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INTRODUCCION

Hoy en dia existe mas interés por los alimentos que se consumen en la dieta
humana, especificamente los compuestos bioactivos que estan presentes en
éstos (Hernandez-Fuentes et al., 2017). Este tipo de compuestos ayudan a
prevenir las enfermedades cronicas y degenerativas, ademas de generar
efectos positivos para promover y restaurar las funciones fisiologicas del
organismo humano, por lo tanto, es de suma importancia generar productos
alimenticios saludables y de mejor calidad (Marti et al., 2018).

El fruto de tomate (Solanum lycopersicum L.) se ha identificado como un
alimento funcional y nutraceutico (Adalid et al., 2010). Este fruto es una fuente
importante de compuestos bioactivos como vitaminas, carotenoides y
compuestos fendlicos, los cuales tienen gran actividad antioxidante que
representa beneficios directos a la salud humana (Muzolf-Panek et al., 2017).
Por lo tanto, el cultivo es de gran importancia para la dieta humana, ademas
de que es la segunda hortaliza mas consumida comercialmente después de
la papa (Martinez et al., 2016).

Por otro lado, la salinidad es un problema agroambiental que limita el
crecimiento y desarrollo de las plantas en las regiones aridas a semiéaridas del
mundo y se convierte en un problema grave (Abbasi et al., 2016). La magnitud
del problema de la salinidad es de aproximadamente el 10% del &rea terrestre
mundial y el 50% de las areas irrigadas, lo que resulta en una pérdida de
produccion agricola de 12 000 millones de dolares (Flowers et al., 2010).
Algunos procesos como la germinacion, crecimiento y vigor vegetativo, y la
generacion de flores y frutos son afectados de manera adversa por altas
concentraciones de sal, causando un rendimiento disminuido y una baja
calidad de los productos (Taibi et al., 2016). Ademas, se ha demostrado que
induce la actividad de ciertas enzimas antioxidantes como la catalasa, la
peroxidasa, la glutation reductasa y la superdxido dismutasa para desintoxicar
radicales libres generados en condiciones de estrés salino (KoleSka et al.,
2017).



Actualmente el progreso en la ciencia ha permitido el desarrollo de nuevas
tecnologias para enfrentar los problemas presentes en la agricultura. Una de
estas es la aplicacion de la nanotecnologia para mejorar la productividad de
los cultivos (De la Rosa et al., 2017; Wang et al., 2016). En los ultimos afios
se ha reconocido el potencial de la nanotecnologia con la aplicacién de
nanomateriales como nanofertilizantes, nanoparticulas, o nanopesticidas en
el manejo de nutrientes, mejora genética, tratamiento de las enfermedades de
las plantas y la promocién del crecimiento de éstas (De la Rosa et al., 2017).
Estos nanomateriales pueden facilitar una germinacion mas rapida de las
plantas, o ayudar a las plantas a tolerar estrés biético y abiético, favorecen un
manejo mas eficiente de nutrientes, y aumentan el crecimiento de las plantas,
lo que puede generar un impacto ambiental reducido en comparacién con los
métodos tradicionales (Genady et al., 2017).

Recientemente se ha investigado sobre el uso de nanoparticulas (NPs) como
insecticidas, fungicidas y nanofertilizantes (Raliya et al., 2016) con el objetivo
reducir las cantidades aplicadas de productos fitosanitarios, minimizar las
pérdidas de nutrientes en la fertilizacién e incrementar los rendimientos a
través de un manejo optimizado de nutrientes (Das et al., 2015). Una
concentracion de NPs por encima de los rangos 6ptimos de metales como Zn,
Cu, Ag, Ce, Ti, entre otros, produce estrés y/o toxicidad generando especies
reactivas de oxigeno (EROS) lo que resulta en la disrupcién del metabolismo
celular (Aslani et al., 2014; Siddigi y Husen, 2017).

Particularmente, el cobre es un micronutriente esencial asociado con los
procesos biologicos de las plantas, desempefia un papel importante en el
mantenimiento del metabolismo natural y el crecimiento de las plantas, sin
embargo, en concentraciones por encima de sus niveles Optimos induce
toxicidad en la planta (Tie et al., 2012).

Dosis bajas de estas NPs (5-20 mg Cu por planta), generan efectos
metabdlicos debido a la acumulacion de Cu y la generacién de EROs (Keller
et al., 2017).



Se ha demostrado que las NPs Cu (0.006 mg L) aplicadas al sustrato
aumentan los fenoles totales y modifican la concentracién de compuestos
enzimaticos y no enzimaticos en los frutos de tomate (Juarez-Maldonado et
al., 2016) y chile jalapefio con NPs Cu+Quitosan+PVA (0-10 mg g*) aplicado
en sustrato (Pinedo-Guerrero et al., 2017).

Existen muy pocos estudios sobre el efecto de las NP en plantas sometidas a
estrés salino. Se ha reportado que las NP de ZnO en concentraciones de 15
a 30 mg L tienen efectos positivos sobre el metabolismo de las plantas de
tomate bajo estrés salino (Alharby et al., 2016). Del mismo modo, se ha
demostrado que las concentraciones de 0,05 a 2,5 mg Lt de Ag NP podrian
mejorar la tolerancia de las plantas de tomate a la salinidad (Khan et al., 2017).
En cultivo de canola, la aplicacion de 200 y 1000 mg kg de CeO 2 NPs
mejoran el crecimiento y la fisiologia de las plantas bajo estrés salino, pero no
alivian completamente (Rossi et al., 2017).

En este sentido es importante estudiar los efectos de las NPs Cu sobre el
cultivo de tomate a fin de poder hacer frente a la sintomatologia presente en
las plantas afectadas por estrés salino y comprender los procesos de
tolerancia o resistencia que se generen con el fin de, en un futuro, poder
utilizarlos para adaptar a los ambientes salinos a una mayor proporciéon de

cultivos de interés econdmico para el hombre.

OBJETIVO GENERAL
Conocer las respuestas de induccion de la capacidad antioxidante y tolerancia
al estrés salino en plantas de tomate tratadas con nanoparticulas de cobre

(NPs Cu) aplicadas foliarmente.

OBJETIVOS ESPECIFICOS
e Evaluar el efecto de diferentes concentraciones de nanoparticulas de
cobre en plantas de tomate.
e Determinar la actividad enzimatica y la capacidad antioxidante
representativa en plantas de tomate tratadas con NPs Cu absorbidas

foliarmente.



e Determinar la respuesta antioxidante, calidad poscosecha e induccion
de tolerancia a estrés salino en plantas de tomate tratadas con NPs Cu

aplicadas foliarmente.

HIPOTESIS
Las nanoparticulas de cobre aplicadas foliarmente pueden modificar la
capacidad de adaptacion de las plantas, aumentando la capacidad

antioxidante y la induccion de tolerancia al estrés salino.



REVISION DE LITERATURA

Cultivo del tomate

El tomate (Solanum lycopersicum L.) pertenece a la familia Solanaceae, es
una planta horticola anual con una importante distribucion a lo largo del mundo
y un gran valor econémico, la cual presente una serie de efectos beneficiosos
a través de su consumo debido a su elevado contenido en compuestos
antioxidantes. Su consumo es en fresco, como ensalada, cocido o procesado
en forma de pasta o ketchup de tomate (Manan et al.,, 2016). Aunque
botanicamente el tomate es una fruta, sin embargo a efectos culinarios se le

considera una hortaliza (Nuez y Diez, 2013).

Importancia nutricional

Recientemente, existe un gran interés publico en atraer al consumidor hacia
alimentos que pueden tener un efecto significativo sobre la salud humana, y
gue contienen unos niveles elevados de vitaminas, minerales y antioxidantes.
Es ampliamente aceptado que una dieta saludable es un factor importante en
la prevencion de enfermedades cronicas como el cancer y enfermedades
cardiovasculares y neuro-degenerativas.

De un total de 40 carotenoides encontrados en la dieta humana, solo 25 se
encuentran en la sangre debido a la absorcién selectiva del tracto digestivo.
De este numero, de 9-20 derivan del tomate tanto fresco como procesado,
siendo los mas importantes: licopeno, a- y B-caroteno, luteina, zeaxantina y
B-criptoxantina. El licopeno, que constituye cerca del 80-90% del total del
contenido en carotenoides de los tomates maduros es el antioxidante mas
eficiente entre los carotenoides por su actividad detoxificadora del oxigeno
singlete y de los radicales peroxilo (Soares et al., 2017).

Por otro lado, la vitamina C ademas de ser esencial para la dieta humana se
debe ingerir a partir de frutos ricos en ésta, ya que el cuerpo humano no tiene
la capacidad de producirla (Padayatty et al., 2003) y especificamente en los
frutos de tomate la vitamina C es de los compuestos mas importantes (Marti
et al.,, 2018), ya que permite actuar directamente como un antioxidante al
secuestrar especies reactivas de oxigeno (EROSs) previniendo o minimizando
su dafo (Gill y Tuteja, 2010).



El limitado aporte calédrico, relativamente alto contenido en fibras, y la gran
cantidad de minerales, vitaminas y fenoles como los flavonoides hacen del
fruto de tomate un excelente “alimento funcional” que conlleva unos beneficios
fisioloégicos adicionales asi como de requerimientos nutricionales basicos
(Dorais et al., 2008).

Importancia econémica

El tomate es la hortaliza mas popular y difundida mundialmente, por lo tanto
la de mayor valor econémico. Su demanda aumenta continuamente en todo
el mundo, y con ella su cultivo, produccién y comercio. Con el incremento de
la poblacién mundial, también se ha incrementado el consumo de vegetales
como parte de la dieta humana total. Su incremento anual en cuanto a
produccion en estos ultimos afios, se debe principalmente al aumento en el
rendimiento y en menor proporcion al aumento de la superficie cultivada.
Segun la Organizacién de las Naciones Unidas para la Agricultura y la
Alimentacion (FAO), el tomate es el segundo vegetal mas cultivado en el
mundo, después de la papa, alcanzandose en el afio 2014 valores de
produccién de aproximadamente 170.7 millones de toneladas de tomate
fresco en todo el mundo, ademas destaca que el aumento en la produccién
mundial de tomate con respecto al afio anterior ha sido de 7.031 millones de
toneladas, un incremento del 4.29 %.

Entre los cinco paises mas productores del mundo encontramos a China,
India, EEUU, Turquia y Egipto (FAOSTAT, 2014). México se encuentra
ubicado en el lugar catorce con una produccién mundial de 3,536 millones de
toneladas. Segun los datos de la ONU, en el pasado afio 2016 se exportd en
el mundo un total de 7,448.42 millones de toneladas de tomate, 0.65 % menos
que el afo anterior. México continta liderando las exportaciones mundiales
de tomate, con una cifra récord en 2016 de 1,748.86 millones de toneladas,
un 12 % mas que el afio anterior.

