value has been applied to
standardize the antioxidant activity of herbal extracts and foods, and is widely used as an
accurate indicator of antioxidant activity in vivo [65].

The antioxidant capacity of the IC (GCppg+HP-$-CD+MD) by ORAC-FL was
5300 £ 472 pumol TE/g DW, similar to the 4612 4+ 155 umol TE/g DW reported in
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our previous GCppg study [2]. The GCppg microencapsulated with HP-B-CD retains
its antioxidant capacity and its formulation may improve stability, solubility, and
bioavailability for applications in the food, cosmetic and pharmaceutical industries.

4. Conclusions

Phenolic compounds from a grape cane pilot-plant extract were successfully encap-
sulated in an inclusion complex (GCppg+HP-3-CD+MD). The microencapsulated extract
was rich in stilbenes, especially oligomers, flavonoids, and phenolic acids. A complex of
(epi)catechin and $-CD was detected by mass spectrometry, which confirmed the interaction
between polyphenols and cyclodextrin. The formation of the inclusion complex was also
supported by FTIR-ATR and SEM analyses. HP-5-CD provided a high EE for phenolic
compounds, with a mean of 80.5 &+ 1.1%, the highest values being obtained for restry-
tisol (97.0 £ 0.6%), stilbenoid heterodimer (1) (96.8 £ 0.4%) and hydroxybenzaldehyde
(95.8 £ 0.6%), and the lowest for (E)-resveratrol (32.7 £ 2.8%). The antioxidant capacity
of the inclusion complex was similar to the unencapsulated extract. Considering the pro-
tection afforded the phenolic compounds by the inclusion complex, it is expected that the
formulation may improve their stability, solubility, and biocavailability in water-soluble
applications for the food and pharmaceutical industries.

5. Patents

The preparation of grape canes before extraction in the pilot plant followed the
procedure described in the Patent [13]. The formulation of the microparticles of phenolic
compounds from the extract of grape canes of V. vinifera and the application of HP-B-CD to
form the IC and the use of MD as a coating agent are described in the Patent [17].

Supplementary Materials: The following are available online at https://www.mdpi.com/article /10
.3390/antiox10071130/s1, Table 51: Identification and quantification of phenolic compounds from
GCppg using LC-ESI-LTQ-Orbitrap-MS in negative mode.
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4 DISCUSION GENERAL

La discusion general de esta tesis doctoral se presenta a continuacion como una forma
de profundizar en el andlisis de los resultados descritos anteriormente en cada una de las
publicaciones. Para llevar a cabo este estudio, en la Publicacion 1, se realizd una
identificacion de compuestos fendlicos de extractos de sarmientos de la variedad Pinot
Noir producido a escala analitica, utilizando LC-ESI-LTQ-Orbitrap-MS. Este primer
paso permitio conocer de manera integral la identidad fendlica de los sarmientos de vid,
a una escala controlada y bajo metodologias de extraccién y caracterizacion
previamente validadas por el grupo de investigacion [22,42,109]. Es importante indicar
que para los tres articulos que componen esta tesis doctoral se recolectaron sarmientos
desde el mismo vifiedo y se conservaron bajo las mismas condiciones de
almacenamiento, de manera de evitar la variabilidad asociada al tipo de cultivar y a la
zona geografica de cultivo. Todas las muestras de sarmientos utilizadas corresponden a
la variedad Pinot Noir y fueron recolectadas en un vifiedo organico (Vifia de Neira)
ubicado en el sur de Chile. La eleccion de esta cepa es relevante, debido a que Pinot
Noir es una de las variedades mas cultivadas y extendidas en el mundo estimandose en
unas 112,000 hectareas plantadas [51]. Otro aspecto metodoldgico importante de
resaltar es que posterior a la recoleccidn, las muestras de sarmientos fueron cortadas en
piezas de entre 30-50 cm y almacenadas a temperatura ambiente por al menos 3 meses,
utilizando una metodologia previamente patentada [57] (Ver capitulo 8.2.1). Mediante
este método un aumento significativo estilbenos totales de hasta 5 veces fue observado
en sarmientos de la misma variedad [53]. Aunque el procedimiento de extraccién se
encuentra explicado en la Publicacién 1, algunas consideraciones metodoldgicas y
discusién de los resultados son importantes de mencionar para analizar el trabajo de
manera global.

La extraccion de laboratorio en este primer trabajo se realiz6 utilizando 0.5g de
sarmientos, seleccionados azarosamente de un total recolectado de 500 kg de sarmientos
previamente recolectados y almacenados. En la Publicacion 1 el proceso de extraccion
se realiz6 a escala analitica y se utiliz6 una mezcla de etanol/agua (80:20, v/v), que fue
la misma empleada posteriormente en la extraccion a escala piloto (Publicacion 2). La
gran diferencia entre estas dos extracciones fue el uso de ultrasonido aplicado en la

extraccion analitica y la baja temperatura utilizada en este sistema de laboratorio. Como
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fue mencionado previamente el perfil fendlico es altamente dependiente tanto de los
métodos como de las condiciones de extraccion utilizadas, por lo que esta consideracion
podria limitar una comparacion directa entre ambos métodos de extraccion. Sin
embargo, el ejercicio comparativo de evaluar distintas escalas de extraccion tiene como
finalidad plantear diferencias entre sistemas ampliamente empleados a escala de
laboratorio y reportados en literatura, con sistemas de extraccion que pueden ser
aplicados a nivel industrial y adoptados por empresas productivas en todo el mundo y
de los cudles se tiene escasa informacion. Teniendo en cuenta estas consideraciones y
con la finalidad de conocer de manera completa el perfil fendlico de los extractos a una
escala analitica es que las muestras fueron analizadas y caracterizados mediante LC-
ESI-LTQ-Orbitrap-MS en modo negativo, siguiendo los modos de adquisicion de datos
de escaneo completo y adquisicion dependiente de datos. Como se mencioné en el
apartado 1.2.3.4 (LTQ-Orbitrap), el modo de escaneo completo permite adquirir una
amplia gama de informacién sobre iones precursores con un amplio rango m/z lo que
proporciona una poderosa herramienta de analisis para deteccion y cuantificacion de
alta resolucion y precisién de masa. Mientras que el modo de adquisicion dependiente
de datos entrega grandes ventajas en la selectividad de iones precursores de interés [40].
De esta manera, en la Publicacion 1, 75 compuestos fendlicos fueron identificados
utilizando informacion relacionada a su masa exacta, masa tedrica, tiempos de
retencion, férmula molecular, error (ppm) entre la masa encontrada y la masa exacta de
cada compuesto, y los iones fragmento MS/MS con sus respectivas intensidades. Esta
informacion fue comparada con bases de datos de espectros de masas (Metlin, FooDB,
PhytoHub, MetFrag, entre otras) y literatura, proporcionandonos una identificacion
“tentativa” de los compuestos reportados. Ademas, en esta primera publicacion 12
compuestos fenolicos fueron identificados comparando sus tiempos de retencion y sus
masas y fragmentos con patrones puros, entregandonos un alto nivel de confianza en la
identidad de estos compuestos. En este punto es importante mencionar gque, para una
identificacion definitiva e inequivoca de los compuestos no identificados mediante
comparacion con sus patrones, se deben utilizar otros métodos alternativos de
elucidacion estructural como tecnicas de RMN. La desventaja del uso de RMN es que
en muchos casos requiere de largos procesos de purificacion de las muestras y
generalmente permiten identificar un ndmero mas limitado de compuestos en

comparacion con los métodos basados en espectrometria de masas.
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En lo que respecta al analisis y discusién de los resultados de la Publicacion 1,
podemos mencionar que, de los 75 compuestos identificados, 17 compuestos fueron
reportados por primera vez, en sarmientos de vid. Entre ellos, la mayoria fueron
derivados de hexosidos, como por ejemplo el hexosido de acido elagico, miricetina-O-
hexdsido, eriodictiol-O-hexdsido o el dimero de resveratrol-O-hexoésido. El uso de
Orbitrap mediante condiciones metodologicas similares de cromatografia vy
espectrometria de masas, ya habia demostrado antes su capacidad de identificar nuevos
compuestos glicosilados en matrices alimenticias. Cabe indicar que, estos compuestos
son dificiles de detectar debido a que muchas veces se presentan en bajas
concentraciones en las muestras analizadas [42,109]. Los glucésidos de flavonoides son
compuestos que han mostrado actividades antidiabéticas, antiinflamatoria,
antidegranulante, antiestrés y antialérgica similares o incluso mayores que sus
respectivas agliconas flavonoides, lo que se ha determinado en estudios in vivo [110].
Por lo tanto, su identificacion es relevante para proyectar futuras aplicaciones y efectos
bioldgicos de los extractos de sarmientos de vid.

Otro resultado relevante de este primer articulo fue el profundo anélisis de
identificacion que se realiz6 a las proantocianidinas poliméricas también conocidas
como taninos condensados. Se reportd por primera vez, hasta donde sabemos, la
presencia de (epi)galocatequina y de procianidinas pentaméricas. Ademas, en un
esfuerzo por profundizar en la identidad estructural de estos compuestos se propuso la
secuencia especifica de cada prodelfinidina y derivado de galato reportado. En este
sentido, el mecanismo de fragmentacion denominado quinone methide (QM) que
implica la escision del enlace interflavano que conecta las unidades monoméricas de
estos compuestos, fue crucial para determinar cada una de sus secuencias,
proporcionando iones fragmento especificos y claves para su identificacion (ver figura
4, Publicacién 1). Las prodelfinidinas son un grupo de compuestos fendlicos
escasamente estudiados, debido a la falta de estandares comerciales disponibles y a la
dificultad para detectarlos y aislarlos de fuentes naturales. Sin embargo, se presentan en
una gran variedad de alimentos y bebidas como vino, cerveza, té, cereales, legumbres,
frutos secos, uvas, pasas, entre otros [111,112]. Por lo tanto, la exhaustiva
caracterizacion estructural de estos compuestos puede ayudar a otros investigadores a la
identificacion de prodelfinidinas en fuentes dietéticas o en otros extractos naturales
utilizando métodos de espectrometria de masas de alta resolucién. Finalmente, logramos

cumplir con el objetivo especifico 1 de la presente tesis doctoral, contando con un
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conocimiento acabado de las identidades fendlicas de los extractos de sarmientos a una
escala analitica. Con este conocimiento de base se llevo a cabo la extraccion piloto en
condiciones industriales, para analizar los efectos del procesamiento en el perfil fenélico
del extracto de sarmientos.

La extraccion de compuestos fendlicos desde sarmientos de vid a escala de planta piloto
fue realizada en un reactor de acero inoxidable con un volumen de trabajo de 750 L
(Figura 5-A). Los sarmientos se trituraron en un molino semiindustrial (Figura 5-B)
hasta alcanzar un tamarfio de particula inferior a 1 cm. Es importante mencionar que el
tamafio de particula es un pardmetro relevante a la hora de evaluar los rendimientos de
extraccion de compuestos fenolicos. En general una disminucion en el tamafio de
particula aumenta los rendimientos de extraccion de compuestos fendlicos en
sarmientos y se ha observado que el tamafio de particula 6ptimo estaria alrededor de los
0.5 cm [8,32,113]. En trabajos anteriores (Ver punto 8.1.3, Publicacion 6) observamos
que la reduccion del tamafio de particula de 2.0 a 1.0 cm incrementd los rendimientos de
extraccion de estilbenos totales en un 37%, mientras que la reduccién de 1.0 a 0.5 cm
solo increment6 los rendimientos de extraccién en un 7% [8]. Por otro lado, una
reduccion del tamafio de particula aumenta los costos de energia asociados a la etapa de
molienda. Por lo tanto, por esta y otras razones técnicas de configuracion de la planta
piloto empleada, se decidié hacer la extraccién con sarmientos de 1 cm [8,114]. Las
demas condiciones de extraccion temperatura 80 °C, tiempo 100 min; relacién
solido/liquido 1:10, también fueron optimizadas durante el trabajo previo en un reactor
de 7L [8]. Otro punto metodol6gico importante de abordar es la recuperacion del etanol
utilizado como solvente de extraccién. El etanol potable es calificado por la FDA como
una sustancia GRAS, lo que implica que puede utilizarse como solvente seguro en la
industria alimentaria [115]. Ademas, gran parte del solvente utilizado (>90%) es
recuperado mediante un proceso de destilacion y puede ser reutilizado en futuras
extracciones. Al final del proceso, el extracto obtenido fue secado por pulverizacion a

baja temperatura mediante un secador por aspersion a escala piloto (Figura 5-C).
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(A)
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Figura 5: Equipamiento piloto utilizado en la extraccion. (A) Planta de extraccion

piloto. (B) Molino semiindustrial; (C) Secador por aspersion a escala piloto.

