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RESUMEN

Hoy en dia, se ha reportado que los compuestos fendlicos (CF) son moléculas con potencial
aplicacion en la disminucion de enfermedades crdnico degenerativas (ECD). Una fuente de
CF es la mezcla hoja-tallo del Cartamo (Carthamus tinctorius L.). Sin embargo, para
aplicaciones bioldgicas, la biodisponibilidad de estos compuestos es baja debido a factores
fisiologicos como pH y enzimas. Por esta razon, una alternativa es la proteccion de los CF
en matrices de biopolimeros como zeina. Con base en lo anterior, en el presente estudio se
obtuvieron extractos a partir de la mezcla (hoja-tallo) de cartamo y se evalud la actividad
antioxidante por diferentes métodos, asimismo, se identificaron los compuestos fendlicos.
Los resultados mostraron alta actividad antioxidante por DPPH, ABTS, FRAP y efecto
protector de eritrocitos humanos con IC50 bajas. Los principales grupos de compuestos
fenolicos identificados fueron pigmentos, flavonoides, lignanos, acidos fendlicos y derivados
de serotonina. Ademas, estos compuestos mostraron alta correlacion (R? >89) con la
actividad antioxidante, lo cual fueron responsables de dicha actividad. Con la finalidad de
proteger los compuestos fenolicos, se obtuvieron nanoencapsulados de zeina conteniendo los
compuestos fendlicos del cartamo, por la técnica de electro-aspersion. Primeramente, se
evaluaron las propiedades fisicoquimicas y reoldgicas de las soluciones formadoras de
nanoparticulas. Las soluciones a diferentes concentraciones de compuestos fenolicos
mostraron diferencias significativas (p<0.05) en viscosidad, densidad, conductividad
eléctrica y tension superficial que tuvieron efecto sobre la formacion del cono de Taylor, y
las propiedades reoldgicas predijeron fluidos de tipo newtonianos (n=1). La encapsulacion
de estos compuestos, se corroboré por analisis de espectroscopia de infrarrojo (FT-IR) y por
microscopia electrénica de transmision (TEM). En la evaluacion de distribucion y tamarfio de
particula e indice de polidispersidad se utilizd microscopia electronica de barrido (SEM).
Los resultados mostraron una interaccion de la zeina con los compuestos fendlicos del
cartamo via puentes de hidrdgeno, interacciones hidrofobicas e interacciones electrostaticas.
Por otra parte, el didmetro de los nanoencapsulados, fue en rango nanométrico con particulas
esféricas lisas y compactas. Ademas, se determind la eficiencia de encapsulacion y
biodisponibilidad in vitro de los nanoencapsulados. Los resultados mostraron que a menor
concentracion de compuestos fendlicos existia una mayor eficiencia de encapsulacion, pero
no fue estadisticamente significativa (P<0.05), sin embargo, la mejor concentracion fue al
de 1% (p/v), debido a que mayor cantidad de CF estaban encapsulados en la matriz de zeina.
La biodisponibilidad in vitro de los compuestos fendlicos del cartamo fue mayor cuando
estuvieron encapsulados que en su forma libre. Finalmente, se puede concluir que la
encapsulacion de los compuestos fendlicos del cartamo en matrices de zeina, promueve la
proteccion a cambios de pH y enzimas, simulando su paso durante el tracto gastrointestinal
aumentado su biodisponibilidad.



INTRODUCCION

A nivel global, la sociedad actual demanda maés atencidn a la salud, debido al aumento de las
enfermedades causadas a su estilo vida. De estas enfermedades, un grupo que ha ido en
aumento considerable, son las enfermedades cronico degenerativas (ECD). Se estima a nivel
mundial que 41 millones de personas mueren cada afio a raiz de una ECD y equivalen al 71%
del total de defunciones (OMS, 2018). Las principales enfermedades son cardiovasculares,
seguidas por el cancer, enfermedades respiratorias y diabetes; y son responsables del méas del
80 % de defunciones de este grupo de enfermedades (OMS, 2018). Por lo tanto, deben ser
fomentadas estrategias, para disminuir la prevalencia de este grupo de enfermedades.

Una causa de la aparicion de algun tipo de ECD es el estrés oxidativo en las células generado
por los radicales libres (RL) (Gupta et al., 2019; Singh, 2019). Los RL son moléculas que
tienen uno o mas electrones desapareados en su Ultimo orbital de energia. EI cuerpo humano
tiene mecanismos para disminuir los RL mediante moléculas enddgenas denominadas
antioxidantes (Olson y Gao, 2019). Un antioxidante es cualquier sustancia que cuando esta
presente en bajas concentraciones en comparacion con la de un sustrato oxidable retrasa
significativamente o evita la oxidacion de ese sustrato (Galano y Alvarez-Idaboy, 2019). Sin
embargo, cuando la produccion de RL es mayor a estas moléculas se genera el estrés
oxidativo. Una estrategia es el consumo de antioxidantes exdgenos proveniente de vegetales
(Del Castillo; Neha et al., 2019).

Los compuestos fendlicos (CF) son una amplia familia de moléculas sintetizadas en plantas
como defensa al medio ambiente (Rodriguez-Pérez et al., 2019), y son considerados
moléculas antioxidantes, ya que tienen la capacidad de retardar o prevenir la oxidacion en
presencia de oxigeno (Jurikova et al., 2019), contrarrestando los efectos nocivos de los RL
(Luna-Guevara, et al., 2019). Estos compuestos se pueden dividir en dos grupos, los
flavonoides (flavona, flavanona, flavanol y antocianinas) y no flavonoides (acidos fendlicos,
xantenos, estilbenos y lignanos) (Vuolo et al., 2019). Diferentes estudios han investigado los
efectos benéficos de los CF en disminuir o retardar la prevalencia de ECD (Golonko et al.,
2019; Tohma et al., 2019; Zhang et al., 2019).

Una fuente de CF es la mezcla hoja-tallo del cartamo (Carthamus tinctorius L.). Esta planta
es cultivada principalmente por su semilla, que se usa para la produccion de aceite comestible
(Asgarpanah y Kazemivash, 2013). México se destaca por ser uno de los principales
productores de cartamo a nivel mundial después de India y Estados Unidos. Ademas, el
estado de Sonora es uno de los principales productores de este cultivo por las condiciones
aridas y semiaridas de la regién (SIAP, 2018), por lo cual, grandes cantidades de residuos de
cartamo son generados siendo fuente potencial de CF.

Sin embargo, los CF tienen la desventaja de ser labiles a cambios de pH, asi como a enzimas,
ocasionando la pérdida de su actividad antioxidante, al ser consumidos, ya sea frescos de



manera natural o procesados (Rostami et al., 2919). En este sentido, una estrategia para
proteger estos compuestos, es la nanoencapsulacion en matrices de biopolimeros, que evita
la degradacion de los CF, brindando proteccion y haciéndolos més biodisponibles para el
organismo, desde su consumo hasta llegar al torrente sanguineo con la dosis suministrada
(Chen et al., 2019; Rehman et al., 2019).

Esta matriz biopolimérica se puede elaborar a partir de materiales biodegradables y
biocompatibles, tales como los residuos de la industria agricola y ademas se contribuye a
disminuir la contaminacion ambiental por los mismos (Fayaz et al., 2019; Moghbeli et al.,
2019). Entre los componentes de estos residuos se encuentra la zeina proveniente del bagazo
de maiz residual de las industrias de obtencion de aceites y biodiesel (Santos et al., 2018;
Gupta et al., 2019). La zeina es una proteina de tipo prolamina, que se encuentran en el
endospermo del grano de maiz y en el bagazo generado de las diferentes industrias, es poco
valorizada, por lo que se puede emplear para elaborar materiales biopoliméricos (Tapia-
Hernandez et al., 2019). Una de las ventajas de la zeina es que es generalmente reconocida
como segura (GRAS) por la FDA (Tapia-Hernandez et al., 2019), por lo cual, la hace un
material atractivo para ser aplicado en la industria farmacéutica y alimentaria.

Para la elaboracion de estos sistemas nanoencapsulados conteniendo los CF del cartamo se
propone la técnica de electro-aspersion, ya que es de bajo costo, utiliza pocos solventes y no
genera muchos residuos, comparado con las técnicas convencionales de nanoprecipitacion o
emulsion difusion (Hao et al., 2013). La técnica de electroaspersion, consiste en aplicar un
campo eléctrico a una solucién polimérica que se encuentra en una jeringa, cual venciendo
la tension superficial es formando el conocido cono de Taylor, generando nanoparticulas
(Tapia-Hernandez et al., 2015). Ademas, las nanoparticulas contendiendo los CF de
subproducto de cartamo y obtenidas por este método se les debe evaluar su digestion in vitro
para observar la diferencia en biodisponibilidad comparado con su forma libre.

En este sentido, la biodisponibilidad es la integracion de diversos procesos, mediante el cual
una fraccion de un nutriente ingerido esta disponible para la digestion, absorcion, transporte,
utilizacion y eliminacion (Haro et al., 2006; Hurrell et al., 2010). Los metodos para la
determinacion de la biodisponibilidad de CF incluyen experimentos humanos (in vivo), asi
como simulados, realizados en laboratorio (in vitro). Los métodos in vivo proporcionan datos
directos de la biodisponibilidad y se han utilizado para una gran variedad de nutrientes. Por
otro lado, los métodos in vitro tienen la ventaja de ser mas rapidos, menos costosos, menor
mano de obra, y no tienen restricciones éticas. Los métodos in vitro simulan la digestion
gastrointestinal bajo condiciones controladas usando enzimas digestivas comerciales.

Con base a lo anterior, el presenta trabajo de tesis plantea la extraccion e identificacion de
los compuestos fenolicos de cartamo (Carthamus tinctorius L.) y su nanoencapsulacion en
una matriz de zeina con la finalidad de aumentar su biodisponibilidad en un sistema in vitro.



HIPOTESIS

Los compuestos fenolicos extraidos de la mezcla hoja-tallo de cértamo (Carthamus
tinctorius L.) presentan mayor biodisponibilidad in vitro después de ser nanoencapsulados
en una matriz de zeina



OBJETIVOS

Objetivo General

Evaluar la biodisponibilidad in vitro de compuestos fendlicos extraidos de la mezcla hoja-
tallo de cartamo (Carthamus tinctorius L.) nanoencapsulados en una matriz de zeina.

Obijetivos Especificos

1. Evaluar la actividad antioxidante e identificar los compuestos fendlicos de la mezcla
hoja-tallo de cartamo (Carthamus tinctorius L.) por cromatografia de liquidos de
ultra-resolucion acoplado a iodos (UPLC-DAD-MS).

2. Determinar los parametros para la obtencion de nanoparticulas de zeina con
compuestos fendlicos extraidos de la mezcla hoja-tallo de cartamo (Carthamus
tinctorius L.) utilizando el método de electro-aspersion.

3. Caracterizar quimica y estructuralmente los compuestos fendlicos extraidos de la
mezcla hoja-tallo de cartamo (Carthamus tinctorius L.) encapsulados en una matriz
de zeina.

4. Evaluar la biodisponibilidad in vitro de compuestos fendlicos extraidos de la mezcla
hoja-tallo de cartamo (Carthamus tinctorius L.) libres y encapsulados en una matriz
de zeina.
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ARTICLE INFO ABSTRACT

Keywords: Oxidative Stress (OS) produces the formation of free radicals and other reactive oxygen and nitrogen species that
Zein are intimately involved in many diseases, especially Chronic Degenerative Diseases (CDD) such as cancer,
Polysaccharide diabetes, cardiovascular diseases, and obesity, among others. Thus, reactive compounds need to be quenched by
Antioxidants antioxidants. The problems of these compounds include that they are susceptible to degradation, have low
;l:;;ﬁicizll:s bioavailability, and can lose their bioactivity in the gastrolntestinal tract. Therefore, an alternative is en-

capsulation. Zein is a protein used in nanotechnology as a polymer matrix because it can encapsulate different
compounds such as antioxidants to provide stability and control of the release. The disadvantage of zein as a
delivery vehicle is that it is limited by the low stability of aggregation when suspended in water, in addition to
the conditions of acid pH or that higher ionic strength tends to destabilize. To reduce these limitations, the
incorporation of polysaccharides as a second polymer matrix can provide stability in zein nanoparticles. In this
review, we discuss OS as a source of CDD, the role of antioxidants in the prevention of these diseases, and the
preparation, characterization, and application of antioxidant-zein-polysaccharide particles as delivery systems as
well as possible mechanisms to control CDD.