La exportacion mexicana de tomate es el 23.48 % del total mundial. Teniendo
en cuenta los principales clientes de cada pais, México destiné en 2016 la casi
totalidad de sus exportaciones de tomate en fresco a los Estados Unidos, pais

al que vendio 1,743.89 millones de toneladas (Hortolnfo, 2017).



Actualmente la produccién nacional acumulada de tomate rojo en el pais hasta
septiembre 2017 es de 2 millones 100 mil toneladas, lo que representa 16.3%
de incremento respecto de la obtenida el afio previo. A nivel, nacional tres
entidades concentran alrededor de 52% de la produccion nacional, Sinaloa
gue se mantienen como el principal productor aporta 35% del total, seguida
por San Luis Potosi, que produce 10%, y Zacatecas que genera 7%. La
superficie total cosechada, a septiembre de 2017, fue de 34 mil hectareas, mil

760 por encima de las obtenidas al mismo mes del afio 2016 (SIAP, 2017).

Estrés salino

Los tomates son muy sensibles a los factores ambientales, como la
temperatura, la luz y los cambios en el riego a lo largo del crecimiento de la
planta. En el dltimo siglo, el cultivo protegido ha alcanzado una enorme
importancia, ya que abarca diversas técnicas de proteccion de plantas que
van mucho mas alla del simple riego.

En el cultivo en invernadero, debido a la alimentacion suplementaria intensiva
y la falta de lixiviacion natural de la tierra, se produce un estrés salino,
especialmente a altas temperaturas y alto consumo de agua por transpiracion
de las plantas (Pasali¢ et al,, 2016). En general la presencia de sales solubles
en el medio de cultivo afecta negativamente al desarrollo de las plantas de
tres formas: i) disminuyendo el potencial hidrico del medio y restringiendo asi
la absorcion de agua por las raices (efecto osmético), ii) por la absorcién de
iones salinos especificos, que puede determinar su acumulacion en los tejidos
en concentraciones que lleguen a ser téxicas e induzcan desordenes
fisiol6gicos (toxicidad i6nica especifica) y iii) las concentraciones elevadas de
iones salinos también pueden modificar la absorcion de los nutrientes
esenciales determinando desequilibrios nutricionales (efecto nutricional)
(Shabala, 2012).

Bajo la salinidad, el déficit hidrico aparece como consecuencia del
desequilibrio osmotico (Parida y Das, 2005) y altas concentraciones de Na*
acumuladas, que en la solucion del suelo pueden cambiar la relacion Na*/ Ca?
o Na'/K".
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El aumento de la produccién de ROS (especies de oxigeno reactivo) o estrés
oxidativo en las células vegetales es una consecuencia de la sequia fisiol6gica
y el equilibrio de iones perturbado (Ahmad et al., 2008).

La mayor produccion de peréxido de hidrégeno y superoxido ocurre con mayor
frecuencia (Chawla et al., 2013), pero también se observa un incremento en
la concentracion de oxigeno singlete e hidroxi radicales (Esfandiari et al.,
2007).

El estrés oxidativo puede conducir al dafio oxidativo en todos los niveles
celulares, comenzando desde el ADN hasta proteinas, lipidos y otras
biomoléculas, que al final interrumpen la homeostasis celular y conducen a la
muerte celular (Gill y Tuteja, 2010; Ahmad et al., 2011).

La salinidad disminuye el rendimiento del cultivo primero al reducir el
crecimiento de los érganos que consumen asimilados y, en segundo lugar, al
disminuir la produccién de asimilacion en los tejidos fuente fotosintéticamente
activos (Hassan Numanman et al. 2013). La sensibilidad de la planta al estrés
por sal varia significativamente segun la especie, el 6rgano de la planta y la
etapa de desarrollo, lo que también afecta la especificidad en las estrategias
de defensa antioxidativa (Tester y Davenport, 2003; Maggio et al., 2004).
Muchos investigadores han demostrado una correlacion positiva entre la
resistencia al estrés salino y la actividad de las enzimas de defensa
antioxidantes (Sharma et al., 2012; Chawla et al., 2013; Gill et al., 2013; Gupta
y Huang, 2014). La superéxido dismutasa (SOD, EC 1.15.1.1), la catalasa
(CAT, EC 1.11.1.6), la ascorbato peroxidasa (APX, EC 1.11.1.11) y la
peroxidasa de clase Il (POD, EC 1.11.1.7) utilizan diferentes compuestos
fendlicos como sustratos (acido guayacol, cafeico, ferulico o clorogénico) y
representan una defensa antioxidante primaria (Sharma et al., 2012).

En estudios recientes del metabolismo antioxidante de la fruta de tomate, se
ha demostrado que los cambios en la concentracion de ascorbato y las
actividades de las enzimas antioxidantes dependen del nivel de salinidad y la

etapa de desarrollo de la fruta (Murshed et al., 2014).
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El cobre

Particularmente, el cobre es un micronutriente esencial asociado con los
procesos biologicos de las plantas, desempefia un papel importante en el
mantenimiento del metabolismo natural y el crecimiento de las plantas, sin
embargo, en concentraciones por encima de sus niveles Optimos induce
toxicidad en la planta (Chen et al., 2015; Gui et al., 2012; Zhao et al., 2010).
Una absorcion excesiva de Cu perturba los procesos celulares como la
fotosintesis, la respiracion y el metabolismo de las paredes celulares, altera
las estructuras proteicas, inactiva enzimas e inhibe el crecimiento de las
plantas (Adrees et al., 2015; Cuypers et al., 2011; Mostofa y Fujita 2013; Zhao
et al., 2010).

Un efecto significativo de la toxicidad del cobre es el estrés oxidativo, como
metal redox activo, el Cu produce la formacion EROs mediante las reacciones
de Fenton-Haber-Weiss, que puede dafiar moléculas y membranas mediante

la induccién de la peroxidacion lipidica (Angelé et al., 2017).

Nanotecnologia en la agricultura

La tecnologia de la que se dispone actualmente permite que existan diferentes
alternativas para aumentar la produccion y calidad nutraceutica de los cultivos
horticolas. Una de estas es la aplicacion de la nanotecnologia para mejorar la
productividad (De la Rosa et al., 2017; Peng et al., 2015). En los ultimos afios
se ha reconocido el potencial de la nanotecnologia con la aplicacién de
nanomateriales como nanofertilizantes, nanoparticulas, o nanopesticidas en
el manejo de nutrientes, mejora genética, tratamiento de las enfermedades de
las plantas y la promocién del crecimiento de éstas (De la Rosa et al., 2017).
Estos nanomateriales pueden facilitar una germinacion mas rapida de las
plantas, o ayudar a las plantas a tolerar estrés biotico y abiético, un manejo
mas eficiente de nutrientes, y el aumento del crecimiento de las plantas, lo
gue puede generar un impacto ambiental reducido en comparacién con los
métodos tradicionales (Genady et al., 2017). En la nanotecnologia, una
particula se define como un objeto pequefio que se comporta como una
unidad completa con respecto a su transporte y propiedades. Por lo tanto, el

didmetro de particula es una variable utilizada para clasificar esas particulas.
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Por convencion, las particulas gruesas son aquellas que cubren un rango de
10,000 a 2,500 nm, las particulas finas son aquellas que varian de 2,500 a
100 nm, y las nanoparticulas (NP) (o particulas ultrafinas) tienen un tamafo
de 1 a 100 nm, ya sea dispersos en medios gaseosos, liquidos o solidos
(Capaldi et al., 2015).

En este sentido, se destaca el papel de las nanoparticulas en la mejora de la
seguridad del suelo, los diferentes efectos sobre las plantas y la importancia
de estas nanoparticulas para la nutricion de las plantas (Shalaby et al., 2016).
Recientemente se ha investigado sobre el uso de nanoparticulas (NPs) como
insecticidas, fungicidas y nanofertilizantes (Raliya et al., 2016) con el objetivo
reducir las cantidades aplicadas de productos fitosanitarios, minimizar las
pérdidas de nutrientes en la fertilizacion e incrementar los rendimientos a
través de un manejo optimizado de nutrientes (Das et al., 2015).

Se ha demostrado que el impacto de las NPs en las plantas depende de
muchos factores como la composicién, concentracion, tamafo, y las
propiedades fisicas y quimicas, e inclusive la especie vegetal de estudio
(Shalaby et al., 2016). Una concentracion de NPs por encima de los rangos
Optimos de metales como Zn, Cu, Ag, Ce, Ti, entre otros, produce estrés y/o
toxicidad generando especies reactivas de oxigeno (EROSs) lo que resulta en
la disrupcion del metabolismo celular. Bajo estas condiciones, las plantas
producen enzimas antioxidantes y componentes no enzimaticos que protegen
el sistema celular y subcelular de los efectos citotoxicos de las EROs (Aslani
et al., 2014, Siddigi y Husen, 2017).

Nanoparticulas de Cobre

A diferencia del Cu a granel, las NPs de Cu tienen propiedades ligadas a su
bajo tamafio y alta superficie especifica que les confieren caracteristicas
diferentes, como resistencias fisicas, reactividad quimica, conductividad
eléctrica, magnetismo y efectos Opticos en comparacion con el material de
cobre a granel (Hong et al., 2015).

Dosis bajas de estas NPs (5-20 mg Cu por planta), generan efectos
metabdlicos debido a la acumulacion de Cu y la generacién de EROs (Keller
et al., 2017).
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Hong et al., 2015 describieron que las NPs Cu (0-20 mg L-1) aplicadas via
riego no solo reducian el crecimiento de lechuga y la alfalfa, sino que también
alteraban el contenido nutricional y la actividad enzimatica.

Lee et al., 2008 reportaron que la longitud de las plantulas de frijol Mung y
trigo se redujeron en un 60% y 75%, respectivamente, cuando se expusieron
a 1000 mg L-1 de NPs Cu aplicadas en medio agar. NPs de CuO (0-500 mg
L-1) aplicadas en medio Murashige y medio Skoog redujo el crecimiento de
soya (Nair y Chung, 2014a).

Asi mismo las NPs de CuO (0-100 mg L-1) aplicadas en los mismos medios
mostraron una reduccion significativa en la biomasa vegetal y en el contenido
total de clorofila con una concentracion superior a 2 mg L-1 en Arabidopsis
thaliana. Sin embargo, hubo un incremento en flavonoides a concentraciones
de 5 mg L-1. También mostr6 una induccion significativa de genes
relacionados con las respuestas al estrés oxidativo, la asimilacién de azufre,
el glutatién y la biosintesis de prolina bajo el estrés de NPs de CuO (Nair y
Chung, 2014b).