Mediante la misma metodologia descrita en la Publicacion 1, se realizd la
caracterizacion e identificacion del extracto piloto utilizando LC-ESI-LTQ-Orbitrap-
MS, y se analizaron los cambios y modificaciones del perfil fenélico comparandolos
con lo observado en la extraccion a escala analitica. El perfil fendlico obtenido a escala
piloto (Publicacion 2) efectivamente mostré diferencias en comparacion con la
extraccion previa a escala de laboratorio Publicacion 1. En el extracto a escala piloto
solo se identificaron un total de 44 compuestos fenolicos, entre los cuéles destacd la
presencia de &cidos fenolicos y aldehidos (17), estilbenos (15) y flavonoides (12). En lo
que respecta a los acidos fendlicos la mayor diferencia entre ambas extracciones fue la
presencia de los aldehidos fendlicos hidroxibenzaldehido (m/z 121.0294) y el aldehido

protocatecuico (m/z 137.0242) que fueron detectados solo en el extracto a escala piloto.
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La presencia de estos compuestos fue relacionada con la degradacion de la lignina
provocada por efecto de la temperatura en el reactor piloto (80°C). Resultados similares
fueron observados por Luque-Rodriguez et al. [59], en uno de los primeros estudios de
extraccion de sarmientos utilizando mezclas de agua y etanol a temperaturas entre 120 y
240 °C. Otro compuesto detectado en el extracto piloto y no en el extracto analitico fue
el protocatecuato de etilo (m/z 181.0504) y su formacion fue atribuida a la condensacion
del acido protocatecuico con el etanol [114]. En el grupo de los flavonoides y
particularmente en la deteccion de las proantocianidinas es donde se observaron las
mayores diferencias. Aunque los mondémeros de catequina (m/z 289.0715) y
epicatequina (m/z 289.0714) fueron identificados, no se logro detectar procianidinas y
prodelfinidinas oligoméricas que fueron extensamente detectadas e identificadas en el
extracto a escala analitica (Publicacion 1). Estos resultados podrian explicarse por las
reacciones de epimerizacion, hidrolisis 'y oxidacion/condensacién de las
proantocianidinas provocadas por la temperatura (80 °C) y el oxigeno presente en el
reactor. Se ha probado que este tipo de compuestos pueden sufrir oligo/polimerizacion
bajo tratamiento térmico [116]. Incluso en el extracto a escala piloto se detectd la
presencia de un dimero de procianidina tipo A (m/z 575.1194), que no fue identificado
en el extracto a escala de laboratorio. Otros estudios han observado que los dimeros de
procianidina tipo B pueden convertirse en dimeros de tipo A por oxidacién radical
mediada por temperatura [117,118], por lo que se atribuy6d la formacién de este
compuesto al entorno oxidativo del reactor de la planta piloto.

El perfil fendlico de los estilbenos en la extraccién piloto también mostré algunas
diferencias con el extraido a escala de laboratorio. Antes de hacer un analisis de ellos se
debe tener en cuenta que los estilbenos oligoméricos son estructuras complejas que se
generan por acoplamiento oxidativo de wunidades de trans-resveratrol,
isorhapontigenina, oxiresveratrol o piceatannol [31] y la ausencia o alto costos de
patrones comerciales dificulta su identificacion, por lo que sus estructuras definitivas
deberia ser elucidadas mediante técnicas de RMN. Sin embargo, el enfoque de
espectrometria de masas permite realizar un analisis comparativo entre ambos extractos
fenolicos. Teniendo en cuenta lo anterior, podemos mencionar que en el extracto piloto
se identifico tentativamente la presencia de oxiresveratrol (m/z 243.0659) y un trimero
estilbenoide (m/z 681.2123) que no fueron identificados en el extracto a escala de
laboratorio. Por otro lado, en el extracto piloto, no se detect6 la presencia de (E)-
piceatannol (m/z 243.0659), viniferina diglicésido (m/z 777.2387), (E)-w-viniferina (m/z
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453.1335) y de un tetramero estilbenoide (m/z 905.2576), que pueden haber sufrido
degradacion, oxidacion o transformacion durante el proceso de extraccion piloto.
Finalmente, tanto los taninos condensados (proantocianidinas) como los estilbenos
oligoméricos son estructuras complejas que sufren diferentes reacciones, principalmente
de oxidacion y especialmente bajo las condiciones de extraccion piloto. Por esta razon
futuros estudios podrian centrarse en investigar en detalle los procesos oxidativos de
estos compuestos.

En la Publicacién 2 también se desarroll6 un analisis cuantitativo de los compuestos
fendlicos individuales. Como se mencioné en el capitulo 1.2.3.4 (LTQ-Orbitrap) el
modo de escaneo completo del equipo permite tanto la deteccién y cuantificacion de
analitos debido a su alta resolucion y precision de masas [40]. La cuantificacion se
determind a partir de curvas de calibracion de seis compuestos de referencia, por lo que
cada concentracion fue expresada en equivalentes del compuesto méas similar. Por esta
razén la etapa de cuantificacion fue denominada como “‘semi-cuantificacion” de manera
de diferenciarla de un proceso de cuantificacion con el patron puro de cada compuesto.
De todas maneras, solo se cuantificaron los compuestos que se encontraban dentro de su
respectivo limite de cuantificacion (LOQ). Teniendo en cuenta estas consideraciones, y
de manera global, se observé que la clase de compuestos mas abundantes fueron los
estilbenos (8174 mg/kg), seguido de los acidos fendlicos y aldehidos (4117 mg/kg) y
finalmente de flavonoides (2492 mg/kg). A nivel individual destac6 la alta
concentracion de (E)-e-viniferina (3962 mg/kg), que fue cerca de tres veces superior a
lo obtenido previamente bajo condiciones de laboratorio [22], demostrando la mayor
capacidad de recuperacién de la extraccion piloto en este compuesto objetivo. También
se observaron altos niveles de un heterodimero 1 parcialmente identificado como
caraphenol B o C (1683 mg/kg). De manera similar a estos resultados, recientes estudios
han concluido que los sarmientos de vid representan una fuente importante de
estilbenoides poco comunes, los que incluyen dimeros, trimeros y tetrameros [51].
Otros compuestos que se presentaron en una alta concentracion fueron dos isémeros de
astilbina que en su conjunto acumularon niveles de 1831 mg/kg. Estos resultados son
relevantes debido a que un elevado consumo de dihidroflavonoles (o flavanonoles)
como la astilbina se ha asociado inversamente con riesgo de muerte [119]. Ademas se
ha demostrado que la astilbina pueden ser importante en el manejo de enfermedades
asociadas con el sistema inmunoldgico, y destacan sus actividades antibacterinas,

antioxidantes y hepatoprotectoras [120].
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La capacidad antioxidante de los extractos de sarmientos producidos a escala piloto
también fue determinada mediante los métodos ABTS** y ORAC-FL, y el resultado fue
comparado con la extraccion a escala de 7L realizada bajo las mismas condiciones
experimentales de extraccion [8]. Los resultados de la medicion por ABTS** fueron
muy similares entre el extracto piloto (2209 umol TE/g) y el de escala a 7L (1954 pmol
TE/g). Por su parte, el método ORAC-FL mostr6 una capacidad antioxidante
ligeramente mayor en el extracto a escala de 7L (6895 umol TE/g) con respecto al
obtenido a escala piloto (4612 umol TE/g).

En resumen, en la Publicacion 2, se observaron diferencias entre el perfil fenolico del
extracto a escala analitica y piloto. Estas diferencias estarian asociadas principalmente a
procesos de oxidacion térmica que sufren los compuestos fenolicos sobre todo el grupo
de las proantocianidinas y estilbenos. Estos cambios se deben tener en cuenta a la hora
de escalar y proyectar resultados de extraccién desde el laboratorio a la industria. De
todas formas, los sarmientos de vid extraidos a escala piloto mantienen un interesante
perfil fendlico, con altos niveles de compuestos bioactivos, por lo que son un extracto
prometedor para el desarrollo de nuevos productos en la industria alimentaria,
farmacéutica y cosmética.

Por otro lado, como se ha mencionado anteriormente uno de los problemas de los
compuestos fenolicos es su oxidacion y degradacidn térmica. Por esta razon, se deben
proteger de estos factores externos que limiten o impidan su degradacién o modificacion
en el producto final. Una alternativa para mejorar la proteccion y estabilidad de estos
compuestos es la tecnologia de microencapsulacion, que tiene como finalidad
incorporar estos compuestos a una matriz protectora que preserve sus funcionalidades
bioactivas hasta su consumo [76]. Ademas, este méetodo es utilizado para mejorar la
bioaccesibilidad y biodisponibilidad de los compuestos fendlicos y promover su
transporte y mejorar su absorcién en el cuerpo humano [78]. Por estas razones en la
Publicacién 3 se plantedé como objetivo encapsular los compuestos fenolicos presentes
en el extracto de sarmientos producidos a escala de planta piloto (Publicacion 2),
mediante secado por aspersion. En la encapsulacion se utiliz6 HP-5-CD y
maltodextrina, se estudio la formacion de complejos de inclusion, se determino la
eficiencia de encapsulacion de los compuestos fendlicos y se evalud la capacidad
antioxidante del extracto encapsulado. A continuacion, se discutirdn algunos aspectos
metodoldgicos y resultados relacionado a esta publicacién que no necesariamente se

encuentran mencionados en el articulo.
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El proceso de encapsulacién mediante secado por aspersion se realizd con objetivo de
desarrollar un producto rico en compuestos fendlicos de alto valor agregado y con
futuras aplicaciones en las industrias alimentaria y farmacéutica. Como se mencioné en
el capitulo 1.4.1 (Secado por aspersion), esta técnica posee las ventajas de ser simple,
répida, flexible, con bajos costos de operacién y ampliamente disponible y utilizada por
la industrias alimentarias y farmacéuticas. Ademas, se ha establecido que permite
obtener altas eficiencias de encapsulacion, una gran estabilidad y facil manejo del
producto final [76,81]. Aunque el secado por aspersion es un método mediado por
temperatura, es importante indicar que los compuestos bioactivos solo estan sometidos a
esta temperatura por unos pocos milisegundos [76]. De todas formas, las temperaturas
del proceso (Publicacién 3), se mantuvieron bajas con 130°C de temperatura de entrada
y 71°C como temperatura de salida, lo que es superior a la temperatura de extraccién
(80°C). Estas variables ademés fueron evaluadas en un proyecto previo, y fueron
protegidas mediante una patente de invencion (Ver capitulo 8.2.2)

Para la encapsulacion se utilizd6 HP--CD que posee una solubilidad mucho mayor que
la f-CD [88]. Ademas, como se mencion0 en el capitulo 1.4.2 (Encapsulamiento
mediante Ciclodextrinas), la HP-5-CD es la menos tdxica de todas las ciclodextrinas y
es bien tolerada en seres humanos [91,92]. También fue mencionado que la
encapsulacion de los compuestos fenolicos utilizando HP-4-CD implica la formacion de
un “complejo de inclusion”, que es el resultado de la interacciébn quimica entre
compuestos fendlicos, y la HP-5-CD [94]. Por lo tanto, para reconocer estas
interacciones diferentes métodos analiticos pueden ser empleados (Ver capitulo 1.4.3).
En particular en la Publicacion 3 se utilizé espectroscopia infrarroja por transformada
de Fourier equipado con una unidad de reflectancia total atenuada (FTIR-ATR), y como
métodos complementarios se utilizé la microscopia electronica de barrido (SEM) y LC-
ESI-LTQ-Orbitrap-MS. En este punto se debe considerar que ninguno de estos métodos
es suficiente por si mismo para estudiar la formacion de los complejos de inclusion.
Aunque cada uno aporta evidencia especifica que permite confirmar la interaccion entre
los compuestos fendlicos y la HP-4-CD.