Chronic degenerative diseases

and Fussell, 2017; Nosso et al., 2017; Oguntibeju et al., 2010; Salles
et al., 2017). ROS are the predominant and principal reactive molecules

1. Introduction

Free radicals and other Reactive Oxygen and Nitrogen Species (ROS
and RNS) are products of normal cellular metabolism: however high
levels of these molecules can be responsible for altering the structure
and function of DNA, RNA, cell membranes, protein, carbohydrates,
and lipids (Blomhoff et al., 2006). Consequently, this damage impacts
directly on harm to human health and the formation and progression of
Chronic Degenerative Diseases (CDD). These diseases provide the
greatest amount of illnesses and are responsible for 43 million deaths
per year, with 80% of all deaths (Castro et al., 2017). Some examples of
CDD caused by free radicals or reactive species include neurologic
diseases, cancer, diabetes, cardiovascular diseases, obesity, etc.
(Bakrania et al., 2017; Bohnert et al., 2018; Kalita et al., 2015; Kelly

* Corresponding author.

in the organism. The most common are hydroxyl free radical, hydrogen
peroxide, nitric oxide, singlet oxide, and superoxide radical (Schieber
and Chandel, 2014). Hence, the use of the antioxidants for scavenging
ROS is one of the most effective means of decreasing the level of Oxi-
dative Stress (0OS) (Huang, Huang, et al., 2016, Huang, Zhang & Chen,
2016).

The World Health Organization (WHO) has implemented strategies
for the consumption of sources rich in antioxidant compounds such as
vitamins, carotenoids, and phenolics, which contribute to their che-
mopreventive potential (Shashirekha et al., 2015). Their aromatic fea-
ture and their highly conjugated system with multiple hydroxyl groups
render these compounds good electron or hydrogen-atom donors,
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Fig. 1. Formation of zein-based nanoparticles by entrapment (nanosphere) and core-shell (nanocapsule) with antioxidant compounds.

neutralizing free radicals and other ROS or RNS (Zhang and Tsao,
2016). However, antioxidants possess low bioavailability and are very
susceptible to degradation by environmental factors (photosensistive,
thermolabile, etc.) or body factors (such as pH and enzymes). Hence,
encapsulation could be a good option to avoid these disadvantages.
Recently, research has focused on developing new technologies such as
nanoencapsulation in different polymeric matrices (Li et al., 2017) in-
cluding zein with polysaccharides (Bothelho et al., 2017; Li et al.,
2015).

Zein is a protein classified within the group of prolamins. It is at-
tractive for use in nanotechnology as a polymer matrix and is classified
as Generally Recognized As Safe (GRAS) by the U.S. Food and Drug
Administration (FDA). In addition, zein has promising characteristics,
such as biocompatibility, biodegradability, and low toxicity (Luo and
Wang, 2014). It is widely used in that it can encapsulate generally
different insoluble compounds in water to provide stability and control
of release when is in the Gastrolntestinal Tract (GIT) (Luo et al., 2013).
Therefore, current studies of zein nanoparticles are directed toward
providing protection to antioxidant compounds as quercetin, antho-
cyanin, resveratrol and apigallocatechin gallate (Fig. 1). Some dis-
advantages of zein as a delivery vehicle comprise its low stability of
aggregation when suspended in water and to conditions of acid pH or
higher ionic strength that tend to destabilize it. Thus, at present, a
strategy to reduce these limitations is the incorporation of poly-
saccharides as a second polymer matrix that provides stability to zein
nanoparticles (Huang, Panagiotou, et al., 2017), (Huang, Dai, et al.,
2017).

Among polysaccharides that interact to a greater degree with zein,
we find anionic such as alginate, pectins, chitosan, and cellulose deri-
vatives. Hydrogen bonds and electrostatic interactions among the re-
active groups of both polymers are the main interactions in these sys-
tems. In this context, some electrostatic deposition techniques are used
for obtaining antioxidant-zein-polysaccharide nanoparticles, such as
liquid-liquid dispersion, anti-solvent co-precipitation, layer-by-layer
deposition, and electrospray (Borges and Mano, 2014; Laelorspoen
et al., 2014; Li, Wang, et al. 2016; Li, Dong, et al. 2016; Sun, Chen, et al.
2017; Sun, Xu, et al. 2017; Sun, Yang, et al. 2017; Sun, Liu, et al. 2017;

Sun et al. 2017a, 2017b). Then, the formation of zein-polysaccharide
nanoparticle is a novel alternative to conventional encapsulation (single
zein nanoparticle) that presents new and better physicochemical
properties, as well as improving the limitations of zein nanoparticles as
antioxidant system for CDD (Zhang, Niu, et al. 2014; Zhang, Tong, et al.
2014). There are studies that demonstrate the benefits of antioxidants
nanoencapsulated in a zein-polysaccharide matrix, especially those that
provide greater stability and protection of the system, remaining in the
GIT for a longer time until the bioactive compounds are released into
the small intestine to control, reduce, or prevent CDD (Davidov-Pardo,
Joye, Espinal-Ruiz, et al. 2015; Davidov-Pardo, Joye, McClements,
2015; Davidov-Pardo, Pérez-Ciordia, et al. 2015; Huang, Panagiotou
et al., 2017; Huang, Dai et al.2017; Chang, Wang, Hu, & Luo, 2017;
Chang, Wang, Hu, Zhou, et al. 2017).

This review provides a compilation of the mechanisms of the OS and
antioxidants in CDD, as well as the preparation, characterization, and
application of antioxidants nanoencapsulated in zein-polysaccharide
matrices in order to obtain better benefits for combatting these diseases.

2. Oxidative stress as a source of chronic degenerative diseases

Normal cellular oxidative-metabolic reactions (endogenous) and
other factors (exogenous) such as radiation, food constituents, tobacco
smoke, and environmental pollutants form free radicals and other
Reactive Oxygen and Nitrogen Species (ROS and RNS). These reactive
compounds are atoms or molecules that contain an unpaired electron in
their outer orbital; therefore, they alter the structure and function of
proteins, lipoproteins, carbohydrates, cell membranes, RNA, and DNA
(Blomhoff et al., 2006). To avoid these damages, reactive compounds
need to be quenched by antioxidants. However, when there is an im-
balance between free radicals and antioxidant, OS is generated. Thus,
“a disturbance in the pro-oxidant/antioxidant systems in favor of the
former may be denoted as an oxidative stress” (Sies, 1985).

OS is intimately involved in many diseases, especially Chronic
Degenerative Diseases (CDD). For example cancer, heart diseases, dia-
betes, Acquired Immuno Deficiency Syndrome (AIDS), neurologic dis-
eases (Parkinson disease, muscular dystrophy, Alzheimer disease,
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multiple sclerosis, amyotrophic lateral sclerosis), obesity, among others
(Bakrania et al., 2017; Bohnert et al., 2018; Kalita et al., 2015; Kelly
and Fussell, 2017; Nosso et al., 2017; Oguntibeju et al., 2010; Salles
et al., 2017). Free radicals not only induce direct damage to critical
biomolecules, but they also indirectly alter or deregulate cellular sig-
naling events, consequently triggering the disorders previously men-
tioned, the most common being cardiovascular diseases, cancer, dia-
betes, and obesity (Fig. 2).

ROS are often associated with the principle of OS and include the
superoxide anion (O, ), hydrogen peroxide (H,0,), and hydroxyl ra-
dicals (OH+) (Schieber and Chandel, 2014). Approximately 0.2% to
— 2% of oxygen consumed in the cell is emitted as ROS (Balaban et al.,
2005). Physiologically produced ROS from various types of immune
cells or respiratory burst in neutrophils are beneficial to human health
because of their role in preventing pathogen invasion, depleting ma-
lignant cells, and improving wound healing. However, persistent and
long-term immune responses can generate irreversible damage (Zhang
and Tsao, 2016).

The increase of ROS production deriving from endothelial dys-
function is commonly engaged in developing typical characteristics of
atherosclerosis (Fig. 2), such as a CardioVascular Disease (CVD). One of
the critical steps in the development of atherosclerosis is when Low-
Density-Lipoprotein (LDL) that entered the arterial wall is oxidized by
excessive ROS and scavenged by macrophages, forming lipid drops,
which are characterized as foam cells, clogging the blood vessels
(Steinberg et al., 1989; Taverne et al., 2013). Hence, atherosclerosis is
characterized as an accumulation of inflammatory cells in the arterial
wall due to a variety of trauma to the endothelial and smooth-muscle
cells. Then, atherosclerotic plaques are formed, decreasing the avail-
ability of oxygen and nutrients. A thrombus can be formed if the plaque
is ruptured, which may occlude coronary and/or cerebral blood circu-
lation, leading to Acute Myocardial Infarction (AMI) and stroke (He and
Zuo, 2015).

On the other hand, ROS play an essential role in the initiation,

development, and progression stages of some other CDD, such as cancer
and diabetes (Fig. 2). Superoxide anion (O, ), hydrogen peroxide
(H,05), and hydroxyl radicals (OH-) are the most well studied ROS in
both of these CDD (Panieri and Santoro, 2016). H>O, is not very re-
active toward DNA and the majority of damaging effects on DNA are
due to hydroxyl ions (Imlay et al., 1988). Due to their high diffusibility,
hydroxyl radicals attack DNA rapidly, oxidizing DNA bases (conse-
quently forming peroxyl radicals ROO-), and single-strand, and double-
strand breaks (Maynard et al., 2009). Cells attempt to repair these DNA
lesions, but if cells were incapable of repairing them, they undergo
programmed cell death (apoptosis). However, when cells with DNA
mutations ellude apoptosis, they can give rise to a great opportunity for
cancerous growth, proliferation, and metastasis (Liou and Storz, 2010).
Cell proliferation is stimulated principally by low doses of superoxide
and hydrogen peroxide in certain cancer cell types, such breast-cancer
cells, through the translocation of estrogen to the mitochondria (Reddy
and Glaros, 2007). Another example is the proliferation of pancreatic
cancer, which is intensified due to the increase of the ROS level from
endogenous OS (Storz, 2005). Some other studies demonstrated that
hydrogen peroxide enhances metastasis and that ROS may also promote
tumor-cell metastasis by increasing the vascular permeability (Brown
and Bicknell, 2001; Kundu et al., 1995; Pelicano et al., 2009).
Diabetes, a group of metabolic diseases characterized by high blood
sugar, is other important health issue worldwide (Fernandes, Silva,
et al., 2017; Fernandes, Pérez-Gregorio, et al., 2017). There are two
types: Type I (insulin-dependent), generated by beta-cell destruction,
mediated by the immune system, producing insulin deficiency, and
Type 2 (Non-insulin- dependent), which is due to insulin secretion de-
fects and that results in insulin resistance (Salsali and Nathan, 2006).
ROS toxicity remains an undisputed cause of a Type-2 Diabetes Mellitus
(T2DM). Persons with T2DM are prone to the risk of Alzheimer disease
(a neurological disorder) and other CDD (Ahmad et al., 2017). Injury
induced by ROS of insulin-producing pancreatic B-cells or insulin sen-
sitivity in adipose or muscle tissues generates a large amount of sugar in
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the blood (hyperglycemia), which is the main cause of T2DM (Fig. 2)
(Butterfield et al., 2014). There is evidence that ROS and RNS are di-
rectly implicated in T2DM, and its complications are produced in mi-
tochondria (Erejuwa, 2012; Moussa, 2008). When insulin is required to
decrease blood sugar, it reacts with receptors that lead to the activation
of Akt and the translocation of GLUT4 (GLUcose Transporter type 4) to
the cell membrane. However, damage to or alteration in oxidative
phosphorylation resulted in insulin resistance (Jahangir et al., 2014).
Consequently, an increase occurs of ROS from oxidative phosphoryla-
tion, and the induction of fatty acid oxidation resulted in the activation
of serine kinases followed by phosphorylation of insulin receptor sub-
strates and interfering insulin signal transduction (Sorriento et al.,
2014). Thus, the severity and pathogenesis of T2DM can depend on the
production of ROS.