Las NPs de CuO (0-2000 mg L-1) aplicadas via riego inhibieron
significativamente el crecimiento de algodon transgénico y convencional a
concentraciones superiores a 10 mg L-1 (Le et al., 2014). Mientras que las
NPs CuO (0-200 mg-1) aplicadas foliarmente en plantas de pepino redujeron
significativamente la firmeza del fruto comparado con el control a excepcion
de la concentracion de 100 mg L-1 y a 200 mg L-1 redujo el Mo de la fruta en
51% comparado con el control (Hong et al., 2016).

Ademas se ha demostrado que las NPs de Cu (0.006 mg L-1) aplicadas al
sustrato aumentan los fenoles totales y modifican la concentracién de
compuestos enzimaticos y no enziméaticos en el cultivo de tomate (Juarez-
Maldonado et al., 2016) y en chile jalapefio con NPs Cu+Quitosan+PVA (0-10
mg g-1) aplicado en sustrato (Pinedo-Guerrero et al., 2017).

Existen muy pocos estudios sobre el efecto de las NP en plantas sometidas a
estrés salino. Se ha reportado que las NP de ZnO en concentraciones de 15
a 30 mg L-1 tienen efectos positivos sobre el metabolismo de las plantas de

tomate bajo estrés salino (Alharby et al., 2016).
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Del mismo modo, se ha demostrado que las concentraciones de 0,05 a 2,5
mg L-1 de Ag NP podrian mejorar la tolerancia de las plantas de tomate a la
salinidad (Khan et al., 2017). En cultivo de canola, la aplicacion de 200 y 1000
mg kg-1 de CeO 2 NPs mejoran el crecimiento y la fisiologia de las plantas
bajo estrés salino, pero no alivian completamente (Rossi et al., 2017).

La produccion de compuestos antioxidantes (GSH, vitamina C y los
carotenoides) incluyendo a las enzimas antioxidantes (APX, SOD y CAT) se
activa en las plantas para disminuir el estrés oxidativo causado por las EROs
(Caverzan et al., 2012; Shaw et al., 2014; Shaw y Hossain, 2013).

Esta activacion de las enzimas antioxidantes y la sintesis de compuestos
antioxidantes son factores clave para la tolerancia a diferentes tipos de estrés
abidtico en las plantas (De la Rosa et al., 2017; Keller et al., 2017). Ademas,
de que se tiene como beneficio adicional la acumulacién de compuestos
bioactivos en los cultivos, lo que representa beneficios directos para la salud

humana.
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Abstract: Tomatoes are important for human diet due to their content of bioactive compounds. However,
is little known about behavior of these compounds during fruit shelf life. The goal of this research was to
evaluate the effects on bioactive compounds of tomato fruits stored during different times and conditions,
obtained from tomato plants developed under conditions of saline stress and with the application of
copper nanoparticles. Four treatments were evaluated: foliar spray of copper nanoparticles (250 mg L)
with or without saline stress, only saline stress, and the absolute control. The results show that application
of copper nanoparticles has a positive effect on the accumulation of bioactive compounds such as total

phenols, B-carotene, and vitamin C. The saline stress during the development of tomato plants causes a
decrease of the bioactive compounds as well as antioxidant capacity in tomato fruits. However, this
negative effect can be reduced with the application of copper nanoparticles. The application of copper
nanoparticles may be a technique to increase and maintain the content of bioactive compounds in tomato
fruits and can be an effective alternative to diminish the negative effects on bioactive compounds caused
by saline stress.

Keywords: antioxidant capacity; saline stress; storage conditions; temperature effect

1. Introduction

Tomatoes (Solanum lycopersicum L. from the Solanaceous family) are among the most consumed
vegetables in the world, either fresh or as processed products [1]. Tomatoes are important in the human diet
because they contain different bioactive compounds such as phenolic compounds, vitamin C, and lycopene
[2]. Among these compounds are the carotenoids, which are responsible for the coloration of the fruits
during ripening [1]. Lycopene is the most abundant carotenoid in tomato fruits and accounts for more than
80% of total carotenoids [3]. B-carotene is the second most abundant carotenoid [1] and together with
lycopene make up the majority of carotenoids present in tomato fruits. Vitamin C is the most important
vitamin in fruits and vegetables for human nutrition: more than 90% of vitamin C in the human diet comes
from these sources [4]. Particularly in tomato fruits, vitamin C is one of the most important bioactive
compound, in addition to being a potent antioxidant [1]. Bioactive compounds such as lycopene, total
phenols, vitamin C, carotenoids, and total flavonoids are very important because of their biological and
physico-chemical properties, especially as antioxidant compounds and for the benefits they represent in
human health [3].
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On the other hand, it is known that saline stress affects a wide variety of crops worldwide: it is
reported that over 6% of the world’s land is affected by salinity [5]. Some of the effects of saline stress
on plants is that it reduces the rate of expansion of the foliar surface, the water potential and osmotic
tend to be more negative, the thickness of the epidermis and the mesophyll increases, the levels of Na
and Cl increases, it decreases Ca, K, and Mg levels, and induces the activity of certain antioxidant
enzymessuchascatalase, peroxidase, glutathione reductase, and superoxide dismutase [6]. In addition, it
is well known that saline stress affects a great diversity of crops, causing negative effects as the reduction
of the rate of expansion of the leaf surface. The water and osmotic potential decrease, the levels of Na
and Cl increase, and the contents of Ca, K, and, Mg decrease. In addition, it induces the activity of
certain antioxidant enzymes such as catalase, peroxidase, glutathione reductase, and superoxide
dismutase [6].

This stress can directly modify the quality of the fruits, especially the content of bioactive
compounds during post-harvest life. However, progress in science has allowed the development of
new tools for agriculture. Among these technologies, nanotechnology stands out, which generates
great expectations for the development of new applications in a wide range of industrial sectors, and
of human nutrition. A complete revolution is expected in the food industry, from food production,
processing, and storage of vegetables and other products [7]. However, the application of
nanotechnology to plant science has received less interest compared to other areas such as
nanomedicine or nanopharmacology [8]. Even so, the application of various nanoparticles (NPs) has
been evaluated in some crops, in which different results have been reported due to the species of
plants used, as well as the dose and type of NPs [9]. Copper is a microelement necessary for plant
development. This microelement takes partas a structural element in protein regulation; participates in
photosynthetic electron transport, mitochondrial respiration, cell wall metabolism, hormone signaling,
and oxidative stress response; is a cofactor for many enzymatic reactions carried out by enzymes such
as polyphenol oxidase, amino oxidase, plastocyanin, laccase, and super oxide dismutase; and at the
cellular level, it plays an important role in oxidative phosphorylation, signal trafficking machinery,
and iron mobilization [10]. Meanwhile, copper nanoparticles have been some of the most evaluated
nanoparticles: it has been shown that when applied at low concentrations in seeds or soil, it improves
plant growth and increases the content of chlorophyll, phenolic compounds, and some enzymes such
as CAT, SOD, and PAL [2,11-13]. Cu NPs are considered to have stimulatory effects to induce
antioxidant compounds [9]. The nanoparticles can cross cell walls [10] by several ways: endocytosis,
pore formation, carrier proteins, or through plasmodesmata [14]. These nanoparticles can interact
with the intracelular structures [10], stimulating the formation of ROS, which in turn activates the
plant defense system generates enzymatic and non-enzymatic antioxidant compounds [9]. It has been
reported in maize that CuO NPs are traslocated from roots to shoots in hydroponic culture and cause
root and shoot biomass decreases [15]. However, few long-term studies have shown the potential
toxicity of NPs over the complete life cycle of the plants [16]. Moreover, the Cu NPs have a direct effect
on fruit quality during storage. It has been demonstrated that application of these NPs increase pH
and lycopene in tomato fruits [2] and diminish weight loss in jalapefio pepper [11]. This positive effect
can be observed under light stress conditions by NPs, but can change under conditions of high stress
where the activity of the antioxidant enzymes decreases due to the oxidative explosion [9]. Thus, it is
possible to find different effects on antioxidant capacity depending on the dose of NPs used. There are
very few studies on the effect of NPs on plants subjected to saline stress. Some studies report that ZnO
NPs in concentrations of 15 to 30 mg L™ have positive effects on the metabolism of tomato plants
under saline stress [17]. Likewise, it has been shown that concentrations of 0.05 to 2.5 mg L~ 1of Ag
NPs could improve the tolerance of tomato plants to salinity [18]. In canola crop, application of 200
and 1000 mg kg~! of CeO, NPs improved the growth and physiology of plants under saline stress but
did not completely alleviate it [19]. Although the use of NPs in conjunction with salinity stress has
been studied, few investigations consider the effect on the behavior of the bioactive compounds in
the post-harvest life of the fruits. Recently, the effect of the application of Cu NPs on PVA chitosan
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hydrogels in certain post-harvest characteristics of the jalapefio pepper was studied [11]. However, the
analysis of the bioactive compounds was not considered when the fruits were stored. Although the
effect of Cu NPs on several crops has been studied, it is of utmost importance to study the postharvest
life of products that serve as food for humans, since they directly influence human health. In addition,
the effect of saline stress on the quality of food produced should also be considered. Therefore, the
objective of this work was to evaluate the effects on bioactive compounds of tomato fruits stored during
different times and conditions, obtained from tomato plants developed under conditions of saline
stress and with the application of copper nanoparticles.

2. Materials and Methods

2.1. Crop Development

The experiment consisted in the establishment of tomato “Huno F1” (Harris Moran, Davis, CA,
USA) saladette type of indeterminate growth habit. The transplant was carried out 36 days after sowing
in black polyethylene bags with a capacity of 10 L. The crop was managed on a single stem. It was
developed for 100 days from transplanting until obtaining fruits to harvest. A mixture of perlite-peat
moss in a 1:1 ratio (base on volume) was used as the substrate. For irrigation, a directed drip irrigation
system was used. Steiner’s nutrient solution [20] was used for crop nutrition. The pH of the nutrient
solution was adjusted with sulfuric acid to 6.5 each time the nutrient solution was prepared.

2.2. Treatments

For the experiment, the following treatments were considered: plants with stress by NaCl (T1),
plants without stress and with application Cu nanoparticles at 250 mg L™ (T2), plants with stress by
NaCl and with application Cu nanoparticles at 250 mg L~! (T3), and an absolute control without
application of Cu nanoparticles and without stress by NaCl (T0). For treatments under stress, sodium
chloride (NaCl) was applied to the nutrient solution at a concentration of 50 mM NaCl. This was done
throughout the development of the crop. For treatments that included the application of Cu
nanoparticles (Cu NPs), two foliar applications were performed at 57 and 78 days after transplantation
(dat), coinciding with the mooring and fruit set, respectively. In the first application of Cu NPs,
approximately 25 mL per plant was used, evenly spraying the whole plant. In the second application,
about 35 mL per plant was sprayed following the same method. Both applications added a total of 50
mL per plant at a concentration of 250 mg L™ of Cu NPs, so that the total application was 12.5 mg of
Cu NPs per plant. The applied copper nanoparticles were synthesized at the Applied Chemistry
Research Center following the methodology described by [21]. The Cu NPs used have an average size
of 50 nm and spherical shapes.