En relacion con los resultados y el andlisis de la Publicacion 3, algunas consideraciones
pueden ser discutidas. Se observo un alto rendimiento del proceso de secado (83%).
Este alto rendimiento se atribuyd a una rapida formacion de la costra de secado
(compuestos activo y material de pared), lo que evita que el polvo se adhiera a la

camara de secado y contribuye a un mayor rendimiento del proceso [76,121]. Esto fue
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un buen resultado debido a que un alto rendimiento mejora las proyecciones industriales
para una produccion final. Por otro lado, la morfologia de las microcépsulas analizadas
por SEM mostré estructuras esféricas y de superficie lisa, caracteristicas que
diferenciaron el extracto encapsulado del sin encapsular. Estos cambios morfologicos
fueron la primera evidencia de formacion de los complejos de inclusion, los que fueron
apoyados luego por el anélisis de FTIR-ATR y LC-ESI-LTQ-Orbitrap-MS.

El analisis de FTIR-ATR fue crucial para confirmar la interaccion entre los compuestos
fenolicos y la HP-4-CD. EI FTIR es reconocido como un método Util para la deteccién
complejos de inclusién, que se revelan por cambios en los espectros FTIR, como la
reduccion, desaparicion o desplazamiento de las bandas de absorcion, debido a
interacciones intermoleculares débiles [122]. Por esta razon, es muy importante analizar
cada uno de los componentes por separado, (i) el extracto fendlico de sarmientos
producido a escala piloto; (ii) la HP-5-CD; (iii) el complejo de inclusion y; (iv) una
mezcla fisica que actia como control. El espectro del complejo de inclusion mostrd
efectivamente que algunas bandas de absorcion caracteristicas de los compuestos
fenolicos y de la HP-4-CD fueron desplazadas, reducidas o que desaparecieron. Entre
los resultados mas relevante se encuentra el desplazamiento de bandas de absorcion
asociadas a la presencia de taninos y estilbenos. Ademas, las bandas de absorcion
relacionadas a los anillos fendlicos desaparecieron completamente lo que fue asociado a
la formacién del complejo de inclusién. Lo anterior, podria implicar que los anillos
fendlicos estarian incrustados dentro de la cavidad de la H-B-CD. Este resultado fue
relevante para poder confirmar la interaccién quimica entre los compuestos fenolicos y
la HP-B-CD, y nos proporciond la evidencia mas elevada de la formacion de los
complejos de inclusion. Ademas, como control el espectro de la mezcla fisica mostro
una simple superposicion de los componentes individuales (extracto piloto de
sarmientos e HP-4-CD), sin mayor interaccion entre ellos, diferenciandose de los
resultados asociados al complejo de inclusion.

El perfil fendlico del extracto encapsulado también fue evaluado con el objetivo de
tener un producto final lo mas caracterizado posible en cuanto a su composicién
fendlica. Aunque el proceso de identificacion se realizd siguiendo la misma
metodologia de la Publicacion 1 y 2, las caracteristicas del extracto encapsulado
exigieron un paso adicional en la preparacion de las muestras. Antes del analisis por
LC-ESI-LTQ-Orbitrap-MS se realiz6 una hidroélisis acida de las muestras encapsuladas

utilizando &cido formico al 0.1% v/v. Este paso fue necesario para romper los complejos
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de inclusion, liberar los compuestos fendlicos y lograr su posterior deteccion. Aunque
esta es una hidrolisis &cida suave y en general no modificd substancialmente el perfil
fenolico, no es posible descartar su influencia en los resultados de identificacion.
Teniendo en cuenta estas consideraciones 42 compuestos fueron identificados, incluidos
estilbenos (17), flavonoides (15) y &cidos fendlicos (8). Ademas, se detectd un complejo
entre -CD y (epi)catequina, que confirmo la interaccion entre compuestos fenolicos y
las ciclodextrinas. Entre los compuestos fenolicos identificados 32 fueron detectados
previamente en la extraccion analitica (Publicacion 1) y/o en la extraccion a escala
piloto (Publicacién 2). Sin embargo, ocho compuestos fendlicos fueron detectados e
identificados solo en el extracto encapsulado, entre ellos cinco flavonoides y tres
estilbenos, por lo que a continuacion se discutird su deteccion.

La presencia de quercetina (m/z 301.0354), miricetina (m/z 317.0301) y un isémero de
taxifolina (m/z 303.0503) podria estar relacionadas con la etapa de hidrolisis en la
preparacion de las muestras del extracto encapsulado, ya que derivados glicésidos de
estos compuestos fueron identificados en las extracciones analitica y piloto. Por su parte
la deteccion de dihidrokaempferol-O-rhamnoside (engeletina) (m/z 433.1139) y de la
tetrahidroxiisoflavanona (m/z 287.0561) fueron mas dificil de establecer. El
dihidrokaempferol-O-rhamnoside fue detectado en tallos de uva [24], por lo que su
presencia pude estar relacionada a pequefias trazas de tallos de uva en los 67 kg de
sarmientos utilizados en la extraccién piloto. La tetrahidroxiisoflavanona fue
identificada provisionalmente y su presencia pudo estar relacionada con la hidro6lisis de
dihydrokaempferol-O-rhamnoside o del eriodictiol-O-glucésido. Otro resultado
relevante fue la deteccidn e identificacion de tres estilbenos: maackin (m/z 485.1242),
viniferol E (m/z 923.2680) y vinifenol A (m/z 679.1969), que no fueron detectados en el
extracto analitico o piloto. Una posible explicacion es que estos compuestos fueron
hidrolizados o liberados a partir de estilbenos oligoméricos o poliméricos mayores. Otra
explicacion podria estar relacionada al uso de ciclodextrinas y la formacion de
complejos de inclusién, que ayudarian a concentrar algunos compuestos presentes en
bajas concentraciones en el extracto piloto. De todas formas, tanto maackin A como
vinifenol A, fueron previamente identificados y reportados por otros autores en
muestras de tallo de uva [123]. Mientras que el viniferol E fue previamente detectado y
cuantificado en muestras de sarmientos obtenidos mediante extraccion con agua
subcritica [124]. Por lo que la presencia de todos estos compuestos, en subproductos de

la industria vitivinicola, se encuentra respaldada por literatura.
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La eficiencia de encapsulacién (EE) fue otro resultado relevante en la Publicacion 3. La
EE depende de una gran variedad de factores, como la técnica de encapsulacion
utilizada, la solubilidad, el tamafio de la molécula huésped en relacion con la cavidad
del huésped, las concentraciones de las moléculas huésped, la constante de union dentro
del huésped y el huésped, etc. Incluso relaciones antagdnicas de encapsulacion o
competencias de union se pueden observar cuando se encapsulan més de un compuesto
a la vez [125]. Es importante tener en cuenta que el extracto piloto de sarmientos es una
compleja mezcla de varios compuestos (fendlicos y no fendlicos) y cada uno de ellos
tiene diferentes propiedades fisicas y quimicas con distintas capacidades para formar
interacciones y unirse con la HP-5-CD, por lo que es esperado observar una variada y
especifica EE para cada uno de los compuestos. Por esta razén y utilizando la misma
metodologia de cuantificacion aplicada en la Publicacién 2, se calcul6 la EE como una
relacion entre la concentracion de los compuestos encapsulados y no encapsulados (Ver
ecuacion 4, Publicacion 3). Como consideracién metodolégica es relevante indicar que
solo se reportaron las EE para compuestos que cuantificables (>LOQ), en ambos
extractos tanto encapsulado y no encapsulado. Por esta razén solo fue posible
determinar la EE de solo 20 compuestos fendlicos de los 40 identificados en el extracto
encapsulado.

Los resultados mostraron una EE global alta (80.5 + 1.1%). A nivel de clases fendlicas
las EE promedio ponderadas mas altas fueron calculadas en el grupo de los flavonoides
(85.2 + 2.4%), seguida por los acidos fenolicos y derivados (81.5 £ 0.7%) y en ultimo
lugar la de los estilbenos (78.6 £ 1.9). La menor EE de los estilbenos estuvo fuertemente
influenciada por el bajo valor determinado para (E)-resveratrol (32.7 + 2.8), aunque un
valor similar (30-40 %) fue reportado para resveratrol encapsulado con nanoesponjas a
base de ciclodextrina [126]. Si bien el resveratrol mostr6 esta baja EE otros dos
estilbenos presentaron los valores mas altos entre todos los compuestos estudiados. El
restrytisol (A o B) (97.0 £ 0.6) fue el que presentd mayor EE seguido del heterodimero
de estilbenoide (carafenol B/C) (96.8 £ 0.4). Estos resultados podrian estar relacionados
con la interaccion mediada por fuerzas de van der Waals y enlaces de hidrogeno de
estos compuestos y la HP-4-CD. Lo anterior, debido a que ambos compuestos presentan
6 grupos hidroxilos en su estructura lo que facilitaria este tipo de interacciones. Por otro
lado, el tetrdmero de estilbenoide (m/z 905) mostré una menor pero esperada EE (65.8 +
8.6), probablemente debido a su gran tamafio y superficie polar (221 A2). En lo que

respecta al grupo de flavonoides se observaron valores mas altos de EE en los derivados
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glucdsidos que en el eriodictyol, que fue la Unica aglicona reportada. Nuevamente esto
se pude relacionar a la mayor presencia de grupos disponibles para formar enlaces
hidrogeno de los derivados glucésidos con respecto al eriodictyol. Finalmente, en el
grupo de los &cidos fendlicos y derivados, el hidroxibenzaldehido (m/z 121) (95.8 + 0.6)
fue el compuesto con mayor EE, probablemente por ser el compuesto méas pequefio
dentro de este grupo. Por lo tanto, aunque numerosos mecanismos y variables influyen
en la EE de compuestos fendlicos sobre todo en matrices complejas, en general, el
extracto microencapsulado presenta una alta EE para muchos compuestos fendlicos de
interés bioldgico.