Moreover, OS establishes a vicious circle in which ROS provide
obesity-related complications. Obesity is regulated by the renin/an-
giotensin system; consequently, an increase of O, and LDL is produced
due to NADPH oxidase stimulated by angiotensin II, in which they are
taken up by macrophages (Fig. 2) (Edeas and Micol, 2007). In adipo-
cytes, high levels of circulating glucose and lipid concentrations in-
crease ROS generation owing to an excessive supply of energy sub-
strates for metabolic pathways in these cells (McMurray et al., 2016).
Furthermore, pro-inflammatory cytokines, including InterLeukin (IL)-
1b, IL-6, IL-8, Tumor Necrosis Factor alpha (TNF)-a, and InterFeroN
gamma (IFN-y) are released into the circulation system which, if not
properly regulated, can trigger irreversible systemic inflammation and
disrupt immune homeostasis (Zhang and Tsao, 2016). There is evidence
that OS affects adipocyte differentiation through a hydrogen peroxide-
dependent mechanism in the 3 T3-L1 preadipocyte model (Lee et al.,
2009). However, the precise roles of ROS in adipogenesis in vivo remain
controversial. More studies are needed to delineate the roles of ROS and
redox signaling mechanisms, which could be either positive or negative,
in the pathogenesis of obesity and related metabolic disorders (Liu
et al., 2012).

Several studies are focused on the detection, mainly of ROS, em-
ploying chemiluminescence, mass spectrometry probes, nanoparticles,
and various fluorescence probes (Cochemé et al., 2011; Martins et al.,
2014). However, Sarkar et al., 2018 indicated that, among the fluor-
escence probes, 2, 7-DiChlorodiHydroFluorescein (DCFH) is the most
widely used probe for the detection of intracellular OS. For this reason,
these authors developed a novel DNA-based fiber-optic sensor for direct
in-vivo measurement of OS using DCFH. The sensor has been shown to
monitor ROS/0S efficiently and continuously in aqueous medium as
well as in biological samples, without forming any complexations or
reactions with the biological samples. On the other hand, antioxidants
have largely been considered as chain-breaking molecules, able to in-
terrupt free radical reactions; thus, this compounds are important in the
regulation and prevention of CDD, involving initiation, propagation,
and termination. The following sections describe more details, such as
antioxidant types, the mechanisms that they utilized, and their possible
nanoencapsulation in controlled-release systems with different ma-
trices.

3. Role of antioxidants in the prevention of chronic degenerative
diseases

All aerobic organisms utilize a series of primary antioxidant de-
fenses through enzymatic or non-enzymatic reactions in an attempt to
protect themselves against oxidant damage (Davies, 2000). In this
context, an antioxidant is defined as “a redox active compound that
limits oxidative stress by reacting non-enzymatically with a reactive
oxidant”, while an antioxidant enzyme is “a protein that limits oxida-
tive stress by catalyzing a redox reaction with a reactive oxidant”
(Blomhoff, 2005).

Our cells utilize a series of antioxidant compounds that can be both
endogenous and/or exogenous, such as enzymes [SuperOxide
Dismutases (SOD), Glutathione Peroxidases (GPx), CATalases (CAT),
Glutathione Reductase (GR)], vitamins (C and E), proteins (ferritin,
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ceruloplasmin, ubiquinone), uric acid, glutathione, carotenids (beta-
carotene, beta-cryptoxanthin, lycopene, lutein and zeaxanthin), and
phenolic compounds (flavonoids and non-flavonoids) (McEligot et al.,
2005; Oguntibeju et al., 2010; Nirmala et al., 2014; Narra et al., 2015;
Khan et al., 2016;, Matak et al., 2017; Coyago-Cruz et al., 2018). Exo-
genous antioxidants such as phenolic compounds are more usually
studied for nanoencapsulation in different matrices in order to be used
to prevent or decrease CDD. These compounds are considered the most
potent exogenous antioxidants; hence, they exert several effects on
human health and disease prevention (Fernandes, Silva, et al., 2017;
Fernandes, Pérez-Gregorio, et al., 2017). The aromatic feature and
highly conjugated system with multiple hydroxyl groups render these
compounds good electron or hydrogen-atom donors, neutralizing free
radicals and other ROS or RNS (Fig. 3) (Zhang and Tsao, 2016). Fla-
vonols such as quercetin containing the 3-hydroxy group have de-
monstrated relatively higher antioxidant activity than those without the
latter in neutralizing free radicals (Tsao, 2010). Therefore, the anti-
oxidant potential primarily depends on the number and position of
hydroxyl groups in the molecule, as well as on the degree of hydro-
xylation. In the case of phenolic acids, these appear to increase anti-
oxidant activity if there is a longer distance of the carbonyl group and of
the aromatic ring, as well as if the substitution phenol is in ortho-po-
sition and/or para-position (Gocer and Giilcin, 2011).

Phenols act as antioxidants via different mechanisms, such as in-
hibition of oxidative enzymes, quenching of ROS, chelation of transi-
tion metals, the scavenging of free radicals, or due to interaction with
biomembranes (Nirmala et al., 2014). Antioxidant molecules may react
directly with the reactive radicals and destroy them, while they may
become new free radicals which are less active, longer-lived, and less
dangerous than the radicals that they have neutralized. Other anti-
oxidants can react with ROS and/or free radical intermediates induced
by ROS and terminate the chain reaction (Lii et al., 2010). The neu-
tralization of free radicals is carried out by accepting or donating
electron(s) to eliminate the unpaired condition of the radical. The two
major mechanisms that antioxidants employ are Hydrogen Atom
Transfer (HAT) and Single Electron Transfer (SET). The HAT me-
chanism is the ability of an antioxidant to quench free radicals by hy-
drogen donation, while in the SET mechanism, the antioxidant transfers
one electron to reduce any compound, including metals, carbonyls, and
radicals (Fig. 3). Both may occur simultaneously; however, one of these
can be the dominant but will depend on several factors, such as solu-
bility, bond dissociation energy, ionization potential, antioxidant
structure, and the system solvent (Prior et al., 2005).

There is evidence that the consumption of polyphenols (having one
or more aromatic rings bearing more than one hydroxyl group) en-
hances the activities of antioxidant enzymes such as CAT, SOD, GR, and
GPx, preventing systemic or localized inflammation in order to prevent
the development of CDD, consequently affecting the transcription fac-
tors of various genes encoding these enzymes (Kansanen et al., 2013).
Another way to reduce inflammatory responses is controlling the in-
flammatory signaling cascades throughout the interference of Nuclear
Factor-kappa Beta (NF-kB) and Mitogen-Activated Protein Kinase
(MAPK) (Chuang and MecIntosh, 2011). In addition, polyphenols can
reduce pro-inflammatory biomarkers ((IL)-1b, IL-6, IL-8, (TNF)-a, and
(IFN)-y); nevertheless, the underlying mechanisms of these compounds
are still not well understood to date (Zhang and Tsao, 2016). The
consumption of more than 1 g per day of phenolic compounds is con-
sidered safe and beneficial for CDD; however, we must be careful in
terms of the doses because these can act as pro-oxidants at high doses
(Scalbert and Williamson, 2000).

Polyphenols such as procyanidins have also been reported to affect
lipid metabolism repressing the activity of pancreatic lipase (the en-
zyme that hydrolyzes triglycerides), limiting triglyceride absorption
(Gongalves et al., 2010). Several in-vivo studies have been carried out to
demonstrate that procyanidins decreased body weight gain, reduced
the adiposity index, and normalized plasma triglycerides and LDL-
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cholesterol (Bladé et al., 2010; Caimari et al., 2013; Quesada et al.,
2009). On the other hand, phenolic compounds such as gallic acid and
catechin, can interfere with some proteins, such as B-amyloid, in-
hibiting fibril and aggregate formation in Alzheimer disease (Ono et al.,
2008; Smid et al., 2012).

To protect against CVD, antioxidants decrease LDL oxidation, di-
minish blood pressure, inhibit platelet aggregation, improve en-
dothelial functionality, reduce anti-inflammatory actions through the
inhibition of cyclooxygenase and 5-LipoOxygenase (5-LO) pathways,
and reduce the release of pro-inflammatory cytokines (Apostolidou
et al., 2015; Magrone and Jirillo, 2010; Mohanty et al., 2015; Votruba
et al., 2009). To protect against cancer, antioxidants such as flavonoids
can restore to a normal state some altered cell-signaling pathways
acting as carcino-preventive agents. For example, flavones and flano-
nols inhibit breast cancers (Doo and Maskarinec, 2014), flanones inhibit
cancer related to the upper aerodigestive tract (Woo and Kim, 2013),
anthocyanins and flavonols inhibit colorectal cancer (Koosha et al.,
2016), among others. One of the mechanisms utilized by these com-
pounds is the inhibition of the proliferation of cancer cells (Song et al.,
2015; Yu et al., 2016). Another mechanism comprises the modulation
of proteins and enzymes that detoxify carcinogens (Jose et al., 2014).

In Diabetes Mellitus (DM) to avoid excessive glucose absorption or
to suppress postprandial hyperglycemia, phenolic compounds can in-
hibit enzymes as a-glucosidase and a-amylase (Xia et al., 2017), as well
as some glucose transporter, such as Sodium-dependent GLucose
Transporter 1 (SGLT1) in the intestine (Johnston et al., 2005; Welsch
et al,, 1989). However, there is not sufficient information on poly-
phenols in glucose and insulin; hence, more studies must be conducted
(Fernandes, Silva, et al., 2017; Fernandes, Pérez-Gregorio, et al., 2017).
Obesity normally is related with high amounts of blood sugar and the
signaling of these metabolic pathways. In this context, polyphenols can
induce B-oxidation of fatty acids in the liver and suppress gluconeo-
genesis. Consequently, the blood-glucose level and lipid amount in liver
are reduced; thus, glucose transporters are stimulated in adipose and
muscle tissues, and finally, an improvement in insulin sensitivity is
observed (Rupasinghe et al., 2016). The principal mechanism that an-
tioxidants employ to prevent or reduce obesity is in the decrease of fat
absorption, for example, with the inhibition of digestive enzymes (Tan
et al., 2017).

In general, the application of antioxidants to prevent or protect
against CDD is not easy, due to that antioxidants present some dis-
advantages, including that they are labile to environmental factors
(photosensistive, thermolabile, etc.) and body factors (such as pH and
enzymes). Therefore, recently, research has focused on developing new
technologies to maintain their bioactivity, as is the case of the na-
noencapsulation in different polymeric matrices such as zein with
polysaccharides (Bothelho et al., 2017; Li et al., 2015).