2.3. Reagents

Phenolphthalein, sodium hydroxide, aluminum chloride hexahydrate, sodium nitrite, sodium
chloride, sulfuric acid, potassium sulfate, cupric sulfate, sodium carbonate, metaphosphoric acid,
potassium persulfate, chloroform, hexane, methanol, and acetone purchased from JT Baker (Avantor
Performance Materials, Center Valley, PA, USA). Gallic acid, 2,6-dichlorophenol-indophenol, 2,2t
diphenyl-1-picrylhydrazyl (DPPH), trolox (6-hydroxy-2,5,8-tetramethylchroman-2-carboxylc acid), 2,2-
azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), citric acid, rutin, and Folin-Ciocalteau
reagent were purchased from Sigma-Aldrich Chemistry SA Of C.V (St. Louis, MO, USA). All aqueous
solutions were prepared with Milli-Q® filtered water (resistivity > 18 cm MU) (Millipore, Bedford,
MA, USA).

2.4. Samples Preparation

At 100 days after transplantation, the tomato fruits were harvested. In order to carry out the
corresponding analyzes, the fruits were selected verifying that they were not physically damaged,
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were uniform, and in maturity 6 (light red) according to the visual color pattern used by the United
States Department of Agriculture [22]. These fruits were washed and used as whole for the analysis.

A total of 24 fruits were taken per treatment. Twelve of these were kept at room temperature (24
+ 1 °C), while the rest were placed under refrigeration at a constant temperature of 4 £ 1 °C and
relative humidity of 80%. The bioactive compounds in these fruits were evaluated at the time of
harvest (day 0) and later at 8, 15, and 23 days of storage (ds).

For the evaluation of bioactive compounds considering dry weight, the fruits of each evaluation
time were subjected to deep freezing at —70 °C (THERMO SCIENTIFIC 303 Ultra Freezer). They were
then Iyophilized ina LABCONCO freeze dryer (LABCONCO, Model 79480, Kansas City, MO, USA) at
a vacuum pressure of 133 X 1073 mBar and a temperature of —40 °C. After freeze-drying, the fruits
were ground in a knife mill (RTSCH GM 200, Haan, Germany) at 9000 rpm for 50 s until a fine powder
of 150 microns was obtained. The samples were packed and storage in hermetic bags at 5 °C for two
days. After this time, the samples were processed.

2.5. Total Phenols

Total phenols were determined by the Folin-Ciocalteu method described by [23]. The sample (0.5
g) was extracted with 10 mL of 80% methanol. The mixture was vortexed for 20 min. The tubes were
centrifuged (Thermo Scientific Mod. ST 16R centrifuge, Langenselbold, Germany) at 15,000 X g for 10
min. The supernatant was recovered, from which 0.5 mL was taken, and 5 mL of the 50% Folin reagent
diluted with distilled water was added. It was allowed to stand for 7 min, then 4 mL of 7.5% sodium
carbonate was added and placed in complete darkness for 1 h. Subsequently, the absorbance was read
at 725 nm in a spectrophotometer (model 6715 UV/Vis, Jenway, Techne Inc., Burlington, NJ, USA)
using methanol as a blank. A calibration curve was made with a standard solution of gallic acid at a
concentration of 1000 mg L. The results are expressed in equivalent milligrams of gallic acid per 100
g dry weight (mg EGA 100 g~! DW).

2.6. Flavonoids

Flavonoids were determined according to the methodology of [24]. The sample (0.5 g) was mixed
with 10 mL of pure methanol, vortexed for 2 min, and centrifuged in a centrifuge (Thermo Scientific,
Model ST 16R, Germany) at 12,000x g for 10 min. Then, 0.5 mL of the extract was taken, and 0.15 mL
of 5% NaNO, was added and allowed to stand for 5 min in the dark. Subsequently, 0.15 mL of AlCl;
6H>O and 1 mL of NaOH were added and allowed to stand for 15 min. Absorbance was read at 415 nm
in a spectrophotometer (Model 6715 UV /Vis, Jenway, Techne Inc, USA). Total flavonoid content was
determined using a standard quercetin curve. The results were expressed in milligrams equivalent of

quercetin per 100 g dry weight (mg EQ 100 g~ DW).
2.7. Carotenoids

Lycopene and B-carotene were determined by the method described by [25]. The sample (0.1 g)
was mixed with 20 mL of hexane:acetone solution (3:2). An aliquot was taken from the supernatant and
measured at453, 505, 645, and 663 nm in a spectrophotometer (model 6715 UV / Vis, Jenway, Techne Inc.,

USA). The content of lycopene and B-carotene was estimated using the following equations:
Lycopene = —0.0458 Ages + 0.204 Agss + 0.372 Asos — 0.0806 Asss

B—carotene =(0.216 A663 — 1.220 A645 — 0.304 A505 +0.452 A453

The results were expressed in milligrams per 100 g fresh weight (mg 100 g~ FW).
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2.8. Ascorbic Acid

The determination of ascorbic acid was performed by the method of [26]. The sample (0.1 g) was
mixed with metaphosphoric acid (0.1 g L™!) for 45 min at 4 °C under constant stirring. It was
then centrifuged at 15,000X g. From the supernatant was taken 1 mL and mixed with 2,6-
dichlorophenol-indophenol acid. The absorbance was read at 515 nm. The results were expressed as
milligrams of ascorbic acid per 100 g fresh weight (mg AA 100 g~1 FW).

2.9. Antioxidant Activity by ABTS and DPPH

The antioxidant activity was determined by the method developed by [27], free radical detoxifier
2,2-diphenyl-1-picrylhydrazyl (DPPH), and by the Trolox equivalent antioxidant capacity method
(TEAC) described by [28].

The sample (0.1 g) was mixed with 10 mL of methanol and centrifuged at 15,000 X g for 10 min
at 5 °C. For the DPPH method, 0.3 mL of the methanolic extract was taken and 2.7 mL of a cold
methanolic solution with DPPH was added (6 x 107> M). This was left to stand in complete darkness
for 60 min at 4 “C. The absorbance was then read at 515 nm. All results of antioxidant activity DPPH
were expressed in UM Trolox equivalents per gram of fresh weight.

For the TEAC method, the ABTSe+ radical was obtained by reacting ABTS [2,2t-azino-bis
(3-ethylbenzothiazolin-6-sulfonic acid)] (7 mM) with potassium persulfate (2.45 mM) incubated at
room temperature (24 °C) and in darkness for 16 h. Once the ABTSe+ radical was formed, it was
diluted with methanol to an absorbance value of 0.700 (£0.1) at 734 nm. The methanolic extract of
tomato and diluted ABTSe+ was mixed, and after 6 min, its absorbance was read at 734 nm. All results

of antioxidant activity ABTS were expressed in pM Trolox equivalents per gram of freshweight.

2.10. Statistical Analysis

A completely randomized design with three replicates per treatment was used. Statistical Analysis
System v9.1 was used for the statistical analysis. An analysis of variance and Fisher’s least significant
difference test (p < 0.05) was performed.

3. Results and Discussion

The total phenols content in tomato fruits was statistically different between treatments at all
evaluation times and for both storage conditions (Table 1). At the time of harvest, the treatment
without stress and with application of Cu NPs presented the highest content of total phenols, whereas
the TO presented the lowest content.

Table 1. Total phenols content (milligrams equivalent of gallic acid per 100 g dry weight) in tomato

fruits at different storage times at room temperature (24 £ 1 °C) and refrigeration (4 £ 1 °C and relative

humidity at 80%).
Storage Treatment 0ds 8 ds 15 ds 23 ds
NPs Cu 35.69 £040a 3090 £0.75b 37.88 £0.60 a not done
Room NaCl 3514 £0.86ab 2681 £0.71d 33.64 £ 0.60 f not done
temperature NPs Cu+NaCl 3494 £ 0091 ab 29.50 £ 0.58 ¢ 35.14 £ 0.48 de not done
TO 3419 £0.65b 32,60 £0.71a 36.83 £0.60b not done
NPs Cu not done 3125+ 1.14b 36.63 £ 0.46 bc 38.08 £ 0.78a
Refrigeration NaCl not done 30.75 £ 0.65b 3484 £035e 35.04 £ 0.69 bc
& NPs Cu + NaCl not done 3135+ 054b 35.74 £ 0.60 cde 33.89 £ 0.65¢
TO not done 32.89 £0.57a 35.94 £ 0.71 bed 36.29 £ 0.54b

ds: days of storage. NPs Cu: plants without stress and with application Cu nanoparticles to 250 mg L.~. NaCl:
plants with stress by NaCl. NPs Cu + NaCl: plants with stress by NaCl and with application Cu nanoparticles at
250 mg L1, TO: absolute control without application of Cu nanoparticles and without stress by NaCl. Each value is
expressed as mean + standard deviation (n = 3). Different letters by column indicate statistical differences between
treatments according to Fisher's least significant difference test (p < 0.05).
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At eight days, the fruits of the TO plants had the highest total phenol content for both storage
conditions. In addition, the fruits of plants with saline stress stored at room temperature had the
lowest content. However, the application of Cu NPs in plants with saline stress had a higher content
of phenols in fruits than those of plants with NaCl alone. This suggests that the application of Cu NPs
decreases the adverse effect of NaCl on fruits, avoiding the loss of total phenols. In addition,
refrigeration also has this effect, since treatments including both NaCl and Cu NPs are not different
from each other.

At 15 days of storage, the fruits of the plants with application of Cu NPs presented the highest
contents of total phenols for both storage conditions. In contrast, the fruits of plants with saline stress
had the lowest total phenol content in both cases. It was also observed that the application of Cu NPs
in plants with NaCl stress induced higher content of total phenols in fruits compared to plants that
were only under saline stress. This corroborates that the application of Cu NPs reduces the adverse
effect caused by saline stress, reducing the loss of total phenols in tomato fruits especially when stored
at room temperature.