La capacidad antioxidante del extracto encapsulado fue el ultimo andlisis de la
Publicacién 3. Esta capacidad antioxidante fue determinada por el método ORAC-FL,
que es un método estandarizado y ampliamente utilizado por la industria como
indicador comercial de actividad antioxidante para alimentos, suplementos y vitaminas
[127]. Ademas, otros autores, han validado este método como el méas adecuado y
sensible para determinar la actividad antioxidante entre la HP-5-CD vy el resveratrol
[101]. También, nos proporciond un analisis comparativo con el extracto a escala piloto.
Aunque algunos estudios sugieren que la actividad antioxidante de los compuestos
fendlicos encapsulados puede ser mejorada o incrementada [78], otros en cambio,
muestran datos contradictorios e incluso se ha reportado que la encapsulaciéon de los
compuestos fenolicos disminuye o que no ve afectada su actividad antioxidante [105].
En nuestro caso, aunque una ligera mayor actividad antioxidante ORAC-FL fue
determinada para el extracto encapsulado (5300 + 472 umol TE/g), este resultado no
mostré diferencias estadisticamente significativas con la del extracto piloto sin
encapsular (4612 + 155 umol TE/g), por lo que se puede concluir que la actividad
antioxidante solo se preservé después de la encapsulacién. Finalmente, en la
Publicacién 3, se encapsularon los compuestos fendlicos del extracto piloto de
sarmientos y se confirmd la formacion de complejos de inclusion con la HP-5-CD
cumpliéndose el objetivo 3 de esta tesis doctoral.

De manera global y como resultados derivados de las Publicaciones 1, 2 y 3, se
estudiaron los cambios en el perfil fenolico del extracto de sarmientos desde su
produccion hasta su encapsulacion, por lo que desarrollamos un producto
completamente caracterizado con relacion a su perfil fendlico. Futuros estudios podrian
centrarse en validar los efectos beneficiosos de este producto utilizando modelos in vitro

e in vivo, con la finalidad de transferir el proceso a la industria y el producto al mercado.
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5 CONCLUSIONES.

Conclusiones Generales:

» El perfil fenolico de los extractos de sarmientos (V. vinifera L.) es modificado
por los procesos de extraccion a escala piloto y por la encapsulaciéon de estos

compuestos en ciclodextrinas.

» La cromatografia de liquidos acoplada a espectrometria de masas de alta
resolucion (LC-ESI-LTQ-Orbitrap-MS) es una herramienta Gtil para estudiar los
cambios en el perfil fendlico de los extractos de sarmientos sometidos a

procesos de extraccion y encapsulacion.

» Se desarroll6 un producto encapsulado rico en compuestos fendlicos de alto
valor agregado y con futuras aplicaciones en las industrias alimentaria y

farmacéutica.

Conclusiones Especificas:

» Mediante LC-ESI-LTQ-Orbitrap-MS se identificaron 75 compuestos fenolicos
en extractos de sarmientos (V. vinifera L.) preparados a escala analitica, 17 de

los cudles fueron reportados por primera vez.

» El perfil fendlico del extracto de sarmientos (V. vinifera L.) es alterado por el
proceso de extraccion a escala piloto, principalmente por reacciones de
oxidacion, degradacion o polimerizacion que sufren las proantocianidinas y los

estilbenos.

» Los compuestos fendlicos presentes en el extracto de sarmientos producido a
escala de planta piloto se encapsularon con éxito confirmandose la formacién de

complejos de inclusion.
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6 CONCLUSIONS.

General Conclusions:

» The phenolic profile of grape canes (V. vinifera L.) extracts is altered by pilot-
scale extraction procedures and by encapsulation of phenolic compounds in

cyclodextrins.

» Liquid chromatography coupled with high-resolution mass spectrometry (LC-
ESI-LTQ-Orbitrap-MS) is a useful tool to study the changes in the phenolic
profile of grape canes extracts subjected to extraction and encapsulation

processes.

» An encapsulated product rich in phenolic compounds has been developed with
high added value that could find future applications in the food and

pharmaceutical industries.

Specific Conclusions:

» Using LC-ESI-LTQ-Orbitrap-MS, 75 phenolic compounds were identified in
extracts of grape canes (V. vinifera L.) prepared at an analytical scale, 17 of

which were reported for the first time.

» The phenolic profile of grape canes (V. vinifera L.) extract is altered by the pilot-
scale extraction process, mainly by oxidation, degradation, or polymerization

reactions of proanthocyanidins and stilbenes.

» The phenolic compounds present in the grape canes pilot-plant extract were

successfully encapsulated, confirming the formation of inclusion complexes.
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RESUMEN:

Las pasas son uvas pasas obtenidas principalmente de cultivares de Vitis vinifera L. y se
consumen ampliamente en todo el mundo. Las pasas son ricas en compuestos bioactivos
como los polifenoles, los que estan asociados con una amplia gama de beneficios para la
salud. El objetivo del presente estudio fue comparar los perfiles fendlicos de tres
variedades diferentes de pasas (Thompson “sin semillas”, Moscatel y Sultanas). Los
polifenoles totales (TP) se evaluaron mediante el ensayo de Folin-Ciocalteu (F-C) y se
observaron diferencias significativas entre todas las variedades de pasas. Ademas, se
empled cromatografia liquida acoplada con espectrometria de masas cuadrupolo-
Orbitrap-trampa de iones lineal hibrida de ionizacion por electropulverizacion (LC/ESI-
LTQ-Orbitrap-MS) para la identificacion integral de constituyentes fenolicos. Se
identificaron un total de 45 compuestos, incluidos los &cidos hidroxibenzoicos e

hidroxicinamicos, flavonoides, flavonoides, flavonoles, flavonas y estilbenoides.

Pagina | 143


https://doi.org/10.3390/molecules25061281

ANEXQOS
molecules @U

Article
A Targeted Approach by High Resolution Mass
Spectrometry to Reveal New Compounds in Raisins

Danilo Escobar-Avello I'¥(0, Alexandra Olmo-Cunillera 1%, Julidn Lozano-Castellén 120,
Maria Marhuenda-Mufioz 120 and Anna Vallverdu-Queralt 1-2*

1 Department of Nutrition, Food Science and Gastronomy, School of Pharmacy and Food Sciences and XaRTA,

Institute of Nutrition and Food Safety (INSA-UB), University of Barcelona,
08921 Santa Coloma de Gramenet, Spain; daniescobar01@gmail.com (D.E.-A.);
alexandra.olmo@ub.edu (A.O.-C.); julian.lozano@ub.edu (J.L.-C.); mmarhuendam@ub.edu (M.M.-M.)
2 Consorcio CIBER, M.P. Fisiopatologia de la Obesidad y la Nutricién (CIBERObn),
Instituto de Salud Carlos III (ISCIII), 28029 Madrid, Spain
*  Correspondence: avallverdu@ub.edu; Tel.: +34-934034843
t  These authors contributed equally to the work.

Academic Editor: Francesco Cacciola :I;e;:tfgsr
Received: 19 February 2020; Accepted: 10 March 2020; Published: 12 March 2020

Abstract: Raisins are dried grapes mostly obtained from cultivars of Vitis vinifera L. and are extensively
consumed worldwide. They are richin bioactive compounds such as polyphenols, which are associated
with a broad range of health benefits. The aim of the present study was to compare the phenolic profiles
of three different raisin varieties (Thompson seedless, Muscat, and sultanas). Total polyphenols (TPs)
were evaluated by the Folin—Ciocalteu (F-C) assay and significant differences were observed among
all raisin varieties. Furthermore, liquid chromatography coupled with electrospray ionization hybrid
linear ion trap quadrupole-Orbitrap-mass spectrometry (LC/ESI-LTQ-Orbitrap-MS) was employed for
the comprehensive identification of phenolic constituents. A total of 45 compounds were identified,
including hydroxybenzoic and hydroxycinnamic acids, flavanoids, flavonoids, flavonols, flavones,
and stilbenoids. The three varieties of raisins showed a similar phenolic profile, although the highest
number of phenolic compounds was identified in Muscat raisins owing to the proanthocyanidins
extracted from their seeds, while stilbenoids were not detected in the Thompson variety.

Keywords: polyphenols; dried fruit; Vitis vinifern; LC-LTQ-Orbitrap; condensed tannins

1. Introduction

Raisins are dried grapes mostly obtained from cultivars of V. vinifera L. and are extensively
consumed worldwide. Although sometimes perceived as unhealthy because of their high sugar
content, raisins represent an important source of bioactive compounds, including fiber and polyphenols,
which may benefit human health [1].

Interest in phenolic compounds is growing as scientific research brings further evidence of their
beneficial effects. The major polyphenols found in raisins are phenolic acids (caftaric and coutaric acid)
and flavonols (quercetin and kaempferol glycosides, and rutin) [2-5]. Anthocyanins have also been
identified in dark raisins [6-8]. Flavan-3-ols and procyanidins have been detected in Turkish raisins [7].

Scientific literature suggests that a long-term ingestion of foods rich in polyphenols protects
against certain health conditions, such as cardiovascular and neurodegenerative diseases, cancer,
and diabetes [9,10]. The antioxidant, immunomodulatory, and scavenging properties of catechins
have been associated with the protection of neurons and the inhibition of the neurotoxic effects of
the beta-amyloid protein, thus helping to ward off Alzheimer’s disease and dementia. Flavanoids
may decrease cancer risk by the neutralization of free radicals. The risk of cardiovascular disease is
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lowered by flavonoids, which prevent cholesterol oxidation, while anthocyanins are associated with
the prevention and management of type 2 diabetes. Moreover, it is hypothesized that polyphenols
promote the growth of beneficial gut microbiota [11].

The phenolic content of raisins is affected by multiple factors, including genetics (for instance,
the presence or not of seeds and grape color) [12], environmental growing conditions, and the drying
process (for instance, degree of temperature and UV-B radiation) [13-15]. Moreover, the type of
analytical extraction procedure can also influence the phenolic profile detected [4,16].

High-performance liquid chromatography (HPLC) is one of the most commonly applied methods
to identify and quantify polyphenols in food [17], and UV/vis and DAD detectors are more frequently
used than mass spectrometry (MS) because they are less expensive, comparably convenient to operate,
and suitable for routine analysis [18]. However, HPLC coupled with MS allows a more accurate
identification [17] and increases the range of phenolic compounds detected in a sample [19].

Although the phenolic content of raisins has been widely studied, the available data could be
updated using recently developed techniques offering more specific identification. Orbitrap technology
stands out for its high mass accuracy and resolution, which provides more information about
compounds present in a mixture [20]. This is particularly useful for genomics, proteomics,
and metabolomics studies analyzing highly complex matrices. This approach has been successfully
used to identify phenolic compounds in grape cane extracts [21], wine extracts [22,23], culinary herbs
and spices [24], tomatoes [25], and cacao and chocolate [26]. Therefore, the aim of this study was to
identify the polyphenols in three types of commonly consumed raisins (Thompson seedless, Muscat,
and sultanas) by liquid chromatography hybrid linear ion trap quadrupole-Orbitrap-mass spectrometry
(LC-LTQ-Orbitrap-MS) analysis.

2. Results and Discussion

2.1. Phenolic Profile of Commercial Raisins

Raisins have been reported as a good source of polyphenols with potential human health benefits
and effects against different diseases [1].

The Folin—Ciocalteu (F-C) method gave results indicating a high polyphenol content in the three
varieties of raisins analyzed. Overall, total polyphenol (TP) levels ranged from 327 to 664 mg GAE/100 g,
with the highest amount in Muscat raisins (664 + 15 mg GAE/100 g), followed by Thompson seedless
(472 + 7.7 mg GAE/100 g) and then sultanas (327 + 3.9 mg GAE/100 g). Furthermore, significant
differences (p < 0.05) in TP content were observed among all raisin varieties. These values are greater
than those reported in raisins by Fabani et al. [5] (136-201 mg GAE/100 g) and Chiou et al. [27]
(151-246 mg GAE/100 g), but comparable to other studies [12,16,28]. Differences in reported TP levels
could be partially explained by different water content [29], environmental growing conditions [28],
raisin variety [12], the drying process [14], and the choice of extraction solvents [16] or analytical
methods [4].