4. Characteristics and properties of zein as encapsulant

A variety of nanoparticle-based systems have been investigated for
their potential to encapsulate, protect, and deliver antioxidant com-
pounds. Zein (a prolamin-type protein) has shown to be a suitable
material for the development of nanoparticle delivery systems to en-
capsulate antioxidants (Huang, Panagiotou, et al., 2017; Huang, Dai,
et al., 2017). This protein is found in the corn-grain endosperm, hence
rendering this an inexpensive raw material and one that is easily re-
movable in ethanol. Based on its solubility and sequence homology,
zein can be separated into four classes: a-zein (19 and 22 kDa); 3-zein
(14 kDa); y-zein (16 and 27 kDa), and 8-zein (10 kDa). All zein groups
are abundant in hydrophobic and neutral amino acids (i.e., leucine,
proline, and alanine) and also contain some polar amino-acid residues,
such as glutamine (Lucio et al., 2017). The most abundant zein classes
are a-Zein (70-85%) and vy-zein (10-20%) (Dong et al., 2016; Zhang
et al., 2015). The former comprises two subunits: 19 KD (Z19) and 22
kD (Z22), which have been the most studied in terms of structure and
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functionality. They contain hydrophobic residues such as leucine, pro-
line, alanine, and phenylalanine (Righetti et al., 1977). According to its
structure, approximately 50% correspond to a-helix and possesses nine
adjacent helices that form an antiparallel ring with predominant glu-
tamine turns (Argos et al., 1982). The secondary structure is provided
by a-helix and -sheet structures. Mejia et al. (2007) reported that, with
regard to zein in 70% methanol, the most prevalent secondary forms
comprise the a-zein fraction (approximately 65%), with some (-sheets
(30%) at 25 °C. The B-conformation of zein is formed due to the amino-
acid side chains, alternating to the right and left of the polypeptide
chain. The B-structure of different polypeptide chains or of different
regions of the same zein chain can react with each other via hydrogen
bonds, resulting in laminar structures called -sheets.

The tertiary structure of globular-type zein furnishes the facility of
nanoparticle formation. In this globular structure, side chains with
apolar character are oriented toward the interior of the molecule,
avoiding interactions with the solvent, these forming a compact nucleus
of hydrophobic character. The side chains of the polar amino acids are
located on the surface of the molecule, interacting with polar solvents
(water, ethanol) and allowing the protein to remain in solution (Guo
et al., 2005). There are four general steps for the formation of zein
nanoparticles. The first is the conformational transition from a-helix to
B-sheets. Second is the packaging, where the B-sheets are folded anti-
parallel to each other due to the hydrophobic interaction of the ad-
jacent B-sheets of zein. Third, we find the curl of B-sheet packaging,
forming a toroid ring. Fourth, the center of the toroid hollow is closed
and bioactive compounds are encapsulated (Fig. 4). In order to obtain
nanometric-sized zein-based particles, the self-assembly of zein must be
understood, in addition to controlling solvent-evaporation time (Luo
and Wang, 2014).

The stability of zein will be a function of the covalent bonds of side
chains such as disulfide bridges (S—S) and bond amides (—CO—NH-);
however, non-covalent bonds such as those of the hydrophobic type can
affect zein stability (Guo et al., 2005). Consequently, the formation of
zein nanoparticles is due to the maximal change of a-helix into (3-sheet
in the globular structure. This is due to that a-helix forms disappear
because they are unstable at the pH at which the ionizable amino acids
are charged. Therefore, this type of nanoparticle possesses poor
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aggregation stability when exposed to pH values around the isoelectric
point, elevated temperatures, and high salt levels. To minimize this
instability, zein can be mixed with other polymers (polysaccharides), as
suggested by Huang, Panagiotou, et al. (2017); Huang, Dai, et al.
(2017).

5. Zein-polysaccharide nanoparticles

Antioxidants that have been encapsulated in zein-based nano-
particle matrices are very diverse; however, one of the priorities is to
decrease or eliminate the free radicals that are involved in the forma-
tion of CDD. The advantage of zein-based nanoparticles is that their
encapsulations can be of a hydrophobic and hydrophilic nature; hence,
their use results as very attractive. One important point to consider is
zein safety and tolerance in the human body or the possibility of pro-
ducing an allergy; however, information on this is scarce. Vandenplas
et al. (2014) showed that is better to use protein hydrolysates as ve-
hicles as compared to proteins because of their low allergic character-
istics and easy absorption properties. Lin et al. (2016) supported this
same idea using corn-protein hydroslyate as a novel nanovehicle.
Nevertheless, the majority of studies analysed in this review indicated
that zein protect to a greater extent the bioactivity of antioxidants;
chemically, encapsulation resulted in an optimal structure for the de-
livery of this type of compounds to prevent CDD. Table 1 presents some
zein-based nanoparticles with antioxidant compounds related with the
prevention or treatment of some CDD.

Deriving the limitations of zein in the GIT due to pH changes,
strategies have been proposed to increase its efficiency as a carrier of
antioxidant compounds to prevent or reduce CDD (Li et al., 2012).
Among these strategies, we find the use of polysaccharides, mainly
anionic in character, which permits their interaction with the amine
groups of zein (Luo, Song, et al., 2011; Luo, Zhang, et al., 2011). This
strategy is denominated the zein-polysaccharide strategy and it has
currently undergone a boom as a composite nanoparticle, improving
individual properties (Irache and Gonzalez-Navarro, 2017). Hence,
zein-polysaccharide polymer matrices for the formation of nano-
particles improve the physical properties of environmental stress and
protect them within the GIT (Fig. 5) (Luo et al., 2013).
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Fig. 4. Mechanism for the formation of zein-based nanoparticles encapsulating antioxidant compounds.
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The formation of the polymer complex is due to the interaction of its
ionized groups, mainly the zein amino group and the carboxyl group of
the polysaccharide, also denominated polyelectrolytes (Dobrynin and
Rubinstein, 2005). Therefore, the zein-polysaccharide nanoparticle
provides a greater advantage over other zein-based nanoparticles and is
much greater than antioxidant compounds without encapsulation.
Among these, there is lower degradation of the antioxidant molecule
and a higher concentration in the small intestine, which is reflected in
high bioavailability in the bloodstream for eliminating free radicals.

A polyelectrolyte is a polymer that, at pH variations, produces the
ionization or protonation of ionic functional groups. This property
performs many opposing-charge polymers that are attractive, in that
they can interact with each other by forming complexes such as gels or
compound particles (Soltani and Madadlou, 2016). Polysaccharides are
this type of biopolymer due to their large polymeric structures and
natural origins (Le et al., 2017). The dissociation constant (pKa) is
dependent on the polysaccharide type and will interact with zein at an
acidic pH. Chitosan has a pKa range of 6.1-7.0, promoting electrostatic
interaction. Alginate promotes the ionization of its carboxyl-negative
groups (—COO-) due to its dielectric constant at pH 3.5, facilitating
electrostatic interaction with zein. Pectin is another that is negatively
charged at relatively high pH values (pKa 4-5), in addition to being
soluble in water (Chang, Wang, Hu, and Luo, 2017; Chang, Wang, Hu,
Zhou, et al., 2017). Therefore, in zein-polysaccharide interactions, one
important factor to consider is the zein isoelectric point (pH 6.2) and
the dissociation constant of the polysaccharide. Consequently, and with
regard to these two parameters, the following two cases may be men-
tioned when working with the formation of zein-polysaccharide ma-
trices:

1. Unfavorable case: If the pH of zein is near its isoelectric (non-io-
nized) point and the carboxyl groups of the polysaccharide with the
pH where the dielectric constant co-exists, the results may

agglomerate and precipitate the zein, the polysaccharide may re-
main in solution, and there is no formation of electrostatic interac-
tion.

. Favorable case: The protein must be below its isoelectric point (acid
pH) for it to be protonated, and the polysaccharide must have a pH
at which its dielectric constant is promoted. The result will be that
there will be electrostatic interaction between the amino group of
the protein and the carboxyl group of the polysaccharide.

Then, the formation of zein-polysaccharide nanoparticles consists of
two steps: the first step comprises the formation of zein-based nano-
particles as a polymer matrix containing antioxidant compounds, while
the second step is, once the zein nanoparticles are formed, a protective
layer is added and consists of a polysaccharide that interacts by means
of electrostatic deposition.

6. Electrostatic deposition techniques for obtaining antioxidant-
zein-polysaccharide nanoparticles

Electrostatic deposition has been employed for several years for the
formation of different materials, such as structures with two or three
layers for the formation of zein-polysaccharide nanoparticles (Cheng
and Jones, 2017; Dai et al., 2018; Wagoner et al., 2016). The advantage
of utilizing this technique is that it can be coupled to other particle-
forming techniques. The first of these techniques provides the forma-
tion of the zein nanoparticle with the bioactive compound to be en-
capsulated. The second technique is electrostatic deposition, which aids
in the formation of the nanoparticle with the polysaccharide-of-interest
and which promotes electrostatic interaction.

The electrostatic deposition technique is described in Fig. 6. The
principle is based on Coulomb’s law, where the magnitude of each of
the electrical forces, with which two point charges interact, is directly
proportional to the product of the loads and inversely proportional to
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the square of the distance separating them. In polylectrolytes, polymers

that dissociate in charges-in- solution was framed as Coulomb’s law

(Zeeb et al., 2014; Feng, Lin, et al., 2016; Feng, Zhong, et al., 2016). In

charged polymers where the electrostatic forces are different, one of a

cationic nature with amine groups and the other, of an anionic nature

with carboxyl groups (—COO-), produces electrostatic interaction

(Semenova, 2017; Tsai et al., 2018). In contrast, if the polymer charge is

the same, electrostatic interaction cannot be produced.

In zein-polysaccharide nanoparticles, some factors must be con-
sidered in order to choose the ideal polysaccharide to perform the best
electrostatic interaction with zein (Hu and McClements, 2015; Huang,
Huang, et al., 2016; Huang, Zhang, and Chen, 2016):

1. The nature of the charge: Zein is protonated in solutions preferably

far from its isoelectric point (acid range), and the filler of the

polysaccharide must be anionic, preferably in acidic solutions.

. Dissociation grade: Strong polysaccharides are preferred where they
dissociate at a higher pH range, unlike the weak ones within a
certain pH range.

. The location of the charged sites: Ionized polysaccharides interact
more easily that have pendant-type ionized groups outside their
linear structure, unlike integral-type polysaccharide, where the
charge is in the linear structure.

. The charge density: The average distance between the poly-
saccharide’s charges must be less, where geometry is a factor to
consider. Polysaccharides with high-charge density are preferred
such as alginate, unlike polysaccharides with low-charge density.

. The regularity of distribution of the anionic sites: The number of
anionic charges of the polysaccharide must be by a certain number
of monomer molecules. The more of the charge that exists, the lower
the number of monomers preferable for the interaction with zein.

Accordingly, if the polysaccharide fulfills the considerations of
providing deficient properties of zein in the GIT in order to protect
them from enzymes and pH, in addition to facilitating the interaction
for forming the zein-polysaccharide nanoparticles containing the anti-
oxidant compounds, a quality system will be obtained (Lee et al., 2016).
There are different techniques that apply the principle of electrostatic
deposition of zein-polysaccharide. Advantages and disadvantages of the
different techniques can be observed in Table 2.

6.1. Liquid-liquid dispersion

The liquid-liquid dispersion technique involves the formation of
droplets by the dispersion of a liquid inside another immiscible liquid
(Abidin et al., 2015). The technique can be carried out conventionally
(Chang, Wang, Hu, and Luo, 2017; Chang, Wang, Hu, Zhou, et al.,
2017) or by means of reactors (Lobry et al., 2015; Luo et al., 2017).

This technique consists of two phases. Phase one comprises putting
zein in contact with ethanol/water solutions so that it is solubilized.
Then the compound-to-be-encapsulated is added and the zein-anti-
oxidant complex is formed, after evaporating the ethanol (Zhong et al.,
2009). Phase two consists of placing the nanoparticles in a solution
containing the polysaccharide to form the protein-polysaccharide
complex by electrostatic deposition. The variables to obtain nano-
particles will depend on the solvents that are used, the concentration of
the materials, the capacity of their interaction, and the variables of the
technique (Visentini et al., 2017).