Finally, at 23 days of refrigerated storage, it was observed that the fruits of the plants with
application of Cu NPs presented the highest total phenols content. This indicates that the application
of Cu NPs has a positive effect on the total phenols content in tomato fruits and on the conservation
of these compounds through storage time. Total phenols are antioxidants that trigger a series of
secondary metabolites synthesized through the pathway of the shikimic acid or malonic acid, exerting
cellular signaling functions under conditions of abiotic stress [29]. The main phenolic compounds
found in tomato are the flavonoids rutin, naringenin, naringenin chalcone, and quercetin and the
hydroxycinnamic acids chlorogenicand caffeicacids[1]. However, these existin different concentration
in the fruits due to the structural diversity among the phenolic compounds [3]. These compounds give
the antioxidant capacity in the fruits due to the reduction of oxidative changes in cells by reducing
the levels of free radicals [3]. It is suggested that Cu NPs have a stimulatory effect on the induction of
antioxidant compounds derived from stress within the cells [11]. This may result in the formation of
phenols as observed in this work.

The phenolics derived from aromatic amino acids and their precursors are some of the very wide
range of compounds derived from shikimic acid. These compounds are a group of structurally diverse
plant secondary metabolites that include terpenoids, phenylpropanoids, cinnamic acids, lignin
precursors, hydroxybenzoic acids, catechols, coumarins, flavanoids, isoflavanoids, and tannins [30].
These varieties of metabolites are very important in stress tolerance by plants [3], and their
accumulation are a good response in plants.

The content of flavonoids in tomato fruits was also statistically different between treatments at
all evaluation times and for both storage conditions (Table 2). At the time of harvest, the fruits of the
plants with saline stress had the highest content of flavonoids, while the fruits of the plants with Cu
NPs and NaCl had the lowest content. Apparently, salinity stress increases this type of compound in
fruits. However, this changes with the application of Cu NPs.

At eight days of storage, the opposite was observed, for storage at room temperature and in
refrigeration the fruits of the plants with application of Cu NPs and NaCl had the highest content of
flavonoids. It was also observed that in both cases, the fruits of the TO plants had the lowest content of
these compounds.

At 15 days of storage, a significant decrease in flavonoid content was observed in all treatments
except for TO under refrigeration. At room temperature, the T0 also had the highest flavonoid content.
In addition, for both storage conditions, the fruits of the plants with NaCl had the lowest flavonoid
content. This indicates that salinity stress negatively affects the flavonoid content when fruits are
stored for 15 days.

Finally, at 23 days of storage under refrigeration, all treatments except for TO increased the
flavonoid content compared to the previous evaluation. In this case, the fruits of the plants with NaCl
followed by the fruits of the plants with application of Cu NPs presented the highest content of
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flavonoids. Flavonoids are a large and diverse group of low molecular weight polyphenolic secondary
metabolites in plants [3]. Flavonoids are the major phenolic compounds found in tomato [1,31] and are
also related to stress responses [3]. Therefore, it is expected that stress by NaCl or the application of Cu
NPs will induce an effect on flavonoid activity [32]. The total flavonoid content decreases during fruit
maturation [33]. Therefore, it is normal to observe a decrease as the storage time increases. In addition to
this, the effect of refrigeration can reduce this effect. Therefore, under this condition, it is normal to
observe a higher concentration of flavonoids. Pinedo-Guerrero et al. [11] reported that the higher
content of flavonoids in jalapefio chili fruits was observed under refrigeration conditions. The lack of a
precise response in flavonoids over storage time is normal. Each specific flavonoid compound may
have different roles as well as unique patterns of accumulation and degradation [31]. This results in
different storage trends across storage time. Although flavonoids are a type of phenolic compounds,
they are so variable that tomato plants can respond differently and generate different amounts of
groups of metabolites when they are exposed to some stress [3]. This results in that there is not
necessarily a correlation between flavonoids and total phenols. This is observed in the results of the
present study (Tables 1 and 2) as well as in other studies in tomato [1,31,34] and jalapefio pepper [11].

Table 2. Flavonoid content (milligrams equivalent of quercetin per 100 g dry weight) in tomato fruits
at different storage times at room temperature (24 £ 1 °C) and refrigeration (4 £ 1 °C and relative

humidity of 80%).
Storage Treatment 0ds 8 ds 15ds 23 ds
NPs Cu 109.10 £ 1.60 ab 12328 £254b  37.78 £ 3.00 bc not done
Room NaCl 11334 £ 254 a 106.56 £257¢c¢  20.00 £3.67 g not done
temperature NPs Cu + NaCl 81.38 £254c¢ 14296 £386a 3291 £0.97 cd not done
TO 107.83 £3.00 b 10021 £3.88d 3799 £2.64D not done
NPs Cu not done 11842 £223b 2741 £291 ef 86.88 £ 1.94b
Refrigeration NaCl not done 118.63 £1.60b  23.39 £2.64 fg 94.71 £ 1.90a
& NPs Cu + NaCl not done 138.73 £1.32a 2974 £383de  79.26 £ 3.61c
TO not done 10551 £3.81c 10953 £264a 8201 £ 2.77bc

ds: days of storage. NPs Cu: plants without stress and with application Cu nanoparticles to 250 mg L.~. NaCl:
plants with stress by NaCl. NPs Cu + NaCl: plants with stress by NaCl and with application Cu nanoparticles at
250 mg L™L. TO: absolute control without application of Cu nanoparticles and without stress by NaCl. Each value is
expressed as mean * standard deviation (1 = 3). Different letters by column indicate statistical differences between
treatments according to Fisher’s least significant difference test (p < 0.05).

The content of lycopene in tomato fruits presented statistical differences between treatments at all
times of evaluation (Table 3). At the time of harvest, the highest lycopene content was present in the
fruits of the TO plants. While the lowest content was found in the fruits of plants with NaCl.

Table 3. Lycopene content (milligrams per 100 g fresh weight) in tomato fruits at different storage

times at room temperature (24 = 1 °C) and refrigeration (4 + 1 °C and relative humidity of 80%).

Storage Treatment 0ds 8 ds 15ds 23 ds
NPs Cu 520 £0.02b 8.09 £0.03 ¢ 911 £0.01b not done
Room NaCl 3.87 £0.02d 773 +£0.03d 9.99 £0.03a not done
temperature NPs Cu + NaCl 4.68 £0.02¢ 836 £0.01b 8.00 £0.01 ¢ not done
T0 524 £0.01a 8.84 £0.02a 554+002g not done
NPs Cu not done 6.92£0.02e 459 £0.03h 6.97 £ 0.03¢c
Refriceration NaCl not done 3.73 £0.02h 599 £0.02e 7.02 £ 0.02b
8 NPs Cu + NaCl not done 407+£001g 5.68 £0.01 f 6.71 £ 0.03d
T0 not done 6.04 £0.02 f 7.00 £0.02d 7.07 £ 0.01a

ds: days of storage. NPs Cu: plants without stress and with application Cu nanoparticles to 250 mg L. NaCl:
plants with stress by NaCl. NPs Cu + NaCl: plants with stress by NaCl and with application Cu nanoparticles at
250 mg L1, TO: absolute control without application of Cu nanoparticles and without stress by NaCl. Each value is
expressed as mean + standard deviation (n = 3). Different letters by column indicate statistical differences between
treatments according to Fisher’s least significant difference test (p < 0.05).
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After storage for eight days, the fruits of all treatments at room temperature showed a significant
increase in the lycopene content compared to the evaluation at the time of harvest. This is probably due
to the natural process of fruit ripening [35]. In addition, the fruits of the treatments under refrigeration
had lower contents of lycopene compared to the fruits stored at room temperature. This is due to the
fact that the low storage temperature decreases the maturation processes of the fruits and as a result
also reduces their accumulation of lycopene. However, for both storage conditions, the fruits of the
plants with NaCl presented the lowest contents of lycopene. After 15 days of storage, the behavior of
the fruits of the different treatments evaluated was completely different from the previous evaluation.
Under conditions of room temperature, the fruits of the TO plants presented the lowest content of
lycopene, while the fruits of the plants with NaCl were the ones with the highest content. The fruits of
the rest of the treatments were also superior to the T0 under this condition. On the other hand, under
refrigeration, the fruits of the TO plants showed the highest content of lycopene, while the fruits of the
plants with application of Cu NPs had the lowest content.

After 23 days of storage under refrigeration, the fruits of the TO plants had the highest content of
lycopene followed by the fruits of the plants with NaCl. In this case, the fruits of the plants with Cu
NPs and NaCl presented the lowest lycopene content. Lycopene is the most abundant carotenoid in
tomato fruits, in addition to being one of the main antioxidants [1,3]. It has previously been shown
that Cu NPs in Cs-PVA hydrogels when applied to the substrate increase the lycopene content in
tomato [2]. Other studies have shown that foliar and in soil application of ZnO NPs and TiO, NPs
increased lycopene content in tomato [36]. This was not consistently observed in the present study,
possibly due to the high stress condition. Under conditions of high stress, an oxidative burst can be
generated resulting in the opposite effect [9].

The B-carotene content in tomato fruits was different between treatments at all evaluation times
(Table 4). At the time of harvest, the fruits of the plants with application of Cu NPs presented the
highest content of B-carotene, while the fruits of the plants corresponding to the treatment with
salinity had the lowest content. The fruits of the plants with application of Cu and NaCl NPs were
also superior to the fruits of the plants with NaCl, indicating a beneficial effect of the application of
Cu NPs mitigating the negative effect of salinity. At eight days of storage once more the fruits of
the plants with application of Cu NPs were the ones with higher contents of B-carotene at room
temperature along with the fruits of the plants with application of Cu NPs plus NaCl. It was also
observed that the fruits of the plants with salinity had the lowest content of this B-carotene same as
the previous evaluation. In refrigeration, the fruits of the TO plants along with the fruits of the plants
with application of Cu NPs presented the highest content of B-carotene. This indicates that the
stress caused by the application of NaCl significantly decreases the B-carotene content in tomato fruits
after eight days of storage regardless of the temperature condition. At 15 days of storage, regardless
of temperature, all treatments showed an increase in B-carotene content. At room temperature, the
fruits of the plants with application of Cu NPs presented the highest f-carotene content. The TO under
this condition had the lowest content. However, in refrigeration, the fruits of the plants of the two
treatments that included the application of NaCl were those that had the highest B-carotene content.
This indicates that the application of Cu NPs induces the formation and preservation of B-carotene
when the fruits are stored at room temperature. This fact is very important, since B-carotene is the
second most important carotenoid in the tomato and is an important antioxidant compound in
human health [1]. As already mentioned, Cu NPs are believed to function as inducers of antioxidant
compounds [11]. In addition, it has been demonstrated that the application of Cu NPs to the substrate
induces the formation of lycopene in tomato [2].
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Table 4. B-carotene content (milligrams per 100 g fresh weight) in tomato fruits at different storage
times at room temperature (24 + 1 °C) and refrigeration (4 + 1 °C and relative humidity at 80%).