A targeted analysis of phenolic compounds in raisins was performed using LC-LTQ-Orbitrap-MS.
For the 45 compounds identified, accurate mass measurements of the [M — H]™ ion, molecular formula
(MF), and MS? fragment ions used for identification are listed in Table 1. The most represented classes
of phenolic compounds in the extracts were phenolic acids (hydroxybenzoic and hydroxycinnamic
acids) and flavonoids (flavanols, flavanones, and flavonols). Some stilbenes were also identified.
Although many of these compounds have been previously detected in raisins [2,5,7,12,13,16,27,28],
to the best of our knowledge, six have never been identified in these raisin varieties.
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2.1.1. Phenolic Acids and Derivatives

Phenolic acids are present in almost all plant-derived foods and are the main polyphenols in
raisins. Their biological activities include effects against aging, diabetes, cardiovascular disease, and
cancer [30].

Seventeen phenolic acids, hydroxycinnamic and hydroxybenzoic, were identified in the three
raisin varieties (Table 1). The spectra generated by hydroxycinnamic and hydroxybenzoic acids
showed the deprotonated molecule [M — H]™ and the characteristic loss of CO, [M — H—44]~ [25,31],
whereas those of phenolic acid-O-hexosides revealed the typical cleavage of the sugar moiety [M —
H—162]" [31].

Nine hydroxybenzoic acids—gallic acid (m/z 169.0135), protocatechuic acid-O-hexoside isomer 1
(mfz 315.0709), protocatechuic acid (m/z 153.0186), and 2-hydroxybenzoic acid (m/z 137.0238)—were
detected in all raisin varieties. Furthermore, gallic acid was identified by comparison with its pure
standard. On the other hand, two galloyl-hexoside (im/z 331.0657; m/z 331.0656) and hydroxybenzoic
acid hexoside (m/z 299.0761), were only identified by MS? in Muscat and sultana varieties, while
4-hydroxybenzoic acid (m/z 137.0238) was detected in Thompson seedless and sultanas varieties. Lastly,
gallic acid ethyl ester (m/z 197.0446) was identified in Muscat raisins and confirmed by comparison
with the available standard. Gallic, protocatechuic, and 2-hydroxybenzoic acid have been previously
found in Thompson raisins [12]. Interestingly, in other studies, protocatechuic acid has been found in
raisins and not in grapes [3,4]. The presence of protocatechuic acid in raisins could be attributed to
the drying process. On the other hand, some hydroxybenzoic acids hexosides have been previously
reported in red (Cardinal) and white (Sabel) dried grapes [32].

A total of eight hydroxycinnamic acids were identified in the three raisin varieties. Two dihydroxy
cinnamic acid isomers 1 and 2 (m/z 179.0342; m/z 179.0343), caftaric acid isomer 2 (my/z 311.0395), coutaric
acid (m/z 295.0447), and ferulic acid-O-hexoside (m/z 355.1020) were identified in all raisin varieties
studied. Coutaric acid was tentatively identified based on the loss of the tartaric acid [M—H—132]—
and the presence of a fragment at m/z 163, attributed to a coumaric acid molecule [21,33,34]. Additionally,
the dihydroxycinnamic acid isomer 2 was identified by comparison with its pure standard. On the
other hand, caftaric acid isomer 1 (m/z 311.0394) and fertaric acid (m/z 325.0550) were only identified
by MS? in Muscat and sultana varieties. Fertaric acid showed product ions at m/z 193 and my/z 149,
attributed to ferulic acid and tartaric acid, respectively [33]. Lastly, coumaric acid-O-hexoside (m/z
325.0914) was detected in Thompson and Muscat varieties.

Most of the detected phenolic acids have already been reported in raisins [3,5,12,16,27,32], but to
the best of our knowledge, coumaric and ferulic acid hexoside derivatives have not been detected in
the studied varieties.

2.1.2. Flavanols (Proanthocyanidins)

Proanthocyanidins (PAs), also referred to as condensed tannins, are the most abundant
plant-derived polyphenols. DPAs exert several pharmacological effects, including antioxidant,
antimicrobial, anti-cancer, and cardio-protective effects [35]. They are also useful for bio-based
material design [36-38].

Fourteen flavanols were tentatively identified in the extract of Muscat raisins, probably because
these contain seeds, which are known to have high levels of PAs [34]. The most common classes of
PAs consist of subunits of catechin, epicatechin, and their gallic acid esters (mainly B-type oligomers).
Flavan-3-ols catechin (m/z 289.0707) and epicatechin (m/z 289.0705) were also detected in Muscat and
sultana varieties, and were confirmed after comparison with their standards.

Five B-type procyanidin dimers (m/z 577.1330; myjz 577.1329; m/z 577.1328; m/z 577.1326; m/z
577.1334) and two B-type procyanidin trimers (m/z 865.1942; m/z 865.1944) were detected in Muscat
raisins. Procyanidins showed typical fragmentation pathways including quinone methide (QM) fission,
heterolytic ring fission (HRF), and the retro-Diels-Alder (RDA) mechanism (Figure 1). The mass spectra
of these compounds have been extensively described in previous studies [21,34].
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Figure 1. Fragmentation pathways of procyanidins (DP1-DP3) in negative mode electrospray ionization
(ESI)-mass spectrometry (MS)". Water loss (WL), Quinone methide fission (QM), heterolytic ring fission

(HRF), and retro-Diels-Alder (RDA) mechanism.

Catechin, epicatechin, and procyanidin (B1 and B2) have been identified in Turkish raisins [7].
Nevertheless, Karadeniz et al. [2] reported that procyanidins and flavan-3-ols were degraded when
grapes were transformed into raisins. Similarly, Fabani et al. [5] detected the procyanidin dimer only in
fresh grape extracts and suggested it underwent degradation during the sun-drying process, probably
owing to enzymatic oxidation. In our work, procyanidin dimers and trimers, previously reported in
grape seeds [34], were identified exclusively in the Muscat raisins, the only variety studied bearing
seeds. PAs from grape seeds have shown broad pharmacological and therapeutic health effects against
cancer, obesity, diabetes mellitus, and cardiovascular disease, which are related to oxidative stress and
inflammatory processes [39].

Four PAs with gallic acid esters were also tentatively identified by MS? only in the
Muscat variety: two (epi)catechin gallate—(epi)catechin (m/z 729.1436, m/z 729.1432), and two
(epi)catechin—(epi)catechin gallate (im/z 729.1429, myz 729.1436). Both forms produced ions at m/z 577,
559, 425, and 407, which are typical of B-type procyanidin dimers [21,40]. QM fission is a fundamental
pathway underlying the gallic acid ester position [21]. Thus, the ions at m/z 439 and 441 were crucial
in assigning the gallic acid ester to the upper and bottom positions, respectively [21] (Figure 2).
(Epi)catechin-(epi)catechin gallate (12 729) has been previously detected in raisins [32], although the
specific monomeric sequence is proposed here for the first time.

Epicatechin gallate (im/z 441.0811) was also identified only in Muscat raisins and confirmed by
comparison with its standard. The mass spectra of epicatechin gallate showed two fragments from the
cleavage of the ester bond at my/z 289 and 169 for epicatechin and gallic acid deprotonated moieties,
respectively [21]. Epicatechin gallate has been previously identified in raisins [13].
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2.1.3. Flavonols, Flavones, and Derivatives

Flavonols are extensively distributed in plants and are present in numerous fruits and vegetables.
Human intervention trials with isolated flavonols demonstrated an antihypertensive effect [41].

A total of nine flavonols and one flavone were tentatively identified in the three raisin
varieties. Quercetin-3-O-glucuronide (m/z 477.0658), quercetin-O-hexoside isomer 2 (my/z 463.0865),
kaempferol-O-hexoside (m/z 447.0917), isorhamnetin-O-hexoside (m/z 477.1021), and quercetin
(m/z 301.0341) were detected in all raisin varieties. Quercetin-3-O-glucuronide and quercetin-O-hexoside
showed the same fragment at m/z 301, owing to respective losses of glucuronide and hexoside
moieties. Moreover, quercetin-3-O-glucuronide was confirmed by comparison with its pure standard.
Kaempferol-O-hexoside produced the deprotonated aglycone fragment at m/z 285, suggesting it arose
from either luteolin or kaempferol. Additional structural information provided by MS? detection of
lower intensity ions allowed the aglycone to be identified as kaempferol, based on the characteristic
product ion at m/z 255 [42]. Isorhamnetin-O-hexoside was tentatively identified by comparison with
the mass spectra reported by Simirgiotis et al. [43]. Quercetin was confirmed by comparison with an
authentic standard.

Quercetin-O-hexoside isomer 1 (m/z 463.0864) and kaempferol-3-O-glucoside (m/z 447.0915) were
only detected in MS? mode in Muscat and sultana raisins. Both compounds showed the cleavage of the
sugar moiety (—162 Da) generating the ions at m/z 301 (quercetin) and #/z 285 (kaempferol), respectively.
Additionally, kaempferol-3-O-glucoside revealed a fragment at my/z 255 typical of kaempferol aglyconem,
which was confirmed by comparison with a standard.

Rutin (m/z 609.1428), kaempferol-O-rutinoside (1m/z 593.1491), and luteolin-O-glucuronide (flavone)
(mfz 461.0710) were only detected in sultanas. The mass spectra of rutin showed ions at #/z 301 and
300 due to the loss of the rutinoside unit [M — H—308]", and to the radical anion of the aglycone
(m/z 300) [44], respectively. Furthermore, rutin was confirmed by comparison with its pure standard.
Kaempferol-O-rutinoside and luteolin-O-glucuronide revealed the same fragment at n1/z 285 owing to
the loss of rutinoside (—308 Da) and glucuronide (—176 Da) moieties, respectively. The characteristic
product ions at m/z 255 and 175 allowed the identification of the aglycone as well as kaempferol
and luteolin, respectively [42]. Luteolin-O-glucuronide was the only flavone detected in all varieties.
Kaempferol-3-rutinoside has been previously reported in raisins [13].

The number of flavonol derivatives was higher in sultanas, which are produced by immersing
grapes in an alkaline potassium carbonate solution before drying [45]. This chemical pretreatment
could inactivate polyphenol oxidase, and thus protect the phenolic compounds from degradation.

Several studies have identified and quantified flavonols (e.g., rutin, quercetin-hexoside,
quercetin-glucuronide, kaempferol-hexoside, isorhamnetin-hexoside, and quercetin) in raisins [2,5,13],
but to the best of our knowledge, this is the first report of luteolin-O-glucuronide in these
particular varieties.

2.1.4. Flavanones and Derivatives

Flavanones have been widely studied in citrus fruits. They are reported to enhance the defenses
of the organism against oxidative stress and help in the prevention of cardiovascular diseases,
atherosclerosis, and cancer [46]. Two conjugated flavanones were detected in raisins and identified
through their MS spectra.

Hesperidin (m/z 609.1802) was detected in all three varieties and confirmed by comparison with
its pure standard. Eriodictyol-O-hexoside (m/z 449.1070) was tentatively identified only in Muscat
raisins. The MS? of m/z 449 showed a characteristic product ion at m/z 287 (eriodictyol) generated by the
loss of a hexose moiety (—162 Da). Additionally, eriodictyol-O-hexoside was tentatively identified by
comparison with the mass spectra of previous studies using the LTQ-Orbitrap to analyze red wine [31]
and grape pomace [47]. To the best of our knowledge, this is the first report of eriodictyol-O-hexoside
in raisins of these varieties, although it has been previously identified in grape skins [48].
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2.1.5. Stilbenes and Derivatives

The most well-known stilbene is resveratrol, associated with activity against pathologies related
to oxidative stress, inflammatory biomarkers, type 2 diabetes, and cardiovascular and neurological
diseases [49]. Oligomer derivatives of resveratrol, which are formed from two to eight or even more
resveratrol units, have multiple beneficial properties, and some are superior in activity, stability, and
selectivity compared with resveratrol. In particular, hopeaphenol and viniferin present a wide range of
preventive or anticancer properties [50].