Li, Wang, et al. (2016); Li, Dong, et al. (2016) obtained zein-poly-
saccharide nanoparticles by liquid-liquid dispersion. Zein was solubi-
lized in 85% ethanol (v/v) and homogenized by shaking at 500 rpm for
1 h. Afterward, different concentrations of the active agent were added
under agitation for 1 h, and then the solution of ethanol was spiked in
water, forming the particles. Finally, 6 mL of zein-active was added to a
solution containing the polysaccharide and stirred for 1 h. The results
included the formation of zein-polysaccharide nanoparticles with a
particle yield of 40.01%, drug loading at 0.12%, and diameters of
around 165 nm when the concentration of the polysaccharide was set at
0.2%.

Wang, Yin, et al. (2016); Wang, Ma, et al. (2016) elaborated zein-
chitosan particles in order to stabilize emulsions. The procedure in
which the particles were made by liquid-liquid dispersion included
making a first solution containing 10g of zein in 100 mL of 70%
ethanol. Then a second solution was prepared from 1g of 100 mL of
chitosan at 1% acetic acid with vigorous stirring. Then, solution two
was diluted with 1% acetic acid to obtain a concentration of 0.25 and
0.5%. Afterward, 10 mL of the first solution was put into contact with
20 mL at different concentrations of the second solution, under con-
tinuous agitation (500 rpm). Subsequently, the ethanol was removed in
a rotaevaporator and the pH was adjusted to 3.5 (with 1 M NaOH or 1 M
HCI solution). The results revealed the formation of zein-chitosan par-
ticles by the method and incorporation into emulsions (water—oil
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Table 2
Advantages and disadvantages of techniques for obtaining antioxidant-zein-polysaccharide nanoparticles
Technique Advantages Disadvantages
Liquid-liquid dispersion ® Rapid to obtainin nanoparticles ® Solvent must be removed
® Low cost ® Requires two steps to obtain
® Applies to versatile materials ® Generates residual solvents
® Control of particle size ® High energy is necessary
® Coalescence can be limited by purbulence ® High turbulence for control of particles
Anti-solvent Coprecipitation ® Rapid to obtaining nanoparticles ® Solvent must be removed
® Useful for low and high molecular weight polymers ® Requires two or more steps to obtain
® Control of particle size ® Two solvents immiscible are necessary
® Easy parameter control ® Generates residual solvents
® High energy is necessary
Layer-by-layer ® Rapid to obtaining nanoparticles ® Solvent must be removed
® Low cost ® Requires two or more steps to obtain
® Useful for low and high molecular weight polymers ® Generates residual solvents
® Easy parameter control ® High energy is necessary
Electrospraying ® Rapid solvent evaporation ® Occupies a specialized equipment
® Can be obtained in one step ® High energy is necessary
® High molecular weight polymers can be used ® Ambient humidity and temperature must be controlled
® Various morphologies can be obtained
® Easy control of particle size

® Generates little or no residual solvent

systems) aided in stabilizing them up to 9 months.

Chen et al. (2017) synthesized nanoparticles of zein-carrageenan by
liquid-liquid dispersion for the stabilization of zein-based nanoparticles.
First, 1 g zein was solubilized in 40 mL of aqueous ethanol (80% v/v);
then, the particles were formed by incorporation of 20 mL of the pre-
vious solution (drop-wise) into 60 mL of water with magnetic stirring.
The rotavaporation solvent was evaporated and centrifuged at 2,880 g
for 10 min. Then, the carrageenan solution was formed in 10 mM So-
dium Phosphate Buffer (SPB) solution and stirred for 12 h. Finally, 0.1%
(w/v) of zein nanoparticles was added different concentrations of car-
rageenan and stirred vigorously. The pH was adjusted within a range of
5-7 and stored at 4°C. The zein-carrageenan nanoparticles obtained
were more stable with 0.001% carrageenan and in pH ranging from
5.25-6.75.

Hu and McClements (2015) obtained zein-alginate nanoparticles.
These authors used 2 g of zein dissolved in 100 mL of 85% ethanol.
Then 4 mL of zein was added to 16 mL of Tween 80 followed by 20 mL
of sodium alginate. In their results, the authors reported that nano-
particles were stable and without aggregation with Tween 80. Particles
of zein without alginate were of 80 nm, while those with 0.01% (w/v)
of alginate presented low repulsion among particles forming aggregates
and, at 0.01-0.05% (w/v), maintained this diameter without aggregate.
Particle yield was 95% and they were stable at pH 3-8. Sein-alginate
nanoparticles are feasible for the release of bioactive compounds into
the pharmaceutical and food industry.

6.2. Anti-solvent co-precipitation

This technique consists of inducing the co-precipitation of dissolved
polymers in an ideal solvent by incorporating an antisolvent, which aids
in providing a drive force to precipitate the solute. For this technique,
the choice of solvent and anti-solvent is the first step that must be
followed and comprises the most critical one for greater efficiency of
the results (Joye and McClements, 2013).

In zein-polysaccharide nanoparticles, the co-precipitation anti-sol-
vent technique is performed by the addition of zein in an ideal alcoholic
solvent such as 70% ethanol. This is then solubilized with magnetic
stirring (Patel and Velikov, 2014). After this, the polysaccharide is
subsequently added, which is also solubilized. During the incorporation
of the polysaccharide, electrostatic deposition with the zein is con-
ducted by the cationic and anionic functional groups. The solvent is
reduced and the solution with zein-polysaccharide nanoparticles is in-
corporated into a syringe for its latter expulsion into an anti-solvent and
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precipitate (Sun, Chen, et al. (2017); Sun, Xu, et al. (2017)). The im-
portant parameters to consider are type of solvent, which must solu-
bilize zein and the polymer at the same time, this being a disadvantage
for polymers that cannot be solubilized in the same solvent as zein, as
well as the large amount of solvent that is used.

Sun, Chen, et al. (2017); Sun, Xu, et al. (2017); Sun, Yang, et al.
(2017); Sun, Liu, et al. (2017); Sun et al. 2017a, 2017b obtained na-
noparticles of zein-propylene-glycol alginate by means of the anti-sol-
vent co-precipitation technique. A stock solution of 0.40 g of zein and
0.08 g of propylene glycol alginate in 40 mL of 70% ethanol was pre-
pared with violent magnetic stirring until it was completely dissolved.
The mixture was placed in a syringe and injected at a constant speed of
20mLmin~"! in an aqueous solution containing different concentra-
tions of CaCl,. Three quarters of the ethanol were removed in a ro-
taevaporator at 45°C for 35 min. The results showed a particle size
dependent on the concentration of propylene glycol alginate and cal-
cium from 142 nm at 4.7 pm.

Sun, Chen, et al. (2017); Sun, Xu, et al. (2017); Sun, Yang, et al.
(2017); Sun, Liu, et al. (2017); Sun et al. 2017a, 2017b elaborated zein-
propylene-glycol alginate nanoparticles containing quercetagetin as a
bioactive compound by the anti-solvent co-precipitation method. First,
1 g of zein and 0.2 g of propylene-glycol alginate were solubilized in
70% ethanol and adjusted to pH 4 with 0.1 N of a solution of sodium
hydroxide and hydrochloric acid. After a stirring time, 0.1 g of quer-
cetagetin was added to the same glass containing zein-propylene glycol
alginate. The suspensions formed were centrifuged at 765 g for 10 min
to eliminate quercetagetin without its dissolving. Finally, 120 mL of the
stock solution was loaded in a syringe and was sprayed for 2 min into a
glass containing 60 mL of aqueous solution with different concentra-
tions of CaCl,. The results demonstrated an average particle size of
774 nm, which decreased with the increase in calcium.

Chen et al. (2018) synthesized zein-shellac nanoparticles by means
of the anti-solvent co-precipitation method. First, two polymer solu-
tions were prepared: the first solution contained zein, and the other,
second solution contained with shellac, both at a concentration of
10 mg mL~" in 80% ethanol, stirred with a magnetic stirrer at 600 rpm
for 2h at 25 °C, and adjusted to pH 8. The shellac solution was diluted
with 80% ethanol to obtain different concentrations. Ten mL of shellac
solution was mixed with zein solution at a different radius. Then 20 mL
of zein-shellac solution was placed in a syringe and slowly injected into
a solution with agitation (600 rpm for 20 min) of 60 mL of PBS (pH 8).
Three quarters of ethanol was removed by a rotaevaporator at 45 °C and
zein-shellac nanoparticles were obtained with a diameter of less than
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100 nm in all preparations with small concentrations of shellac.
6.3. Layer-by-layer deposition

This technique was proposed in 1960 and has undergone several
modifications, which consisted of adding different layers of polymers to
an already formed rigid structure (substrate) (Ramasamy et al., 2014;
Wang, Yin, et al., 2016; Wang, Ma, et al., 2016). Layer-by-layer de-
position is similar to liquid-liquid dispersion, but the difference lies in
that in the layer-by-layer technique, not necessarily the solvent is not
necessarily displaced to form the layers, as in liquid-liquid dispersion.
In polymeric nanoparticles, the formation of a substrate such as that of
nanospheres is required on which one or two or more layers of poly-
mers are to be deposited (Padua and Wang, 2012). In order for the layer
to form on the substrate, an interaction must be formed by which the
layers are adhered, forming more complex particles (Borges and Mano,
2014; Wang and Zhao, 2013).

The layer-by-layer technique is carried out from obtaining the zein
nanoparticles, for which it adds zein and the compound-to-be-en-
capsulated to an ideal solvent (aqueous ethanol) and stirred for a cer-
tain time, and the excess of bioactive compound is removed. Once the
nanoparticle of the zein-bioactive compound is formed, a polymer so-
lution is deposited containing the second polymer (polysaccharide) that
will interact with the zein particle, through hydrophobic, covalent,
electrostatic, and other weaker interactions, depending on the poly-
saccharide added (Zhang, Niu, et al., 2014; Zhang, Tong, et al., 2014).
Several polysaccharides can be added depending on the needs of the
research. The advantage of the technique is that it rapidly obtains na-
noparticles with multilayers, in addition to that it occupies little energy
for its elaboration (only energy of agitation). Nonetheless, dis-
advantages include that it occupies several solvents depending on the
polysaccharides to be added, these being the solvent residues deriving
from the process.

Zhang, Niu, et al. (2014); Zhang, Tong, et al. (2014) obtained na-
noparticles of zein-chitosan hydrochloride containing sodium caseinate
and thymol as the active compound. The elaboration conditions were,
first, zein and thymol were dissolved in two concentrations of aqueous
ethanol (80 and 100mL) to obtain final solutions with 20 and
4mgmL~". Then 2 mL of the solutions were added to 10 mL of milli-Q
water containing different concentrations of sodium caseinate and
stirred with a magnetic stirrer at 750 rpm for 30 min. The aqueous so-
lution of chitosan hydrochloride was made at concentrations ranging
from 0.25-1.0 mg mL ™, and this was added slowly to the solution with
the same volume and concentration of 0.5mgmL~! of zein-thymol-
sodium caseinate with magnetic stirring at 750 rpm for 30 min. The
samples were lyophilized and resuspended. The results revealed zein-
chitosan hydrochloride particles containing sodium caseinate and
thymol at a final pH of 4.3 with an average particle size of 520 nm and a
z potential of +64.45 mV. In addition, good antimicrobial activity was
obtained with the complex formed. Therefore, chitosan hydrochloride
stabilizes zein nanoparticles on using low energy in the method and
being favorable for the maintenance of antimicrobial systems.