Storage Treatment 0ds 8 ds 15 ds 23 ds
NPs Cu 117 £0.02a 0.98 £0.01a 1.74 £0.01a not done
Room NaCl 0.99 £0.07 ¢ 0.80 £0.01 ¢ 1.56 £0.10b not done
temperature NPs Cu+NaCl  1.08 £0.02b 095 £0.01a 1.60 £0.04 b not done
TO 1.13 £0.02 ab 0.89 £0.01b 1.33 £0.01d not done
NPs Cu not done 0.80 £0.01 ¢ 1.17 £0.01e 1.31 £0.01 ¢
Refrigeration NaCl not done 0.60 £0.01d 1.32 £0.01d 1.36 £0.01 a
& NPs Cu + NaCl not done 0.59 £0.02d 1.32 £0.04d 1.28 £0.02d
TO not done 0.83 £0.06 ¢ 1.47 £0.02¢ 1.34 £0.01b

ds: days of storage. NPs Cu: plants without stress and with application Cu nanoparticles to 250 mg L. NaCl:
plants with stress by NaCl. NPs Cu + NaCl: plants with stress by NaCl and with application Cu nanoparticles at
250 mg L™L. TO: absolute control without application of Cu nanoparticles and without stress by NaCl. Each value is
expressed as mean + standard deviation (1 = 3). Different letters by column indicate statistical differences between
treatments according to Fisher’s least significant difference test (p < 0.05).

Finally, at 23 days of storage, the fruits of the plants with NaCl again showed the highest B-
carotene content. This suggests that salinity stress induces the formation of this compound in fruits
stored in refrigeration for more than 15 days.

The carotenoids are the most representative group of tetraterpenes [37]. B-carotene is the most
important carotenoid for human diet and along with lycopene is the most important carotenoid in
tomato fruits [1,3]. These compounds are biosynthesized from just two Cs precursors: isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). The biosynthesis of these universal
terpene precursors via mevalonate [37]. Therefore, the production of these carotenoids is probably
more related to oxidative stress responses caused by Cu NPs [10].

As with the previous compounds, there were also statistical differences between treatments at all
evaluation times of vitamin C content (Table 5). At the time of harvest, the fruits of the plants with
NacCl application only had the lowest content of vitamin C. The rest of the treatments were statistically
equal. After eight days of storage at room temperature, the fruits of the plants with NaCl application
had the lowest vitamin C content. Under this condition, the fruits of the plants with application of Cu
NPs were significantly higher than those of the rest of the treatments. However, under refrigeration,
the TO showed the highest content of vitamin C, while the fruits with application of Cu NPs and NaCl
had the lowest content.

Table 5. Vitamin C content (milligrams of ascorbic acid per 100 g fresh weight) in tomato fruits at

different storage times at room temperature (24 £ 1 °C) and refrigeration (4 £ 1 °C and relative

humidity at 80%).
Storage Treatment 0ds 8 ds 15ds 23 ds
NPs Cu 33.25£027ab  20.75 £0.40b 2612 £040b not done
Room NaCl 3289+ 032b 13.75 £ 041 f 19.11 £ 041 f not done
temperature NPs Cu+NaCl 33.84 £03la  14.28 £050ef  19.65 £ 0.50 ef not done
TO 33.49 £052ab 1572 £0.31d 21.08 £0.31d not done
NPs Cu not done 17.09 £0.36 ¢ 2245 £ 0.36¢ 38.37 £ 0.23a
Refriceration NaCl not done 17.24 £ 047 ¢ 22.60 £ 047 c 36.82 £ 0.32 ab
& NPs Cu + NaCl not done 14.61 £0.34 ¢ 1998 £0.34 e 32.77 £0.37 b
TO not done 27.73 £0.44 a 33.10 £0.44 a 34.38 £4.93 ab

ds: days of storage. NPs Cu: plants without stress and with application Cu nanoparticles to 250 mg L.~. NaCl:
plants with stress by NaCl. NPs Cu + NaCl: plants with stress by NaCl and with application Cu nanoparticles at
250 mg L1, TO: absolute control without application of Cu nanoparticles and without stress by NaCl. Each value is
expressed as mean + standard deviation (n = 3). Different letters by column indicate statistical differences between
treatments according to Fisher’s least significant difference test (p < 0.05).



24

At 15 days of storage, the same treatment behavior was observed as in the previous evaluation.
At room temperature, the fruits of the plants with NaCl application had the lowest vitamin C content,
while the fruits of the plants with application of Cu NPs were significantly superior to the rest of the
treatments. Under refrigeration, the TO presented the highest content of vitamin C, and the fruits of
the plants with application of Cu NPs and NaCl had the lowest content. At 23 days after storage in
refrigeration, the fruits of plants with application of Cu NPs and NaCl had the lowest content of
vitamin C, as it was in previous evaluations under these conditions. However, the fruits of the plants
with application of Cu NPs had the highest vitamin C content. These results indicate that the
application of Cu NPs increases the vitamin C content when the fruits are stored at room temperature.
This may be derived from the induction of antioxidant compounds as mentioned above [11]. This is
of great importance since humans must ingest vitamin C through rich sources such as fruits because
the human body does not have the capacity to produce it [38]. Specifically in tomato fruits, vitamin C
is one of the most important [1]. In the plants, vitamin C is converted from glucose following the
pathway that involves the conversion of GDP-D-mannose to GDP-L-galactose catalyzed by a GDP-
mannose-30,50-epimerase. L-galactose released from the nucleotide is the immediate precursor of L-
galactono-1,4-lactone, which by action of a dehydrogenase is converted to L-ascorbic acid [39]. Thus
the induction of this compound is more related to the antioxidant responses of plants [11].

In addition, it was also evident that salinity stress induces a significant decrease of vitamin C in
tomato fruits stored at room temperature. This fact is probably due to the high stress generated by an
oxidative burst leading to the reduction of antioxidants [9]. In this case, the vitamin C content was
affected.

Regarding the antioxidant capacity by DPPH, only at 23 days of storage were there no differences
between treatments (Table 6). Under conditions of room temperature, the fruits of plants with saline
stress had the lowest values of antioxidant capacity during the three evaluations. The TO showed the
highest values at the time of harvest and at eight days of storage. At 15 days, the fruits of the plants
with application of Cu NPs were those with higher antioxidant capacity, followed by the T0. These
results suggest that the stress caused by the application of NaCl negatively affects the antioxidant
DPPH ability, when the fruits are kept at room temperature (24 °C). This may be because the plants
suffered a high stress by the constant application of NaCl, which triggered an oxidative burst [9],
resulting in the reduction of antioxidant compounds.

Table 6. 2,2t-diphenyl-1-picrylhydrazyl (DPPH) antioxidant capacity (UM Trolox equivalents per
gram of fresh weight) in tomato fruits at different storage times at room temperature (24 £ 1 °C) and
refrigeration (4 £ 1 °C and relative humidity at 80%).

Storage Treatment 0ds 8 ds 15 ds 23 ds
NPs Cu 2.09 £0.02a 1.93 £0.01f 2.09 £0.01a not done
Room NacCl 2.07 £0.01b 1.75 £0.01 h 1.85 £0.02e not done
temperature NPs Cu+NaCl  2.09 £0.02a 1.87 £0.02g 1.63 £0.02 f not done
TO 2.09 £0.01a 2.09 £0.01b 201 £0.01b not done
NPs Cu not done 2.03 £0.01d 1.92 £0.01c¢ 214 £0.03 a
Refriceration NaCl not done 198 £0.01e 1.91 £0.01 cd 212 +£0.02a
& NPs Cu + NaCl not done 2.05 £0.01c 1.89 £0.01d 211 £0.02a
TO not done 212 £0.01a 2.04 £0.01b 213 £0.01a

ds: days of storage. NPs Cu: plants without stress and with application Cu nanoparticles to 250 mg L. NaCl:
plants with stress by NaCl. NPs Cu + NaCl: plants with stress by NaCl and with application Cu nanoparticles at
250 mg L™L. TO: absolute control without application of Cu nanoparticles and without stress by NaCl. Each value is
expressed as mean + standard deviation (1 = 3). Different letters by column indicate statistical differences between
treatments according to Fisher’s least significant difference test (p < 0.05).

Under refrigeration conditions, the TO had the highest antioxidant capacity at 8 and 15 days of
storage. At eight days, the fruits of the plants with application of NaCl presented the lowest value.
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At 15 days, the lowest antioxidant capacity was observed in the fruits of the plants with application of
Cu NPs and NaCL

On the other hand, in the antioxidant capacity by ABTS differences between treatments were
presented in all evaluations. At the time of harvest, the TO had the highest antioxidant capacity. In this
case, the fruits of the plants of the two treatments that included the application of NaCl had lower
antioxidant capacity.

Ateight days of storage at room temperature, the fruits of plants with saline stress had the lowest
values of antioxidant capacity. In this case, the fruits of the plants with application of Cu NPs presented
the highest value of antioxidant capacity. Under refrigeration conditions, the opposite was observed,
this treatment had the lowest antioxidant capacity. The TO in this case presented the highest value of
antioxidant capacity.

At15days, storage atroom temperature, the results were consistent with that observed in previous
evaluations. The fruits of the plants with saline stress had the lowest values of antioxidant capacity.
In this condition, the fruits of the TO plants obtained the best results, followed by the fruits of the
plants with application of Cu NPs. However, under refrigeration, the fruits of the plants with NaCl
presented significantly higher antioxidant capacity, while the fruits of the TO plants present the lowest
value. The same was observed after 23 days of storage under refrigeration.

These results suggest that when the fruits are maintained at room temperature (24 °C), the stress
caused by the application of NaCl negatively affects the antioxidant capacity evaluated by ABTS.
Under this same condition, the application of Cu NPs can increase the antioxidant capacity at least at
some point in storage. However, when fruits are stored in refrigeration (4 °C), the opposite is observed.
Application of NaCl at 15 and 23 days of storage significantly increases ABTS antioxidant capacity
(50-150%) compared to TO. Since the ABTS technique measures the hydrophilic compounds [40], it
is probable that the refrigeration condition modified the behavior of these antioxidants present in the
fruits.

The behavior observed in antioxidant activity was different for both DPPH and ABTS methods,
and no correlation between these results was observed. This is due the differences between both
methods: the ABTS technique measures the hydrophilic compounds [40], while the DPPH technique
can be used to examine both hydrophilic and lipophilic antioxidants [41]. There are also differences
in reaction times, and it is specific for each type of antioxidant [28,42], which results in differences in
the quantification of antioxidant activity as observed here (Tables 6 and 7). For this reason, a single
method is not suitable for measuring all antioxidants in plants, and there is no shortcut approach to
determine antioxidant activity as mentioned by [41].