A stilbenoid tetramer (hopeaphenol or isohopeaphenol) (m/z 905.2557) and a stilbenoid dimer
(viniferin) (m/z 453.1330) were tentatively identified in two raisins varieties. A stilbenoid dimer was
present in Muscat and sultana varieties, whereas a stilbenoid tetramer was only detected in sultanas,
possibly owing to the production process described above. The MS? of stilbenoid tetramer revealed
ions at m/z 811 and 717 produced by the loss of one and two phenol moieties, respectively [21]. The MS?
of m/z 453 showed product ions at m/z 359 and 347 produced by the loss of a phenol group (-94 Da)
and a 4-methylenecyclohexa-2,5-dienone (—106 Da), respectively [21]. Stilbenoid oligomers have been
previously detected in grape canes [21,51], leaves [52], and stems [53], but as far as we know, this is
the first time that a stilbenoid tetramer (hopeaphenol or isohopeaphenol) and viniferin have been
identified in raisins of these varieties. Stilbenoids are compounds that perform a critical role in the
defense mechanism of plants, particularly in the complex response to biotic and abiotic stress [52,54].
Thus, the drying process could provoke stress conditions and stimulate the presence of these phenolic
compounds in raisins.

3. Materials and Methods

3.1. Standards and Reagents

All samples and standards were handled without exposure to light. Gallic, 2-hydroxybenzoic,
4-hydroxybenzoic and caffeic acids (3,4-dihydroxycinnamic acid), (+)-catechin, (—)-epicatechin,
quercetin-3-rutinoside (rutin), quercetin-3-O-glucuronide, hesperitin-7-rutinoside (hesperidin),
and quercetin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethylgallate (gallic acid
ethyl ester), (—)-epicatechin gallate, and kaempferol-3-O-glucoside were acquired from Extrasynthése
(Genay, France).

Folin—Ciocalteau (F-C) reagent was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Acetonitrile, water, formic acid, and ethanol were acquired from Merck (Darmstadt, Germany).
All solvents were of HPLC grade and all chemicals were of analytical reagent grade. Ultrapure water
was obtained from a Milli-Q water purification system (Millipore Bedford, MA, USA).

3.2. Extraction of Polyphenols

Commercial raisins (V. vinifera L.) of three different types and origins—(i) Thompson seedless
(from Chile), (ii) Muscat (from Spain), and (iii) sultanas (from Turkey)—were purchased in a local
supermarket in Barcelona, Spain. The extraction was performed following a previously reported
procedure with minor modifications [55].

A sample of each variety of raisin (0.5 g, n = 3) was homogenized with an ULTRA-TURRAX® (IKA,
Staufen, Germany) for 30 seconds, and then vortexed for 1 min with 4 mL ethanol/water (80:20, v/v).
Later, they were sonicated in an ultrasound bath (Bandelin electronic GmbH&Co.KG, Berlin, Germany)
during 10 min and centrifuged at 4000 RPM for 5 min at 4 °C. The supernatants were collected and the
extraction procedure was repeated twice. The supernatants obtained were combined and evaporated
with a sample concentrator (MIVAC®, FisherScientific, UK) at room temperature under a stream of
nitrogen gas, and the residue was reconstituted into 0.1% of aqueous formic acid (4 mL). The raisin
extracts were filtered through a 13 mm, 0.45 um PTFE filter into an amber vial and stored at —20 °C
until analysis by LC-LTQ-Orbitrap.
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3.3. LC-LTQ-Orbitrap-MS Analyses

Liquid chromatography analysis was performed using an Accela chromatograph (Thermo
Scientific, Hemel Hempstead, UK) equipped with a quaternary pump, a photodiode array detector
(PDA), and a thermostated autosampler. Chromatographic separation was carried out with an Atlantis
T3 column 2.1 x 100 mm, 3 um (Waters, Milford, MA, USA). Gradient elution of analytes was performed
with H0/0.1% H-COOH (solvent A) and CH3CN (solvent B). The following gradient was used: 0 min,
2% B; 0-2 min, 8% B; 2-12 min, 20% B; 12-13 min, 30% B; 13-14 min, 100% B; 14-17 min, 100% B;
and 17-18 min, 2% B, and the column was equilibrated for 5 min to initial conditions [21]. The flow
and injection volume were 0.350 mL/min and 5 pL, respectively.

For accurate mass measurements, the LC system was coupled to an LTQ-Orbitrap Velos mass
spectrometer (Thermo Scientific, Hemel Hempstead, UK) equipped with an ESI source operating in
negative mode. Instrument control and data acquisition were performed with Xcalibur 3.0 software
(Thermo Fisher Scientific). The mass range in Fourier transformation mass spectrometry (FTMS) mode
was from my/z 100 to 1000 [21]. The most intense ions detected in the FTMS spectrum were selected
for the data-dependent scan. Parent ions were fragmented by high-energy C-trap dissociation with
normalized collision energy of 35 V and an activation time of 10 ms. Operation parameters were as
follows: source voltage, 4 kV; auxiliary gas, 10 a.u. (arbitrary units); sweep gas, 2 a.u.; sheath gas,
20 a.u.; and capillary temperature, 275 °C. Raisin samples were analyzed in FTMS mode at a resolving
power of 30,000 (full width at half maximum at my/z 400) and data-dependent MS? events acquired at a
resolving power of 15,000.

3.4. Analysis of Total Polyphenols

For the TP assay, each sample was analyzed in triplicate; 24 uL of the raisin extracts was mixed with
184 uL of Milli-Q water in a thermo microtiter 96-well plate (Bio-Rad Laboratories GmbH, Feldkirchen,
Germany). Then, 12 pL of F—C reagent (2 N) and 30 pL of sodium carbonate (200 g/L) were added and
mixed by vortex following the procedures described previously by our group [55]. The mixtures were
incubated for 60 min at room temperature in the dark. After the reaction period, 50 uL of Milli-Q water
was added and the absorbance was measured at 750 nm in a microplate reader (Bio-Rad iMark™,
Feldkirchen, Germany). The results were expressed as mg of GAE/100 g.

3.5. Statistical Analysis

The significance of the results and statistical differences were analyzed using Statgraphics®
Centurion (StatPoint, Inc., Warrenton, VA, USA). Analysis of variance was used to compare the means
of groups of measurement data, followed by Tukey HSD post-hoc tests, with a significance level of
p =0.05.

4. Conclusions

The use of LC coupled to LTQ-Orbitrap MS proved to be an efficient and powerful analytical tool to
identify a wide range of phenolic compounds in Thompson seedless, Muscat, and sultana raisins. A total
of 45 phenolic compounds, namely, hydroxybenzoic (9) and hydroxycinnamic acids (8), flavonols (9),
flavones (1), flavanones (2), stilbenes (2), and flavanols (14), were identified or tentatively characterized
based mainly on their accurate mass measurements provided by the LTQ-Orbitrap, the fragmentation
data from MS? analyses, as well as the mass information obtained from pure standards and the literature.
Among the 45 identified phenolic compounds, coumaric acid-O-hexoside, ferulic acid-O-hexoside,
luteolin-O-glucuronide, eriodictyol-O-hexoside, stilbenoid tetramer (hopeaphenol or isohopeaphenol),
and viniferin, to our knowledge, have been identified for the first time in these raisin varieties.

The three types of raisins showed some differences in their phenolic profiles. The most notable
difference was the presence of condensed tannins in Muscat raisins, attributed to their seed content.
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Furthermore, sultanas showed a greater diversity of flavonols. The most commonly detected phenolic
compound class in each raisin variety was phenolic acids.

This investigation achieved an exhaustive characterization of the phenolic profile of three widely
consumed raisins, which might be helpful for further research on the health properties of distinct
raisin varieties.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/6/1281/s1,
Table S1: Phenolic compounds tentatively identified using LC-ESI-LTQ-Orbitrap-MS in negative mode: Retention
time (min), error (ppm), and reference used for identification [21,33,34,43,47,55-61].
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Publicacion 9: “Mild hydroxypropylation of polyflavonoids obtained under pilot-plant
scale.”
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ANEXOS

8.2 PATENTES DE INVENCION

8.2.1 Patente 1: “Un procedimiento para aumentar el contenido de estilbenos,
esencialmente resveratrol, en sarmientos provenientes de las podas de Vitis
vinifera”.

Inventores: Claudia Alejandra Mardones Pefia, Dietrich von Baer von Lochow, Carola

Andrea Vergara Rosales, Danilo Alejandro Escobar Avello, Fuentealba Becerra
Cecilia Andrea, Sebastian Andrés Riquelme Rifo.

Solicitante: Universidad de Concepcidn.

NUmero de publicacion: 2014003417

Primera publicacion: 27-03-2015

Enlace: https://patentscope.wipo.int/search/es/detail.jsf?docld=CL174158667
Resumen:

Sistema de acondicionamiento de sarmientos provenientes de las podas de Vitis vinifera
para aumentar el contenido de estilbenos, como resveratrol, a través de un contenedor
para almacenamiento, el cual utiliza un contenedor ortoédrico para el almacenamiento
de sarmientos y comprende al menos las siguientes etapas: (a) agregar agua entre 10 -
15% del volumen del contenedor y disolver sales con una concentracion entre 360 -
1800 g/l hasta el punto de saturacion; (b) posicionar de forma horizontal una sujecion de
alambres en el contenedor; (c) apilar los sarmientos sobre el soporte de alambres,
ocupando entre 55 - 65 % del volumen disponible del contenedor; y (c) cerrar
herméticamente el contenedor y disponerlo bajo techo a una humedad entre 30 - 70%,
temperatura entre 20 - 35 °C e intensidad luminica de 0,1 - 15 lux, durante 90 a 150

dias.
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8.2.2 Patente 2: “Formulacion de microparticulas de extracto de sarmientos de
Vitis vinifera Gtil en las industrias nutracéutica y cosmética, ademas de su
proceso de elaboracion y sus usos”

Inventores: Javier Orlando Avendafio Godoy, Danilo Alejandro Escobar_ Avello,

Javiana Elizabeth Luengo Contreras, Claudia Alejandra Mardones Pefia, Elisa Maribel

Ortega Medina, Carola Andrea Vergara Rosales, Dietrich von Baer von Lochow,
Carolina Pilar Gomez Gaete, Sebastian Andrés Riquelme Rifo.

Solicitante: Universidad de Concepcion.

Numero de publicacién: 2017002902

Fecha de publicacion: 05-01-2018

Enlace: https://patentscope.wipo.int/search/es/detail.jsf?docld=CL250856147

Resumen:

Formulacion de microparticulas de extracto de sarmientos de Vitis vinifera Gtil en las
industrias nutracéutica y cosmética, que comprende al menos los siguientes
componentes- extracto de sarmiento con un contenido de estilbenos y flavan-3-oles en
un rango entre 500 - 2500 mg/L- ciclodextrina del tipo preferente hidroxipropil-5-
ciclodextrina entre 0.5 - 5% p/v, como agente para la formacion de un complejo de

inclusion y- maltodextrina entre 5 - 15% p/v, como excipiente formador de matriz.
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8.3 COMUNICACIONES EN CONGRESOS

8.3.1 Congreso 1: Condensed tannins in muscatel raisins variety: structural
sequencing elucidation by LC-ESI-LTQ-ORBITRAP-MS.

Autores: Danilo Escobar-Avello, Alexandra Olmo-Cunillera, Julidn Lozano-Castelldn,
Maria Marhuenda-Mufoz, Rosa Maria Lamuela-Raventés, and Anna Vallverdu-
Queralt.