6.4. Electrospray

The electrospray technique is based on obtaining nanoparticles by
means of the application of an electric field that forms a conductive
polymer solution and decreases the surface tension of the polymer and
fissions in smaller particles (Liu et al., 2018; Tapia-Hernandez et al.,
2015). The electrospray technique is currently a novel technique for the
formation of zein-polysaccharide nanoparticles, having the advantage
of first forming the zein particle, followed by the addition of the
polysaccharide (Laelorspoen et al., 2014). The mechanism consists of
the ability of an electric field to deform the interface of a liquid drop
(Tapia-Hernandez, Rodriguez-Félix, Plascencia-Jatomea, et al., 2017;
Tapia-Hernandez, Rodriguez-Félix, and Katouzian, 2017). The variables
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to be considered for obtaining nanometer-sized particles are the fol-
lowing: equipment parameters (voltage, flow velocity, and collector
distance); polymer-solution parameters (concentration and solvent),
and environmental parameters (temperature and relative humidity)
(Bhushani et al., 2017; Tapia-Hernandez, Rodriguez-Félix, Plascencia-
Jatomea, et al, 2017; Tapia-Hernandez, Rodriguez-Félix, and
Katouzian, 2017).

To our knowledge, few studies of obtaining zein-polysaccharide by
electrospray have been carried out, which suggests a field of opportu-
nity for further investigations. Laelorspoen et al. (2014) reported the
interaction of zein-polysaccharide particles. The conditions of pre-
paration of the zein solution were as follows: ethanol acidified with
1.5% calcium chloride (CaCl, 1.5w/v); 7% (w/v) of zein, and homo-
genized for 1h. The polysaccharide solution was made from 1.4% so-
dium alginate in distilled water, homogenized for 2 h, and 8% glycerol.
Then the polysaccharide solution was sterilized and 1 mL of suspension
containing L. acidophilus was added as active ingredient. Finally, the
zein solution was spiked in the polysaccharide solution under the fol-
lowing conditions: voltage of 4-10kV; flow rate of 10mLh ™!, nd dis-
tance of the collector was 6 cm.

Regardless of the technique used for the preparation of zein-poly-
saccharide nanoparticles, we concluded that these systems are feasible
for protection from the pH, temperature, and enzymes present in the
GIT and for increasing the bioavailability of bioactive compounds in the
bloodstream employed as antioxidants to prevent CDD.

7. Development of antioxidant-zein-polysaccharide nanoparticles
for application in chronic degenerative diseases

There are some studies that show the protection of antioxidants in
zein-polysaccharide nanoparticles and that render them more bioa-
vailable and aid more efficiently to reduce or eliminate free radicals,
which are precursors for the appearance of CDD (Table 1). The most
common compounds encapsulated in zein-polysaccharide matrices that
are utilized to avoid their degradation and that maintain their bioac-
tivity are antioxidants such as phenolic compounds (curcumin, resver-
atrol, and epigallocatechin), vitamins D and E, precursor of vitamin A
(beta-carotene), among others.

7.1. Phenolic compound-zein-polysaccharide nanoparticles

Phenolic compounds are receiving increasing interest principally for
their antioxidant properties that, consequently, can prevent CDD.
However, the biological properties of polyphenols depend on their
bioavailability, and these types of compounds generally have low
bioavailability and are very sensitive to degradation. For these reasons,
nanoencapsulation with different matrices as zein-polysaccharide can
be a good option to avoid these disadvantages. Despite the fact that
there is a great variety of phenols, curcumin, resveratrol, and epi-
gallocatechin have been used as a model of some zein-polysaccharide
systems.

7.1.1. Curcumin

The polyphenol curcumin is a molecule with several properties,
such as great antioxidant capacity (Guo et al., 2018) and the en-
hancement of anticancer activity (inhibiting the viability and pro-
liferation of a variety of human cancer-cell lines including skin, gas-
trointestinal, genitourinary, breast, ovarian, and lung cancer)
(Luckanagul et al.,, 2018), anti-tumor immunity (Momtazi and
Sahebkar, 2016), anti-inflammatory (Julie and Jurenka, 2009), pre-
venting atherosclerosis (Sahebkar, 2015), diabetes mellitus (Panahi
et al., 2017), pulmonary diseases (Lelli et al., 2017), obesity, and CVD
(Mohammadi et al., 2013), among others. Hence, curcumin has been
used as a model of some zein-polysaccharide systems. Hu et al. (2015)
elaborated zein-pectin nanoparticles for the protection of curcumin
during the course of the gastrointestinal system. Zein with
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polysaccharides for encapsulating curcumin can protect the latter from
the gastrointestinal system until the delivery of curcumin in the intes-
tine. Thus, this antioxidant system could be utilized in the prevention of
CDD. (Huang, Huang, et al. (2016); Huang, Zhang, and Chen (2016))
studied the use of zein-pectin/alginate nanoparticles for the en-
capsulation of curcumin. Antioxidant capacity revealed greater activity
for encapsulated curcumin as opposed to curcumin in solution and
without encapsulating. Therefore, the zein-pectin/alginate system for
curcumin was either efficient for obtaining nanoparticles.

On the other hand, (Chang, Wang, Hu, and Luo, 2017; Chang,
Wang, Hu, Zhou, et al., 2017) studied the effect of polysaccharide on
the addition of zein-sodium Caseinate (NaCas) systems and curcumin
protection as zein-NaCas-pectin, zein-NaCas-carboxymethyl cellulose,
and zein-NaCas-gum Arabic. In general, pectin exhibited best chemical
stability at pH, while carboxymethyl cellulose possessed least stability,
due to its structure. Antioxidant activity was increased 5 times higher
with the presence of the polysaccharides specially carbox-
ymethylcellulose. Therefore, this study supports that zein-poly-
saccharyde systems are useful for the protection of antioxidant com-
pounds in gastrointestinal systems.

Chang, Wang, Hu, and Luo (2017); Chang, Wang, Hu, Zhou, et al.
(2017) synthesized zein-NaCas-pectin nanoparticles for the protection
of curcumin, in addition to that NaCas-pectin stabilizes zein during
passage through the gastrointestinal system. The system was developed
from solutions of NaCas, pectin, and zein. Again, zein nanoparticles
coated with pectin were more stable during the simulation of physio-
logical conditions, with little variation in particle size and poly-
dispersity. In conclusion, zein-polysaccharide nanoparticles for en-
capsulating antioxidants can be good systems for use in the prevention
of CDD due to their protection of antioxidants until their absortion in
the intestine.

There are several mechanisms that curcumin uses to prevent or
combat CDD. In cancer disease, curcumin is capable of suppressing
tumors in all of their stages, principally inducing apoptosis (Bush et al.,
2001; Choudhuri et al., 2002). In lung tumor, curcumin enhanced im-
mune response through the increase of InterFeroN gamma (IFN-y) se-
cretion and Th1l and TCD8 + cells (Luo, Song, et al., 2011; Luo, Zhang,
et al., 2011). In human melanoma cell lines, curcumin induces apop-
tosis and revealed caspase-3 processing, poly ADP ribose polymerase
cleavage, reduced Bcl-2, and decreased basal phosphorylated Signal
Transducers and Activators of Transcription 3 (STAT3) (Bill et al.,
2009). In addition, curcumin can attenuate the activation and secretion
of cytokines of cells that contribute to tumor progression (Th2 and Treg
cells) (Abdollahi et al., 2018; Luo, Song, et al., 2011; Luo, Zhang, et al.,
2011). However, there is evidence that depends on the dose of cur-
cumin in the response related to antitumor activity. At a high dose
(100 mg/kg), curcumin inhibits the expansion and function of immune
cells, while low-dose (50 mg/kg) curcumin increased IFN-y secretion,
enhancing the immune response (Bill et al., 2009; Luo, Song, et al.,
2011; Luo, Zhang, et al., 2011). In obesity, curcumin can reduce pro-
inflammatory cytokines such as IL-1f, IL-4, and VEGF (Ganjali et al.,
2014). In type 1 diabetes, curcumin regulates the gene expression of
NO, TNFa, IL-1, and IL-6, ameliorating autoimmune diabetes (Castro
et al., 2014). With all of these properties, curcumin must be protected
from the environment and gastrointestinal changes until its delivery
into the intestine to exercise its action. Thus, on the basis of the studies
analyzed regarding this, the nanoencapsulation of curcumin with the
zein-polysaccharide system can be a good option.

7.1.2. Resveratrol

Resveratrol is other phenol compound considered at present as one
of the most potent antioxidants with multiple applications in health,
such as an anti-inflammatory (Penalva et al., 2015), for cardioprotec-
tion (Feng et al., 2007), as an anticarcinogenic (Feng, Lin, et al., 2016;
Feng, Zhong, et al., 2016), and the prevention of diabetes (Zhao et al.,
2018) and obesity (Zhao et al., 2017). However, to maintain or improve
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water solubility, chemical stability, and bioavailability, several studies
have been focusing in the nanoencapsulation of resveratrol in different
zein-base matrices. Joye et al. (2015) encapsulated resveratrol with
zein and gliadin matrices providing protection to this polyphenol mo-
lecule for future use as a delivery system for protection from different
CDD, Davidov-Pardo, Joye, Espinal-Ruiz, and McClements, 2015;
Davidov-Pardo, Joye, and McClements, 2015 and Davidov-Pardo,
Pérez-Ciordia, Marin-Arroyo, and McClements, 2015 obtained nano-
particles of resveratrol in zein and different conjugate polysaccharides
(pectin and dextran). Then, zein nanoparticles can be improved by
coating them with sodium caseinate and neutral carbohydrates. The
molecular mass of the carbohydrates utilized exert a significant impact
on particle stabilization, with the stability of the delivery systems in-
creasing with an increasing carbohydrate molecular mass. Penalva et al.
(2015) evaluated a resveratrol nanoparticulate (307 nm) formulation
based on zein to improve oral bioavailability and its anti-inflammatory
effects in a mouse model. The conclusion was that these nanocarriers
significantly increase the oral bioavailability of resveratrol and protect
the mice from the inflammatory symptoms inhibiting LipoPoly-
Saccharide (LPS)-induced cytokine production, principally by in-
hibiting transcription factor NF-«B.

(Huang, Panagiotou, et al. (2017); Huang, Dai, et al. (2017)) ela-
borated zein-pectin nanoparticles for resveratrol protection and appli-
cation with antioxidant and anticancer activity. In addition, antioxidant
activity was measured, indicating that encapsulation promotes greater
antioxidant capacity in comparison with samples without encapsula-
tion. On the other hand, in Bel-7402 cells of hepatocarcinoma cancer,
the effect of encapsulated resveratrol showed antiproliferative activity.
On this context, some mechanisms of resveratrol used to inhibit pro-
liferation in other types of cancer were observed in several studies due
to its capacity to suppress the growth of tumor cells by inducing cell-
cycle arrest and apoptosis, by the inhibition of free radicals such as
those in osteosarcoma cells (Sun et al., 2015), HCA-17 and SW480
carcinoma-cell lines (Feng, Lin, et al., 2016; Feng, Zhong, et al., 2016)
and liver cancer-cell line (Zhang, Lakshmanan, et al., 2017; Zhang,
Deng, et al., 2017). Resveratrol targets COX, which generate pro-in-
flammatory molecules that lead to tumor proliferation and down-
regulates the AKT, MAPK, and NF-«B signaling pathways, all of which
would reduce inflammation and prevent tumorigenesis (Alayev et al.,
2015; Berman et al., 2017).