Table 7. 2,2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) antioxidant capacity (WM Trolox
equivalents per gram of fresh weight) in tomato fruits at different storage times at room temperature

(24 £ 1°C) and refrigeration (4 £ 1 °C and relative humidity at 80%).

Storage Treatment 0ds 8 ds 15 ds 23 ds
NPs Cu 233 £0.03b 293 £0.04a 2.34 £0.08 ¢ not done
Room NaCl 217 £0.03 ¢ 234 £001e 2.02 £0.06d not done
temperature NPs Cu + NaCl 221 £0.03¢ 2.04 £0.04 f 2.08 £0.04d not done
TO 253 £0.03a 2.79 £0.02b 255 +£0.11b not done
NPs Cu not done 240 £0.07 e 234 £0.04c¢ 2.86 £0.05b
Refriceration NaCl not done 2.65 +£0.04c 3.84 £0.09 a 3.29 £0.06 a
& NPs Cu + NaCl not done 253 £0.05d 157 £0.05e 2.67 £0.05c
TO not done 276 £0.04 b 152 £0.02e 2.26 £0.06 d

ds: days of storage. NPs Cu: plants without stress and with application Cu nanoparticles to 250 mg L.~. NaCl:
plants with stress by NaCl. NPs Cu + NaCl: plants with stress by NaCl and with application Cu nanoparticles at
250 mg L1, TO: absolute control without application of Cu nanoparticles and without stress by NaCl. Each value is
expressed as mean + standard deviation (n = 3). Different letters by column indicate statistical differences between
treatments according to Fisher’s least significant difference test (p < 0.05).
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On the other hand, a correlation between antioxidant activity and bioactive compounds exist only
for some specific antioxidants. For example, in tomato fruits, antioxidant activity DPPH increased when

phenolic and lycopene contents increased, but flavonoid and B-carotene decreased [34]. In tomato
fruits under drought stress, the antioxidant activity ABTS, lycopene, total phenolics, and flavonoids
increased, but the increase between this compounds was not in the same magnitude [3]. In the results
observed here, a correlation between the bioactive compounds evaluated and antioxidant activity is
unclear. However, it should be consider that antioxidant activity is due to action of all antioxidants in
the fruits [41].

Moreover, the changes observed in all variables evaluated during post-harvest should be due to
different factors that affect them. It is well known that the firmness of a tomato continuously decreases
during storage [2] due to ethylene synthesis and respiration [43]. This affect diminishes membrane
integrity, which could cause a decompartmentalization of texture-related enzymes and their substrates,
leading to a rise in fluids and solute exchanges as well as an increase in enzymatic activity [43], which
in turn affect the bioactive compounds and antioxidant activity.

4. Conclusions

The application of copper nanoparticles and NaCl during the development of tomato plants
modifies the accumulation and degradation patterns of bioactive compounds in the postharvest life of
the fruits.

The application of copper nanoparticles in general has a positive effect on the accumulation of

bioactive compounds, mainly total phenols, B-carotene and vitamin C. This response is related to
antioxidant responses of plants. On the contrary, the application of NaCl during the development of
tomato plants causes a decrease of the bioactive compounds and antioxidant capacity in tomato fruits.
This is due to high stress by the constant application of NaCl, which triggers an oxidative burst
resulting in the reduction of these compounds.

The negative effect of the application of NaCl on fruits can be reduced with the application of
copper nanoparticles via foliar, especially when the fruits are stored under conditions of room
temperature of around 24 °C.

The application of copper nanoparticles may be a technique to increase and maintain the content
of bioactive compounds in tomato fruits. In addition, it can be an effective alternative to diminish the
negative effects on bioactive compounds content caused by the saline stress.

Acknowledgments: UAAAN Proyecto interno 38111-425104001-2230: “Nanoparticulas de cobre en hidrogeles
de Quitosan-PVA para la induccién de capacidad antioxidante, tolerancia a estrés abidtico y expresién génica en
solanaceas.”

Author Contributions: Judrez-Maldonado and Valdés-Reyna conceived and designed the experiments; Lopez-
Vargas and Hernandez-Fuentes performed the analysis of laboratory and field experiments; Pinedo-Espinoza
and Campos-Montiel contributed reagents and materials. All authors were responsible for processing
information and manuscript writing. All authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Marti, R; Leiva-Brondo, M.; Lahoz, 1.; Campillo, C.; Cebolla-Cornejo, J.; Rosells, S. Polyphenol and L-
ascorbic acid content in tomato as influenced by high lycopene genotypes and organic farming at different
environments. Food Chem. 2018, 239, 148-156. [CrossRef] [PubMed]

2. Juarez-Maldonado, A.; Ortega-Ortiz, H.; Pérez-Labrada, F.; Cadenas-Pliego, G.; Benavides-Mendoza, A. Cu
Nanoparticles absorbed on chitosan hydrogels positively alter morphological, production, and quality
characteristics of tomato. J. Appl. Bot. Food Qual. 2016, 89, 183-189. [CrossRef]

3. Klunklin, W,; Savage, G. Effect on Quality Characteristics of Tomatoes Grown Under Well-Watered and
Drought Stress Conditions. Foods 2017, 6, 56. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.foodchem.2017.06.102
http://www.ncbi.nlm.nih.gov/pubmed/28873552
http://dx.doi.org/10.5073/JABFQ.2016.089.023
http://dx.doi.org/10.3390/foods6080056
http://www.ncbi.nlm.nih.gov/pubmed/28757563

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

27
Lee, SK.; Kader, A.A. Preharvest and postharvest factors influencing vitamin C content of horticultural
crops. Postharvest Biol. Technol. 2000, 20, 207-220. [CrossRef]
Parihar, P;Singh, S.; Singh, R; Singh, V.P,; Prasad, S.M. Effect of salinity stress on plants and its tolerance
strategies: A review. Environ. Sci. Pollut. Res. 2015, 22, 4056-4075. [CrossRef] [PubMed]
Parida, A.K,; Das, A.B. Salt tolerance and salinity effects on plants: A review. Ecotoxicol. Environ. Saf. 2005,
60, 324-349. [CrossRef] [PubMed]
He, L,; Liu, Y.,; Mustapha, A.; Lin, M. Antifungal activity of zinc oxide nanoparticles against Botrytis cinerea
and Penicillium expansum. Microbiol. Res. 2011, 166, 207-215. [CrossRef] [PubMed]
Li, H.; Ye, X.; Guo, X.; Geng, Z.; Wang, G. Effects of surface ligands on the uptake and transport of gold
nanoparticles in rice and tomato. J. Hazard. Mater. 2016, 314, 188-196. [CrossRef] [PubMed]
Rizwan, M.; Alj, S.; Qayyum, M.F,; Ok, Y.S.; Adrees, M.; Ibrahim, M.; Zia-ur-Rehman, M.; Farid, M.; Abbas, F.
Effect of metal and metal oxide nanoparticles on growth and physiology of globally important food crops:
A critical review. |. Hazard. Mater. 2016, 322, 2-16. [CrossRef] [PubMed]
Shobha, G.; Moses, V.; Ananda, S. Biological Synthesis of Copper Nanoparticles and its impact — A review.
Int. |. Pharm. Sci. Invent. 2014, 3, 2319-6718.
Pinedo-Guerrero, Z.H.; Herndndez-Fuentes, A.D.; Ortega-Ortiz, H.; Benavides-Mendoza, A.; Cadenas-
Pliego, G.; Judrez-Maldonado, A. Cu nanoparticles in hydrogels of chitosan-PVA affects the characteristics
of post-harvest and bioactive compounds of jalapefio pepper. Molecules 2017, 22, 926. [CrossRef] [PubMed]
Pradhan, S,; Patra, P,; Mitra, S.; Dey, KK.; Basu, S.; Chandra, S.; Palit, P.; Goswami, A. Copper nanoparticle
(CuNP) nanochain arrays with a reduced toxicity response: A biophysical and biochemical outlook on Vigna
radiata. J. Agric. Food Chem. 2015, 63, 2606-2617. [CrossRef] [PubMed]
Saharan, V.;Pal, A. Chitosan Based Nanomaterials in Plant Growth and Protection; Springer: Bangalore, India,
2016; ISBN 9788132235996.
Pérez-de-Luque, A. Interaction of Nanomaterials with Plants: What Do We Need for Real Applications in
Agriculture? Front. Environ. Sci. 2017, 5, 1-7. [CrossRef]
Wang, Z.; Xie, X.; Zhao, J.; Liu, X.; Feng, W.; White, ].C.; Xing, B. Xylem- and phloem-based transport of CuO
nanoparticles in maize (Zea mays L.). Environ. Sci. Technol. 2012, 46, 4434-4441. [CrossRef] [PubMed]
Rawat, S.; Apodaca, S.A.; Tan, W,; Peralta-videa, ].R.; Gardea-torresdey, J.L. Terrestrial Nanotoxicology:
Evaluating the Nano-Biointeractions in Vascular Plants. In Bioactivity of Engineered Nanoparticles; Bing, Y.,
Hongyu, Z., Gardea-Torresdey, ].L., Eds.; Springer: Singapore, 2017; pp. 21-42, ISBN 978-981-10-5863-9.
Alharby, HF,; Metwali, EM.R; Fuller, M.P,; Aldhebiani, A.Y. The alteration of mRNA expression of SOD
and GPX genes, and proteins in tomato (Lycopersicon esculentum Mill) under stress of NaCl and/or ZnO
nanoparticles. Saudi |. Biol. Sci. 2016, 23, 773-781. [CrossRef] [PubMed]
Khan, M.N.; Mobin, M.; Abbas, Z.K.; AlMutairi, K.A.; Siddiqui, Z.H. Role of nanomaterials in plants under
challenging environments. Plant Physiol. Biochem. 2017, 110, 194-209. [CrossRef] [PubMed]
Rossi, L.; Zhang, W.; Ma, X. Cerium oxide nanoparticles alter the salt stress tolerance of Brassica napus L. by
modifying the formation of root apoplastic barriers. Environ. Pollut. 2017,229,132-138. [CrossRef] [PubMed]
Steiner, A.A. A universal method for preparing nutrient solutions of a certain desired composition. Plant Soil
1961, 15, 134-154. [CrossRef]
Ortega-Ortiz, H.;Jiménez-Regalado, E.; Avila,O.;Sierra-Avila,R; Cadenas-Pliego,G.; Betancourt-Galindo, R ;
Pérez-Alvarez, M.; Sierra-Avila, R, Barriga-Castro, E.; Palacios-Mireles, .M. Proceso de sintesis de
nanoparticulas metélicas mediante el uso de moléculas bifuncionales. 2013. Expediente: MX/a/2013 /015221,
Patent. Fecha: 19/DIC/2013. Available online: http://siga.impi.gob.mx/newSIGA /content/common/
busquedaSimple.jsf (accessed on 27 August 2017).
[USDA] United States Department of Agriculture. United States Standards for Grades of Fresh Tomatoes.
1997. Available online: https:/ /www.ams.usda.gov/sites/default/files/media/Tomato_Standard %5B1%
5D.pdf (accessed on 27 August 2017).
Singleton, V.L,; Orthfer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation substrates
and antioxidants by means means of the Folin-Ciocalteu reagent. Methods Enzymol. 1999, 299, 152-178.