Nombre del Evento: V Workshop Anual de I'INSA-UB

Fechay lugar: 13 de noviembre del 2019. Barcelona. Espaiia
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ANEXOS

CONDENSED TANNINS IN MUSCATEL RAISINS VARIETY: STRUCTURAL SEQUENCING ELUCIDATION

BY LC-ESI-LTQ-ORBITRAP-MS

Escobar-Avello, D."?', Olmo-Cunillera, A.!, Lozano-Castellon, J."2, Marhuenda-Muioz, M."2, Lamuela-Raventés, R.M."2 and
Vallverdu-Queralt, A."2
1 Department of Nutrition, Food Science and Gastronomy XaRTA, Institute of Nutrition and Food Safety (INSA-UB), Faculty of Pharmacy and Food Sciences, University of Barcelona, 08028

Barcelona, Spain.
2 Consorcio CIBER, M.P. Fisiopatologia de la Obesidad y la Nutricion (CIBERObn), Instituto de Salud Carlos IIl (ISCIIl), 28029 Madrid, Spain

INTRODUCTION

Raisins are dried grapes consumed worldwide that contain beneficial components for human health. They are rich in fiber, phytochemicals, phenolic
compounds, and tartaric acid. The Muscatel variety shows the presence of condensed tannins (CTs) probably coming from their seeds.
Proanthocyanidins, also called CTs, are the most abundant flavonoids in the human diet. Several epidemiological studies connect CTs consumption
with health benefits. The structural elucidation of these compounds could help to understand their role in future research in mechanisms of action of
these compounds in human health.

METHODOLOGY
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\ The MS2 product ion scan of m/z 729 shows the keys fragment ions at m/z 439 and 441 produced by quinone methide (QM) fragmentation for (Epi)catechin gallate /

(ECG)—(epi)catechin (2) and (Epi)catechin—(epi)catechin gallate (2), respectively.
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8.3.2 Congreso 2: Grape cane by-products as food additives: Changes in phenolic

profile during production and microencapsulation.

Autores: Danilo _Escobar-Avello, Javier Avendafio, Sebastian Riquelme, Carolina
Gobmez, Javiana Luengo, Rosa Maria Lamuela-Raventos, and Anna Vallverdi-Queralt.

Nombre del Evento: 5° Congreso Latinoamericano sobre Biorrefinerias.

Fechay lugar: 7-9 enero del 2019. Concepcion. Chile.

ABSTRACT

Residues from wine industry have been the focus of many studies searching for such
metabolites all around the world. Grape canes, obtained after annual pruning of vines, is
a waste estimated in more than 120.000 tons per year only in Chile (Gorena et al.,
2014). Grape canes have a wide diversity of polyphenolic compounds mainly
oligostilbenoids and procyanidins with potential health benefits (Séez et al., 2018).
Consequently, polyphenols can be used for development of additives in functional
foods.

In this work, an extract of grape canes (Vitis vinifera cv. Pinot Noir) was produced at
pilot-scale in a reactor of 750 L. The extract was encapsulated with HP-f-cyclodextrins,
and then dried by spray drying. Profiles and content of polyphenols were determined by
liquid chromatography/electrospray ionisation-linear ion trap quadrupole-Orbitrap-mass
spectrometry (HPLC/ESI-LTQ-Orbitrap-MS). Change in the phenolics compositions
was analysed and compared in the laboratory and pilot plant extraction as well as in
microencapsulated extract.

Several changes in the phenolic profile between analytical and pilot extraction were
observed such a decrease apparent of resveratrol, catechin, epicatechin and dimeric
procyanidins, among other compounds. On the other hand, oligostilbenoids: (i) viniferin
(m/z 453), (ii) hopeaphenol (m/z 905) and (iii) stilbenoid heterodimer (m/z 469) were
successfully encapsulated.

The phenolic profile change during production and microencapsulation of the extract is
relevant for evaluating in the future the efficiency and effectiveness of bioproducts as
food additives.

References

[1] Gorena, T., Saez, V., Mardones, C., Vergara, C., Winterhalter, P., & Von Baer, D.
(2014). Influence of post-pruning storage on stilbenoid levels in Vitis vinifera L. canes.
Food Chemistry, 155, 256-263.

[2] Séez, V., Pastene, E., Vergara, C., Mardones, C., Hermosin-gutiérrez, 1., Gémez-
alonso, Gémez, M., Theoduloz C., Riquelme S., von Baer D. (2018). Oligostilbenoids
in Vitis vinifera L. Pinot Noir grape cane extract: Isolation, characterization, in vitro
antioxidant capacity and anti-proliferative effect on cancer cells. Food Chemistry, 265,
101-110.
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8.3.3 Congreso 3: ldentification of phenolic compounds in raisins (Vitis vinifera

L.) by HPLC-LTQ-ORBITRAP-MS

Autores: Danilo Escobar-Avello, Maria Marhuenda-Mufioz, Marta Trius, Jose
Fernando Rinaldi de Alvarenga, Anna Vallverdi-Queralt, and Rosa Maria Lamuela-
Raventos.
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INTRODUCTION

Grapevine (Vitis) is considered to be one of the major fruit crops in the world based on hectares cultivated and economic value. Grapes are used not only for wine and
cava production but also for products such as fresh fruit, juice, and raisins. Particularly, the world production of raisins for the period 2017/18 was estimated at 1.2
million metric tons. Raisins are a product of high nutritional value and provide carbohydrates, iron, vitamins, minerals and a wide variety of phenolic compounds with
potential health benefits. The aim of the present work was to identify the phenolic profile of three different types of commercial raisins: Thompson (T), Moscatel (M) and
Sultana (S) by LC-ESI-LTQ-Orbitrap-MS analysis.

METHODOLOGY
w = HPLC-LTQ-Orbitrap-MS 2 ") P
- & - P oDy PhufoHub
Samples < - r " e
Ethanol-Wa Ulirs d Centrifugats F
* ” ‘ (aﬂzom;’ ' (WSS;i:’; {47108:&.5 :> HPLC-PDA A Ciﬂeg’mﬁ—u{!w -
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Thompsen Moscatel Sultana Polyphe.nols é
extraction Fourier 22 5
Raisins samples L a 1 transform < <j£l_l
—e
HPLC vial Fittration Evaporation Compound
RESULTS identification
Table 1: HYDROXYBENZOIC ACIDS Table 5. FLAVONOLS
Compounds Raisins (M-H) MS/MS ions (intensity %) Compounds Raisins  (M-H)’ MS/MS (intensity %)
Gallic acid ] T M, S 169.0135 125.0237(100) Kaempferol-O-hexaside TMS 447.0915 285.0388(60),447.0908(60),
Gallic acid-O-hexoside (1) M, S 331.0655 169.0133(100) Quercetin-O-glucuronide TMS 477.0658 301.0334(100)
Protocatechuic acid M, S  153.0186 109.0289 (100) Quercetin TM,S 301.0340 178.9976(100),301.0337(80}),151.0029(60)
Hydroxybenzoic acid (1) T M S 137.0237 93.0340(100) Rutin TS 609.1436 .
Hydraxybenzoic acid (2) ) T 187.0238 93.0340(100) Quercetin-O-hexoside TMS  463.0864 301.0337(100)
Protocatechuic acid-O-hexoside” TM,S 315.0707 153.0184(100),109.0289(10)
Gallic acid-O-hexoside (2)) M,S  331.0655 169.0133(100) (*) Novel polyphenols in raisins.
Syringic acid M 197.0446 -
Vanillic acid M 167.0369 -
RT 186-30M
Table 2. HYDROXYCINNAMIC ACIDS 20 (i)
100 b
|
Compounds Raisins (M-H) MS/MS ions (intensity %) o] 290 ||\
— 340 680 an1 08! 1331 et pul120h e ‘ (- 272751:;‘35 529
:oumgrucmacnd-o- T™  325.0015 145.0287(100),163.0392(90), e s 2oy 200780 zsi0us o AN g . L
exoside 187.0390(40),119.0497(10) ”
Ferulic acid-O-hexoside!? TMS  355.102 193.0498(100),217.0495(30) § o] aa0ete (i)
Fertaric acid MS  325.055 193.0494(100),149.0082(10) 3 M . ‘ 1|
Caffeic acid TMS  179.0342 135.0444(100) + 021 280 0.
Coutaric acid (1) TMS  295.0447 163.0391(100) i Jubion sisore s 20w g T g \‘.Jﬁ.nfni i’j‘c” i
Coutaric acid (2) s 295.0444 163.0390(100) “ o (i)
Caftaric acid TM,S  311.0615 149.0082(100),179.0339(40) 1007 b
1574 i
Table 3. FLAVAN-3-OLS 681 IR s
3221:2 3110306 D 131519125 | ‘%’0’95“ Jumkjg l.! ! L " 355‘1‘555 1(;;&:%0 7290%35‘
Compounds Raisins  (M-H) MS/MS ions (intensity %) ! z'kﬁm B S S S 14 ’ e % : -ﬁa T 2'5 P 3
Time (mun)
Catechin MS  289.0705 245.0809(100),205.0498(40),179.0343(10)
Epicatechin MS 283.0705 245.0809(100), 205.0497(40), 179.0343(20) ) o ) B
Epicatechin-O-gallate® M 4410810  289.0699(100), 271.0595(10),169.0132(20),331.0439(25) Figure 1. Raisins FTMS chromatograms. (i) Thompson (T) (ii) Moscatel
(epi)catechin- (M) and (iii) Sultana.
P heatochingallate 10 M 720.1432 577.1312(100),559.1214(40),407.0747(30)
(epi)catechin- M 72944pg  559-0854(100)577.0872(80).407.0744(85).451.1005(30), CONCLUSIONS
(epi)catechingallate 2 . 289.0694(10)
(epi)catechin- M 7894430 407.0752(100),603.1113(80) 451.1012(70),577.1268(60), Thirty-six phenolic compounds were identified. The main classes of compounds
(epi)catechingallate 3¢ ) 289.0701(30),559.0882(60) present were: hydroxybenzoic acids (9) and hydroxycinnamic acids (7) with their
Procyanidin dimer M 5774330 *25.0853(100).451.1008(60).407.0750(50).289.0699(40), own derivatives; flavan-3-ols (13), flavonols (5), flavanones (2). To date, and to
12345 ’ 5659.1217(20) our knowledge, 13 compounds have never been described in raisins
Procyanidin trimer 17 M 8651941  695.1360(100),739.1622(60), 577.1317(50),407.0750(20)
Procyanidin trimer 211 M 8651944  695.1354(100),739.1614(60),577.1322(70),407.0743(20) ACKNOWLEDGMENTS
Table 4. FLAVANONES This work was supported by CICYT (AGL2016-79113-R) from the Spanish
Ministry of Industry, Economy and Competitivity, the Centro de Investigacion
Compounds_ Raisins __ (M-H)’ MS/MS ions(intensity %) Biomédica en Red, (CIBEROBN) and Generalitat de Catalunya (2017SGR196).
Hesperidin®! X MS  609.1795 301.0694(100) Project PCI- PCI-REDES 170051. And the FI-AGAUR-2018 and CONICYT Chile
Eriodictiol-O-hexoside'’ M,S 449.0974 449.0965(100),287.0442(60)

12165/2017 scholarships. AVQ thanks the ministry of Science, Innovation and
Universities for the Ramon y Cajal contract.
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8.3.4 Congreso 4: Mediterranean dried fruits are a rich source of phenolic

compounds.
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MEDITERRANEAN DRIED FRUITS ARE A RICH SOURCE OF
PHENOLIC COMPOUND

M. Marhuenda-Mufioz'?; D. Escobar-Avello'-; M. Trius'; J.F. Rinaldi de Alvarenga'; A. Vallverdi-Queralt'?; R.M. Lamuela-Raventés'->3.
'Department of Nutrition, Food Sciences, and Gastronomy, School of Pharmacy and Food Sciences, University of Barcelona, Barcelona, Spain.
2INSA-UB, Nutrition and Food Safety Research Institute, University of Barcelona, Food and Nutrition Torribera Campus, Prat de la Riba 171, 08921 Santa Coloma de Gramenet, Spain.
3Centro de Investigacion Biomédica en Red de la Fisiopatologia de la Obesidad y Nutricion (CIBEROBN), Instituto de Salud Carlos 111, Sinesio Delgado 4, 28029 Madrid, Spain.