On the other hand, there are studies on resveratrol related with the
prevention or treatment of diabetes mellitus. The attenuation of type 1
diabetes-induced testicular OS and apoptosis by resveratrol is mainly
related to Akt-mediated Nrf2 activation via p62-dependent Keapl de-
gradation (Zhao et al., 2018). In addition, resveratrol exhibited pro-
tective properties and suppressed the genomic damage mediated by
insulin in kidney cells in vitro (Awad et al., 2017). Additionally,
acetylated Farnesoid X Receptor (FXR) plays a critical role in the reg-
ulation of lipid and glucose metabolism; however, disruption of its
genes induces diabetes or hypercholesterolemia; thus, there is evidence
that resveratrol reduces this receptor in order to regulate this metabolic
diseases (Kemper et al., 2009). Otherwise, resveratrol can induce SIRT1
(SIRTuinl) to decrease cellular OS (Yun et al., 2012), mitochondrial
superoxide, and ROS (Xu et al., 2012) under hyperglycemic conditions.

Overexpression of endogenous SIRT1 is correlated with cardiopro-
tective effects induced by resveratrol (Yang and Suh, 2013). Ad-
ditionally, the SIRT1 pathway regulates mitochondrial genes to sup-
press ROS production in order to protect cardiomyocytes treated with
resveratrol (Li et al., 2013; Yang et al., 2013). In atherosclerosis, the
decrease in plasma of IFN-y and the expression of endothelial-cell ICAM
(InterCellular Adhesion Molecules), VCAM (Vascular Cell Adhesion
Molecules), and IL-8 (InterLeukin 8) is observed when resveratrol is
employed as a treatment (Agarwal et al., 2013). With respect to cor-
onary artery disease, resveratrol improves left ventricular systolic and
diastolic function as well as FMD (Flow-Mediated Dilation) levels
(Magyar et al., 2012). Otherwise, the reduction of diastolic blood



J.A. Tapia-Herndndez et al.

pressure is other effect of resveratrol in hypertension (Biesinger et al.,
2016). In addition, resveratrol produces the reduction of LDL choles-
terol levels and improves vascular function and mitochondrial number
in older adults (Pollack et al., 2017).

The main target for resveratrol as an antiobesity molecule is white
adipose tissue, because it is the main triglyceride stored in the body.
This phenolic compound inhibits fat accumulation and stimulates lipid
mobilization (Fernandez-Quintela et al., 2017). In this context,
Imamura et al. (2017) studied the effect of resveratrol on the expression
of genes regulating triglyceride accumulation and consumption in dif-
ferentiated 3 T3-L1 preadipocytes. These authors concluded that re-
sveratrol may augment synthesis and oxidation of fatty acid and pos-
sibly increases energy- utilization efficiency in adipocytes through the
activation of SIRT1. A similar conclusion was reported by Zhao et al.
(2017), suggesting that resveratrol may suppress obesity and associated
inflammation via the AMPKal/SIRT1 signaling pathway in rat. Ad-
ditionally, Rossi et al. (2018) indicated that resveratrol may inhibit
obesity-associated inflammation and claudin-low breast cancer growth
by inhibiting adipocyte hypertrophy and the associated adipose-tissue
dysregulation that typically accompanies obesity.

In conclusion, the mechanism of action of resveratrol in CDD can
modify not only biochemical pathways, but also epigenetic mechanisms
and, due to the importance of the latter, these topics are the focus of
some reviews (Berman et al., 2017; Fernandes, Silva, et al., 2017;
Fernandes, Pérez-Gregorio, et al., 2017; Imamura et al., 2017; Marx
et al., 2017; Oliveira, Monteiro, et al., 2017; Oliveira, Simao, et al.,
2017; Pan et al., 2018).

7.1.3. Epigallocatechin gallate

Catechins are considered polyphenols of the flavan-3-ol family dis-
tributed in different food sources, such as in green tea, whichthis
polyphenol represents in approximately 30-50% (Ng et al., 2017; Tu
et al., 2018). At the biological level, epigallocatechin gallate is attrib-
uted to different health benefits, especially its participation in miti-
gating CDD such as cancer (Fujiki et al., 2017; Rady et al., 2017),
diabetes mellitus (Chen et al., 2017; Zhang, Lakshmanan, et al., 2017;
Zhang, Deng, et al., 2017), heart disease (Eng et al., 2017; Tu et al.,
2018), and obesity (Javaid et al., 2017; Lee et al., 2017), due to its
antioxidant property.

The antioxidant activity of epigallocatechin gallate is due to the
presence of both the phenolic groups and the galloyl group, which
allow electron delocalization (Naponelli et al., 2017). In addition, the
mechanisms by which epigallocatechin gallate acts as an antioxidant
molecule after its greater bioavailability are diverse and exclusive to
each disease type. In cancer, epigallocatechin gallate acts at several
levels, such as the induction of apoptosis, modulation of cell pro-
liferation, and inhibition of angiogenesis (Rady et al., 2017). In normal
skin cells, epigallocatechin gallate protects against the DNA damage
induced by UltraViolet (UV) radiation by means of reducing the phos-
phorylation of H2AX foci in HaCaT keratinocytes (George et al., 2017).
Epigallocatechin gallate induces intracellular apoptosis (mitochondrial
pathway) by caspase-9 and by inducing the apoptosome complex,
which is composed of cytochrome C, Apoptotic protease activating
factor 1 (Apaf-1), and procaspase-9 (Hagen et al., 2013). Epigalloca-
techin catechin demonstrated the induction of apoptosis through the
extrinsic death receptor pathway inMIA-Pa-Ca-2 pancreatic-cancer cells
by activating Fas, DR5, and Caspase-8 (Basu and Haldar, 2009). In
addition, it can inhibit cell proliferation through inducing GO/G1 cell-
cycle arrest (Zhou et al., 2013). In A549 lung-cancer cells, it was ob-
served that epigallocatechin gallate inhibits angiogenesis and reduces
tumor growth of the xenograft by inhibiting IGF-1 by means of sup-
pressing the expression of the protein HIF-1a and VEGF (Relat et al.,
2012). In addition, there has been an increase in H,O, in cancer cells
due to cell activation, which is eliminated by SOD and GPx. When SOD
and GPx are diminished, it indicates an alteration in mechanisms of
H,0, neutralization. The consumption of epigallocatechin gallate
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induces the improvement of SOD and GPx activity, functioning as an
effective antioxidant (Hussain, 2017).

In diabetes mellitus, hyperglycemia increases OS and decreases
antioxidant mechanisms by increasing OS. The OS status can trigger the
inflammatory cascade that eventually leads eventually to cell death and
apoptosis. In diabetic mice, the administration of epigallocatechin
gallate helps to improve the mechanism of ROS elimination, which is
mainly produced by the increase of the NADPH oxidase responsible for
the generation of superoxide and also promotes downregulation of OS
markers such as TAC, Nrf2, HO-1, and HSP 90 (Rasheed et al., 2017). In
diabetic nephropathy, one of the factors that propitiates the latter is OS,
which is regulated by NRF2 factor, a molecule that activates the sig-
naling of antioxidant mechanisms, such as the activation of the heme
oxygenase-1 (Hol) and NAD(P)H dehydrogenase quinone 1 (Ngol)
genes. When NRF2 is suppressed, strategies are sought, such as the
consumption of epigallocatechin gallate, which aids in promoting its
activation. The mechanism by which NRF2 is suppressed comprises the
entrapment of the KEAP1 protein, forming a KEAP1-NRF2 complex by
means of the inclusion of cysteine residues. It has been stipulated that
epigallocatechin gallate interacts directly with the cysteine residues
present in KEAPI1, thus stimulating the dissociation of NRF2 from
KEAP1 (Sun, Chen, et al. (2017); Sun, Xu, et al. (2017); Sun, Yang, et al.
(2017); Sun, Liu, et al. (2017); Sun et al. 2017a, 2017b).

In CVD and obesity, epigallocatechin gallate exerts beneficial effects
on health (Othman et al., 2017; Rahimi and Falahi, 2017), and speci-
fically in atherosclerosis, a disease of the arteries that is due to en-
dothelial dysfunction, inflammatory vascular cells, and lipid accumu-
lation (Hansson, 2009). Lipid peroxidation is considered a major factor
that can lead to atherosclerosis. Diets in rats with epigallocatechin
gallate revealed that there was a reduction in Total Cholesterol (TC),
TriGlycerides (TG), Low Density Lipoprotein and Very Low Density
Lipoprotein (LDL/VLDL) fractions and that there was an increase in
High Density Lipoprotein (HDL) cholesterol. Also, it also effectively
reduces the production of CRP, Monocyte Chemoattractant Protein 1
(MCP-1), and the oxidized LDL/VLDL cholesterol level in the serum of
ApoE—/— mice (Cai et al., 2013; Eng et al., 2017). Epigallocatechin
gallate can be utilized to treat atherosclerosis through its anti-in-
flammatory and antioxidant effects (Eng et al., 2017). In cardiac hy-
pertrophy and fibrosis in aged rats, epigallocatechin gallate demon-
strated the inhibition of the ROS-dependent activation of the TGFf1,
TNFa, and NF-kB signaling pathways (Muhammed et al., 2017). In
addition, one mechanism is that the cholesterol-lowering effect is due to
the decrease in the absorption or reabsorption of cholesterol by epi-
gallocatequin gallate, as well as the decrease in cholesterol synthesis
through the inhibition of HMGR (mediated by activation) of AMPK, and
nitric oxide synthesze is increased by decreasing blood pressure and
myocardial infarction (Yang et al., 2018). In patients with obesity,
epigallocatequin gallate inhibits the synthesis of fatty acids, prolifera-
tion and differentiation in human primary visceral adipocytes, and
suppresses the absorption of triacylglycerols (Saad et al., 2017).

However, its high capacity and health benefits are limited by low
absorption and bioavailability (Sanna et al., 2017). A delivery alter-
native is epigallocatechin- gallate encapsulation to increase its defi-
ciencies in polymeric protein matrices such as zein (Shi et al., 2018).
Recent studies report that zein interacts with hydrophilic compounds
such as epigallocatechin gallate by means of hydrogen and hydrophobic
interactions (Bhushani et al., 2017). Therefore, the majority of studies
are focused on the encapsulation of epigallocatechin gallate in zein
matrix, providing excellent benefits. For example, Liu et al. (2017)
elaborated nanoparticles of zein-epigallocatechin gallate conjugate
with smooth sphere morphology compared to the control, observing
changes in the secondary structure of the chemical interactions formed.
These authors concluded that these systems can function as controlled-
release systems in the food and pharmaceutical industry. Bhushani et al.
(2017) prepared zein nanoparticles for the encapsulating catechin
powder, among which epigallocatechin gallate was found through the
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electrospray technique. The results demonstrated that hydrogen bonds
and hydrophobic interactions were predominant in this system. On the
other hand, Li et al. (2009) prepared zein nanofibers encapsulating
epigallocatechin gallate; however, at low concentrations of zein, de-
formed particles were obtained by means of the electrospinning tech-
nique. The interactions between zein and epigallocatechin gallate were
studied in the deconvolution of the main bands of the zein, especially
changes in the secondary structure of beta sheet and alpha helix, ob-
serving significant changes and attributing these to the formation of
hydrogen bonding and hydrophobic interactions. In the study of Donsi
et al. (2017), the authors elaborated zein nanoparticles with epigallo-
catechin gallate where the low interaction of epigallocatechin gallate in
zein nanoparticles is limited by weak hydrophobic interactions between
the aromatic rings of epigallocatechin and the hydrophobic residues of
zein. These authors recommended, as a strategy, the addition of a
polysaccharide to zein nanoparticles.

Unfortunately, only the study of Liang et al. (2017), to our knowl-
edge, was found to be related to prepared zein-chitosan nanoparticles
encapsulating epigallocatechin gallate. This system increased anti-
oxidant activity by up to 95%, being applicable to food systems or
therapeutic treatments. Thus, this study suggests that the encapsulation
of epigallocatechin gallate in zein-polysaccharide systems provides
greater stability and more effective delivery, improving its antioxidant
capacity, being useful in reducing the prevalence of CDD. Hence, more
studies could be carry out that are related to encapsulating epigallo-
catequin in zein with other, different polysaccharides.