http://dx.doi.org/10.1016/S0925-5214(00)00133-2
http://dx.doi.org/10.1007/s11356-014-3739-1
http://www.ncbi.nlm.nih.gov/pubmed/25398215
http://dx.doi.org/10.1016/j.ecoenv.2004.06.010
http://www.ncbi.nlm.nih.gov/pubmed/15590011
http://dx.doi.org/10.1016/j.micres.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20630731
http://dx.doi.org/10.1016/j.jhazmat.2016.04.043
http://www.ncbi.nlm.nih.gov/pubmed/27131459
http://dx.doi.org/10.1016/j.jhazmat.2016.05.061
http://www.ncbi.nlm.nih.gov/pubmed/27267650
http://dx.doi.org/10.3390/molecules22060926
http://www.ncbi.nlm.nih.gov/pubmed/28574445
http://dx.doi.org/10.1021/jf504614w
http://www.ncbi.nlm.nih.gov/pubmed/25686266
http://dx.doi.org/10.3389/fenvs.2017.00012
http://dx.doi.org/10.1021/es204212z
http://www.ncbi.nlm.nih.gov/pubmed/22435775
http://dx.doi.org/10.1016/j.sjbs.2016.04.012
http://www.ncbi.nlm.nih.gov/pubmed/27872576
http://dx.doi.org/10.1016/j.plaphy.2016.05.038
http://www.ncbi.nlm.nih.gov/pubmed/27269705
http://dx.doi.org/10.1016/j.envpol.2017.05.083
http://www.ncbi.nlm.nih.gov/pubmed/28582676
http://dx.doi.org/10.1007/BF01347224
http://siga.impi.gob.mx/newSIGA/content/common/busquedaSimple.jsf
http://siga.impi.gob.mx/newSIGA/content/common/busquedaSimple.jsf
http://siga.impi.gob.mx/newSIGA/content/common/busquedaSimple.jsf
https://www.ams.usda.gov/sites/default/files/media/Tomato_Standard%5B1%5D.pdf
https://www.ams.usda.gov/sites/default/files/media/Tomato_Standard%5B1%5D.pdf
https://www.ams.usda.gov/sites/default/files/media/Tomato_Standard%5B1%5D.pdf

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

28
Rosales, M. A ; Cervilla, L.M.; Sanchez-Rodriguez, E.; Rubio-Wilhelmi, M.D.M.; Blasco, B.; Rios, ].J.; Soriano,
T, Castilla, N.; Romero, L.; Romero, L.; et al. The effect of environmental conditions on nutritional quality of
cherry tomato fruits: Evaluation of two experimental Mediterranean greenhouses. J. Sci. Food Agric. 2011, 91,
152-162. [CrossRef] [PubMed]
Nagata, M.; Yamashita, I. Simple Method for Simultaneous Determination of Chlorophyll and Carotenoids
in Tomato Fruit. J. Jpn. Soc. Food Sci. Technol. 1992, 39, 925-928. [CrossRef]
Klein, B.P,; Perry, AK. Ascorbic Acid and Vitamin A Activity in Selected Vegetables from Different
Geographical Areas of the United States. ]. Food Sci. 1982, 47, 941-945. [CrossRef]
Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a Free Radical Method to Evaluate Antioxidant Activity.
Food Sci. Technol. 1995, 28, 25-30. [CrossRef]
Re, R.; Pellegrini, N.; Proteggente, A ; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an
improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231-1237. [CrossRef]
Michalak, A. Phenolic Compounds and Their Antioxidant Activity in Plants Growing under Heavy Metal
Stress. Polish ]. Environ. Stud. 2006, 15, 523-530. [CrossRef]
Bennett, R.N.; Wallsgrove, R.M. Secondary metabolites in plant defence mechanisms. New Phytol. 1994, 127,
617-633. [CrossRef]
Anton, D.; Bender, I; Kaart, T.; Roasto, M.; Heinonen, M.; Luik, A.; Piissa, T. Changes in polyphenols contents
and antioxidant capacities of organically and conventionally cultivated tomato (Solanum lycopersicum L.)
fruits during ripening. Int. . Anal. Chem. 2017, 2017, 6-10. [CrossRef] [PubMed]
Fu, PP;Xia, Q.; Hwang, H.-M.; Ray, P.C.; Yu, H. Mechanisms of nanotoxicity: Generation of reactive oxygen
species. |. Food Drug Anal. 2014, 22, 64-75. [CrossRef] [PubMed]
Howard, L.R; Talcott, S.T.; Brenes, C.H.; Villalon, B. Changes in phytochemical and antioxidant activity of
selected pepper cultivars (Capsicum species) as influenced by maturity. J. Agric. Food Chem. 2000, 48, 1713~
1720. [CrossRef] [PubMed]
Azeez, L.; Adebisi, S.A.; Oyedeji, A.O.; Adetoro, R.O.; Tijani, K.O. Bioactive compounds’ contents, drying
kinetics and mathematical modelling of tomato slices influenced by drying temperatures and time. J. Saudi
Soc. Agric. Sci. 2017, 7. [CrossRef]
Azeez, L.; Adeoye, M.D.; Majolagbe, T.A.; Lawal, A.T.; Badiru, R. Antioxidant Activity and Phytochemical
Contents of Some Selected Nigerian Fruits and Vegetables. Am. |. Chem. 2012, 2, 209-213. [CrossRef]
Raliya, R.; Nair, R.; Chavalmane, S.; Wang, W.-N.; Biswas, P. Mechanistic evaluation of translocation and
physiological impact of titanium dioxide and zinc oxide nanoparticles on the tomato (Solanum lycopersicumL.)
plant. Metallomics 2015, 7, 1584-1594. [CrossRef] [PubMed]
Eisenreich, W.; Rohdich, F.; Bacher, A. Deoxyxylulose phosphate pathway to terpenoids. Trends Plant Sci.
2001, 6, 78-84. [CrossRef]
Padayatty, S.J.; Katz, A.; Wang, Y.; Eck, P, Kwon, O.; Lee, ].-H.; Chen, S.; Corpe, C.; Dutta, A.; Dutta, S.K.; etal.
Vitamin C as an Antioxidant: Evaluation of Its Role in Disease Prevention. J. Am. Coll. Nutr. 2003, 22, 18-35.
[CrossRef] [PubMed]
Valpuesta, V,; Botella, M. A. Biosynthesis of L-ascorbic acid in plants: New pathways for an old antioxidant.
Trends Plant Sci. 2004, 9, 573-577. [CrosRef] [PubMed]
Rufino, M.D.S.M.; Alves, R.E.; de Brito, E.S.; Pérez-Jiménez, J.; Saura-Calixto, F.; Mancini-Filho, J. Bioactive
compounds and antioxidant capacities of 18 non-tradicional tropical fruits from Brazil. Food Chem. 2010, 121,
996-1002. [CrossRef]
Kedare, S.B.; Singh, R.P. Genesis and development of DPPH method of antioxidant assay. J. Food Sci. Technol.
2011, 48, 412-422. [CrossRef] [PubMed]
Sharma, O.P.; Bhat, T.K. DPPH antioxidant assay revisited. Food Chem. 2009, 113, 1202-1205. [CrossRef]
Ayala-Zavala, J.F; Oms-Oliu, G.; Odriozola-Serrano, I.; Gonzalez-Aguilar, G.A,; Alvarez-Parrilla, E.;
Martin-Belloso, O. Bio-preservation of fresh-cut tomatoes using natural antimicrobials. Eur. Food Res. Technol.
2008, 226, 1047-1055. [CrossRef]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CCBY) license (http:/ / creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/jsfa.4166
http://www.ncbi.nlm.nih.gov/pubmed/20853276
http://dx.doi.org/10.3136/nskkk1962.39.925
http://dx.doi.org/10.1111/j.1365-2621.1982.tb12750.x
http://dx.doi.org/10.1016/S0023-6438(95)80008-5
http://dx.doi.org/10.1016/S0891-5849(98)00315-3
http://dx.doi.org/10.1016/j.fitote.2011.01.018
http://dx.doi.org/10.1111/j.1469-8137.1994.tb02968.x
http://dx.doi.org/10.1155/2017/2367453
http://www.ncbi.nlm.nih.gov/pubmed/28630627
http://dx.doi.org/10.1016/j.jfda.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24673904
http://dx.doi.org/10.1021/jf990916t
http://www.ncbi.nlm.nih.gov/pubmed/10820084
http://dx.doi.org/10.1016/j.jssas.2017.03.002
http://dx.doi.org/10.5923/j.chemistry.20120204.04
http://dx.doi.org/10.1039/C5MT00168D
http://www.ncbi.nlm.nih.gov/pubmed/26463441
http://dx.doi.org/10.1016/S1360-1385(00)01812-4
http://dx.doi.org/10.1080/07315724.2003.10719272
http://www.ncbi.nlm.nih.gov/pubmed/12569111
http://dx.doi.org/10.1016/j.tplants.2004.10.002
http://www.ncbi.nlm.nih.gov/pubmed/15564123
http://dx.doi.org/10.1016/j.foodchem.2010.01.037
http://dx.doi.org/10.1007/s13197-011-0251-1
http://www.ncbi.nlm.nih.gov/pubmed/23572765
http://dx.doi.org/10.1016/j.foodchem.2008.08.008
http://dx.doi.org/10.1007/s00217-007-0630-z
http://creativecommons.org/licenses/by/4.0/

29

CONCLUSION GENERAL

La aplicacion foliar de NPs Cu induce la acumulacion de compuestos
bioactivos como la vitamina C y licopeno en frutos de tomate.

Asi mismo, modifica positivamente la actividad de las principales enzimas
encargadas de eliminar las especies reactivas de oxigeno.

Ademas, puede ser una alternativa efectiva para disminuir los efectos
negativos sobre a acumulacion y el contenido de compuestos antioxidantes
causados por el estrés salino.

Por lo tanto, con la aplicacién de NPs Cu se generan frutos de tomate de mejor
calidad para la dieta humana debido a la acumulacion de compuestos

bioactivos.
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