INTRODUCTION

Dried fruits (DF) are a form of fruit that have all of their bioactive non-volatile compounds concentrated due to a dehydration process'. They are consumed worldwide
and have potential benefits in type 2 diabetes and other diseases related to metabolic syndrome?. Epidemiological studies suggest an important role of fresh fruit
consumption in the prevention of chronic diseases, studies with DF are limited, though. The beneficial effects of DF have been attributed to their high fiber and
phenolic compounds content, however, the specific identity of the main phenolic compounds have not been thoroughly established yet**.

OBJECTIVES

To measure and compare the total polyphenol content of different commercial dried fruits (raisins, dates, dried apricots and prunes) and identify their phenolic
profile by LC-ESI-LTQ-Orbitrap-MS analysis.

METHODOLOGY

® C
double extraction supernatant (Solid Phase Extraction) 2 Polyphenols
i s » ﬁ c
) > -1 - - - > B >
5 3 @R : =
« Raisins (7) ) o ° L e - ;
* Dates (4) 05 g/dried [ 1 . Vacuum Conditioning ~ Sample loading Rinsing Elution =
« Apricots (3) fruits. Ethanol: water bath Cenrifugate evaporation Honig plelonding "insing "o LC-ESI-LTQ-Orbitrap-MS
«  Prunes (5) (80:20, v/v) (see table 1)

RESULTS

Dark
am
Table 1. Tentative identi ion of phenolic MiliQ 4L 12 0pL T3pL
Accurate mass. = Molecular water  sample  Folin- sodium  MiliQ
Compounds Ri(min)  Raisins  Date  Prunes  Apricot s MS/MS fons (intensity %) A OME) o soateiels  wiks
Benzole acids e (30%) <
Gallic acid 244 X X 1690135 125.0237 (100) 45350 CHO: Reading 2=750 nm
Gallic acid-0-hexoside (1) 493 X 1310655 169.0133 (100) 46210 Cl i ioc: acti 9
Protocstechuic cid 493 X X 1530186 109.0289 100 44570 Folin Ciocaltean reaction (see figure 1)
Hydroxybenzoic acid (1) 121 X X 137.0237 93,0340 (100) -S.0160.
Hydroxybenaoic acid (2) 1537 X X 1370238 93,0340 (100) 4500
an X X 3150707 1530184 (100), 1090289 (10) 44600
493 X 3310655 1690133 (100) 46210 -
W 1264 X X 1970446 - 48550 ’ R . '
Vanilic acid i X 1670369 ; ] y
Hydroxycinnamic acids
Coumaric acid-O-bexoside (1) 98s X X X 3250915 163.0392 (100) ~4.4900
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TOTAL POLYPHENOL CONTENT OF COMMERCIAL DRIED FRUITS

robn
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INTRODUCTION OBIJECTIVE

Dried fruits are a form of fruit that has been dehydrated, thus, all of their bioactive
non-volatile compounds are concentrated. Despite their high sugar content, their
consumption has increased in the last decades because of the benefits of their
polyphenols and high fiber. Polyphenols are the most diverse and abundant
secondary metabolites produced by plants in response to stress. Their
consumption has been correlated with a decrease in mortality, cardiovascular
disease and diabetes among others.

To measure and compare the total polyphenol
content of different commercial dried fruits
(raisins, dates, dried apricots and prunes), to
know their contribution in the diet.

METHODOLOGY

double extraction

) o X

Oy~

Separation *Contaminants
(Solid Phase Extraction) °Polyphenols

supernatant

e

0,5 g/dried fruits

Ultrasound bath Centrifugate Vacuum o
Ethanol: water 10 min + ice 4000 RPM/ 5 min/ 4°C evaporation Conditioning Sample  Rinsing Elution
(80:20,v/v) loading
Homogenization
30s.
Raisins (7) v v Dark (1 h} —_
— —_— —_—
Dates (4) - - >
Apricots (3)
Prunes (5) MIliQ water 24 pL 12 uL Folin- 30 pL sodium 73 pL MiliQ
sample Ciocalteau carbonate (30%)  water
Folin Ciocalteau reaction Reading A=750 nm Statistics
RESULTS
TOTAL POLYPHENOL CONTENT OF DRIED FRUITS
[ B
1
ﬁ)tal polyphenol content of dried fruits from differem
. commercial suppliers was analyzed. Comparing
) among the suppliers and the types of dried fruits,
& . after eliminating the possible interferences of
g i N — reducing sugars and other molecules, prunes (0,981
‘é — + 0,647 mg GAE/g) and, to a lesser extent, dried
[F apricots (0,694 + 0,139 mg GAE/g) have the highest
o 1 polyphenol content while dates (0,423 + 0,049 mg
== ff'tE GAE/g) and raisins (0,408 + 0,123 mg GAE/g) have

o W lowest (Figure 1).

Dried apricots Raisins

Figure 1. Boxplot for total polyphenol content among the different dried fruits. * p < 0.0001
for Dunn Kruskall-Wallis multiple comparison test

Prunes Dates

CONCLUSIONS

In general, prune, among the four dried fruits have the highest polyphenolic
content. However, there is a considerable difference between different
suppliers, having two of them, a much lower polyphenol content. Therefore,
fruits varieties, processing and storage conditions might be key factors for
evaluating the contribution of dried fruits in the Mediterranean diet.
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“GRAPE CANE EXTRACTS: AN OPPORTUNITY FOR THE DEVELOPMENT OF NOVEL ADDITIVES

FOR FOOD CHILEAN INDUSTRY”
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*#INTRODUCTION #

Grape canes, obtained after annual pruning of wines, is a waste estimated in more than 120.000
tons/year in Chilel. The grape cane can be storage at controlled temperature and humidity. The
system enable increase the polyphenolic compounds in the grape cane biomass?. The general

trons-resveratrol ) Food additives
fou o

aim was: "To enhance the use of waste from the Chile wine industry to obtain extracts rich in \@ﬁ\ on
stilbenes and procyanidins for future applications as functional compounds in food industries". Grape cane 5 i ’
(+-Catochin () utraceuticals
3 i
( -~ METHODOLOGY = - )
Storage grape cane (Patent?) Milled grape cane Ethanol/water HPLC-DAD-ESI-MS/MS

HRA 30 - 70%
G
fepRSANG 1°20-35 °C Grinder model SM 300-
Lux0,1-15 2000
Time 90 a 150 days rg

A ‘—D&}-ﬁ Steam feeder

Grape cane
drained

80:20 (v/v) ey * Kromasil C18 100A 250 x 4,6 mm, 5 um column.
' * 30°C; Mobile phases A) 0,1% formic acid and B) 100% acetonitrile, using gradient.
* MS/MS detection: negative ionization at 450°C.

* PDA detection: 280 I 3-ols, 306 i ids and 360 I Is.

Antioxidant Assays
TEAC, CUPRAC and ORAC-FL were carried out in microplate using ABTS cation radical, Cu®*(CN), and
’¢ Fluorescein as probes. The results were expressed as TROLOX equivalents.

Polyphenol extract

ROS_detection using DCF-DA_probe: ECV-304 ial cells were cultivated using 199 medium
§ supplemented with 10% SBF in 5% CO, atmosphere. Cells were incubated with several samples dilution
— during 24 h and DCF-DA (5 uM) solution probe was added by 30 min. Fluorescence emission was measured
using 485 nm excitation wavelength and 540 nm emission wavelength. Result was expressed as DCF
fluorescence intensity per cell protein content.
. s
— E I"’
Spray dryer = - ° Yon
=t =] »}_ z:- «4 H
|y =" i
e J?
magneics . 5
F-101 Hidroxipropil- B-

"}< ciclodextrina

Liquor

Formacion de

]

1. RECOVERY OF STILBENOIDS BY FOLLOWING ALL PROCESS

2. CHEMICAL CHARACTERIZATION: GRAPE CANE EXTRACT AT PILOT SCALE

EXTRACTION
_ % = XWCof DAD Spectral Data: 280.0 nm from Sample 3 (extracto) of 220813.wiff Max. 403.5 mAU.
7 Total stilbenoid: w%) | | Flavan-3.ols/
§ 2500 otalstilbenolds : i Procianidinas
& piceatannol 026 * 0.01 3 " | |
b L 2R AL s ,\_'_ - el ettt
§ 2000 trans-E- resveratrol  3.02 + 0.02 < o 5 10 15 3q.__ _35 40 as 50 55 60
i ym from Sam rac wif X. .6 mAU.
; 1500 trans-e- vinlferin 1.19 3 0.04 > ;:(MDADSvEGJ!DaKa 306.0 nm from Sai plei(exl ztu]u'ZZUSB iff Max. 789.6 mAU.
g
E 1000 Others 0.98 m I Estilbenos
e Flavan-3-ols/ 6.95 e | o _—
g S0 Procyanidins : g =l s 1015 0 25 M, 3 4 45 50 55 &
§ I 275 + 0.1 XWC of DAD Spectral Data: 360.0 nm from Sample 3 (extracto) of 220813 .wiff Max. 35.0 mAU.
E 0 Total sugars . . 5 Flavonoles
O oo oy, o, %, On Sy S Total lignin 387 + 14 f‘
oo s s Proteins 67 + 01 ;5 | g sl o\ A
] e T ||
ssstilbenoids (mg / kg dry grape cane) mtrans- piceatannol (mg / kg dry grape cane) | 10tal metals 0.006 - 51 B R m e &
mtrans-resveratrol (mg / kg dry grape cane) mé-viniferina (mg / kg dry grape cane) e PR
% R letection -l - d'(,.' -
i { _ *» CONCLUSIONS *
3. ANTIOXIDANT CAPACITY : CELL - FREE AND CELL - BASED ASSAYS < 400+
k] -o- E-Resveratrol 7 3 ¥ = = X .
Pilot scale extract  Product: Resveravid® g 350 & Catectiin Th(:z dry extract obtained l{nder optimal ?ondltlf)ns (T:80 °C, t:100 min,
(mgLY) (mgL) 2 300 -+ Procyanidin  ratio $/L:1:10) showed, a yield of 2.4 g stilbenoids/kg of dry grape cane
= 250/ - LBSE and total stilbenoids concentration was 5.45% w/w. The antioxidant
TEAC cyprac 27194 240.3 423+06 Hmol TE/g £ Jood o RIGAR capacity (ORAC-FL) was high 14760.66 umol trolox equivalent/g of
TEAC pgrs 7885 +233.6 1041£74.2 umol TE/g g 150 extract. On the other hand, the antioxidant activity of the extract is
ORAC-PGR 100 +£7.0 12,4 +34.6 umol TE/g § 100 higher than a commercial product of resveratrol (Resveravid®). Finally,
ORAC-FL* 14760 + 659 952 +51.8 umol TE/g & 5ol grape cane is a interesting raw material, and of high availability for the
- é development of novel additives for food Chilean industry.
B 3 o
(. 7»  ACKNOWLEDGMENTS 200
0.01 0.1 1 10 100 -
. - - e
Associated Companies Molecule concentration (log ppm) [ ~# REFRENCE ¥+« }

”
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