7.2. Vitamin-zein-polysaccharide nanoparticles

The use of vitamins such as A, D, and E is essential in the organism,
since it reduces CDD and their deficiency is susceptible to an attack by
free radicals (Luo, Song, et al., 2011; Luo, Zhang, et al., 2011; Luo et al.,
2012). This deficiency can be due to environmental factors such as the
presence of oxygen, light, and temperature. Therefore, the encapsula-
tion of vitamins in nanoparticles is studied; however, to our knowledge,
there is very little information on zein-polysaccharyde matrices.

7.2.1. Precursor of vitamin A

The carotenoid p-Carotene is the primary plant-based source of
dietary vitamin A (Novotny et al., 2010). Thus, provitamin A (f3-car-
otene) plays an important role in meeting vitamin A requirements in a
diet. Therefore, 12 mg of B-carotene needs to be consumed in order to
produce 1 mg of vitamin A, the daily recommended dose, because high
doses limit its conversion into vitamin A (Novotny et al., 2010; Strobel
et al., 2007). B-Carotene can be converted into retinal, which is es-
sential for vision, and subsequently into retinoic acids, which are es-
sential for pattern recognition during development and cell differ-
entiation (Hickenbottom et al., 2002). B-Carotene acts as an antioxidant
by quenching singlet oxygen and scavenging peroxyl radicals; hence, it
can prevent CDD. In cancer chemoprevention, B-carotene uses several
mechanisms, such as changes in cell signaling pathways, leading to cell
growth or cell death, which include immune modulation, growth-factor
signaling, and apoptosis (Huang, Panagiotou, et al., 2017; Tanaka et al.,
2012). In the study of Shree et al. (2017), B-carotene (1 pM) can inhibit
the viability and increase apoptosis of human breast-cancer (MCF-7)
cells through increased caspase-3 activity. In addition, it decreases the
expression of anti-apoptotic proteins Bcl-2 and PARP and of survival
protein NF-kB. It also inhibited the activation of intracellular growth-
signaling proteins Akt and ERK1/2. Consequently, it decreased phos-
phorylation of Bad due to inactivation of Akt. Furthermore, 3-carotene
downregulated antioxidant enzyme SOD-2 and its transactivation factor
(Nrf-2) and Endoplasmic Reticulum (ER) stress marker, XBP-1, at pro-
tein levels.

DNA-repair Ku proteins (Ku70 and Ku80) play a crucial role in the
repair of DNA double-strand breaks. If these proteins are reduced, they
contribute to apoptosis in gastric-cancer cells. Hence, P-carotene-
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induced alterations increase in caspase-3 activity and decrease in Ku
proteins, resulting in the apoptosis of these cancer cells (Park et al.,
2015). On the other hand, vitamin A and [3-carotene are involved in the
methylation of DNA and in DNA damage (Cooper et al., 1999); hence,
this could be one of the reasons of why some cancer types increase. For
example, the relation of vitamin A and (-carotene in lung cancer is
unclear: some studies indicated the decrease of the risk of this cancer
type, while others indicated otherwise (Jin et al., 2007; Takata et al.,
2013; Yu et al., 2015).

There are several studies in which 3-carotene is associated with the
prevention of CVD, for example, in stroke (Daviglus et al., 1997; Hak
et al., 2004; Hirvonen et al., 2000), coronary artery disease (Osganian
et al., 2003), myocardial infarction (Kardinaal et al., 1993; Klipstein-
Grobusch et al., 1999; Tavani et al., 1997), coronary mortality (Knekt
et al., 1994; Voutilainen et al., 2006), among others. Gopal et al. (2013)
showed that dietary supplementation of B-carotene may possess a
protective function against angiotensin II-induced abdominal aortic
aneurysm by ameliorating macrophage recruitment in mice. Therefore,
with all of these properties of B-carotene, several studies are focused on
the protection of its bioactivity through encapsulation.

Studies exist in which B-carotene is nanencapsulated in zein matrix
to improve stability and enhance antioxidant activity. Chuacharoen and
Sabliov (2016) studied the potential of zein nanoparticles to protect
entrapped p-carotene in the presence of milk under simulated gastro-
intestinal conditions, where the authors concluded that zein nano-
particles improved the chemical stability and antioxidant activity of
entrapped (-carotene. On the other hand, with the objective of bene-
fiting human health and have novel delivery systems for lipophilic
bioactive ingredients, Chen et al. (2016) elaborated zein-based oil-in-
glycerol emulgels enriched with B-carotene, which enhanced the UV
photostability of beta-carotene, and more than 88% of this antioxidant
was retained for 64-h storage under UV exposure, consequently re-
tarding oil oxidation while in storage. In the same manner, L6pez-Rubio
and Lagaron (2011) improved the incorporation and stabilization of [3-
carotene in hydrocolloids such as zein using glycerol, and Fernandez
et al. (2009) encapsulated P-carotene in electrospun fibers of zein
prolamine. These authors also reported a significant increase in the
light stability of -carotene when the latter was exposed to UV-vis ir-
radiation. However, to our knowledge, solely the recent study of Wang
et al. (2017) is focused in the nanoencapsulation of 3-carotene in a zein-
polysaccharide matrix. The authors elaborated nanoparticles of zein-
carboxymethyl chitosan. The stability of B-carotene was higher in zein-
carboxymethyl chitosan nanoparticles than in zein nanoparticles.
Hence, nanoencapsulation of [(-carotene in zein-polysaccharide ma-
trices is not exploited; therefore, it can be considered as an area-of-
study for future research.

7.2.2. Vitamin D

Vitamin D, the sunshine vitamin, is a prohormone that has two
major physiologically forms, vitamin D2 (ergocalciferol) and vitamin
D3 (cholecalciferol) (Luo et al., 2012). Vitamin D is important for cal-
cium absortion, homeostasis regulation and for the prevention of CDD
such as hypertension, type 2 diabetes, common cancer and cardiovas-
cular disease (Autier et al., 2014; Picciano, 2010; Pittas et al., 2010). In
the estudy of Luo et al. (2012) encapuslated vitamin D3 in zein-car-
boxymethyl chitosan matrices. The nanoparticles with coatings pro-
vided better controlled release of Vitamin D3 and simulated gastro-
intestinal tract. Hence, this nanoparticules are able to mantain the
chemical stability and to controll release property. Until now, this last
estudy is the only focused in the nanoencapsulation of Vitamin D in
zein-polysaccharide matrices. There is other study using protein-poly-
saccharides matrices to nanoencapsulate vitamin D3 as the study of
Teng et al. (2013), they used soy protein-carboxymethyl chitosan
complex nanoparticles. In general, these complex nanoparticles are
attractive candidate for the encapsulation and controlled release of
hydrophobic nutraceuticals and bioactives, however, more studies need
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to be realized in relation to encapsulate vitamin D in zein-poli-
saccharyde matrices, since some studies indicated a controversial re-
sults about its preventing CDD.

There is evidence that supplementation in elderly persons (mainly
women) with 20 ug vitamin D per day appeared to slightly reduce all-
cause mortality, and high doses of this vitamin can increase the survival
of patients with breast, colorectal, and prostate cancer, as well as cu-
taneous melanoma. However, the results of prospective studies did not
suggest a protective effect of high dose of vitamin D in cancer, except
colorectal cancer (Autier et al., 2014). On the other hand, the asso-
ciation between the status of vitamin D and cardiometabolic outcomes
(type 2 diabetes, hypertension, or CVD) is uncertain. According to
Knekt et al. (2008), the association of high doses of vitamin D and a
lower risk for incident-type 2 diabetes was significant. Otherwise, in the
majority of women’s groups studied, no association was found (Knekt
et al., 2008; Pittas et al., 2006). Vitamin D affects some mechanisms in
type 2 diabetes, including impaired pancreatic B-cell function and in-
sulin resistance, either directly (by vitamin D receptor activation) or
indirectly (by calcium homeostasis regulation) (Pittas et al., 2007;
Pittas et al., 2010). In hypertension, low doses of vitamin D (< 37 to
51nmol/L) can generate a higher risk for incident hypertension
(Forman et al., 2007; Forman et al., 2008). Similarly, according to
Kilkkinen et al. (2009), a low vitamin-D level may be associated with a
higher risk of a fatal CVD event, particularly cerebrovascular death. Pilz
et al. (2008) concluded that low levels of vitamin D are independently
predictive for fatal strokes, suggesting that vitamin D supplementation
comprises a promising approach in the prevention of strokes. To pre-
vent or decrease some effects of CVD, vitamin D can inhibit antic-
oagulant activity (Ohsawa et al., 2000) and myocardial-cell hyper-
trophy (O'Connell et al., 1997; Simpson et al., 2007), and may modulate
cytokine generation as well (Schleithoff et al., 2006) and macrophage
activity (Sadeghi et al., 2006). In addition, according with some studies,
vitamin D can be associated with OS markers (de Medeiros Cavalcante
et al., 2015; Sharifi et al., 2014). However, in some studies, vitamin-D
supplementation can reduce OS markers (de Medeiros Cavalcante et al.,
2015; Sharifi et al., 2014), but in others, it was not possible to confirm
this (Asemi et al., 2013; Eftekhari et al., 2014). In the study of Codoner-
Franch et al. (2012), the authors showed how vitamin-D status is linked
to biomarkers of OS, inflammation, and endothelial activation in chil-
dren with obesity. Similar studies confirm that vitamin D3-deficiency
enhances OS (de Almeida et al., 2016; Luo et al., 2014). The results
regarding the antioxidant properties are scarce and conflicting due to
the different conditions under which the children are exposed. Hence,
as mentioned previously, more studies must be performed Oliveira,
Monteiro, et al. (2017), Oliveira, Simao, et al. (2017).

7.2.3. Vitamin E

Another vitamin that has been used in encapsulation is vitamin E.
Tocopherols and tocotrienols are natural forms of the vitamin E family,
which consists of eight distinct isomers denominated a-3-y-8-toco-
pherol and a-f-y-8-tocotrienol (Kanchi et al., 2017).

This vitamin plays a key role in protecting cells against oxidative
damage; thus, it is an antioxidant molecule that can prevent CDD
(Hamdy et al., 2015). Vitamin E possesses the ability to quench the
highly reactive lipid-peroxide intermediate by donating hydrogen. This
property avoids the extraction of hydrogen from polyunsaturated fatty
acids, consequently preventing a lipid-peroxidation chain reaction (Das
et al., 2004). Other mechanisms are employed by vitamin E, such as
regulation of gene transcription, mRNA stability, protein translation,
protein stability, and post-translational events (Jiang, 2017; Li, Wang,
et al. (2016), Li, Dong, et al., 2016). Previous studies have demon-
strated the potential of vitamin E for cancer chemoprevention. Xu et al.
(2017) showed that early-stage supplementation with a-tocopherol
significantly prevented esophageal carcinogenesis in an esophageal
squamous-cell carcinoma rat model. In this study, it was indicated that
a-tocopherol markedly suppressed cell proliferation, promoted G2-

Food Research International 111 (2018) 451-471

phase cell-cycle arrest, and increased apoptosis. Akt signaling was a
potential target for a-Tocopherol, increased the expression of PPARy
and its downstream tumor suppressor PTEN. However, in the field of
cancer chemotherapy, tocotrienols have shown to display better anti-
tumor activity than a-tocopherol (Catalgol et al., 2011). There are
several studies relating tocotrienols to different types of CDD, princi-
pally cancer, where they modulate the decrease of cytokines such as IL-
1, IL-2, and IL-8 (Hafid et al., 2010; Shibata et al., 2008). In addition,
this vitamin reduces transcription factors as c-myc and NF-kB (Ahn
et al., 2007), STAT3, and STAT5 (Kashiwagi et al., 2009), HIF-1a (Bi
et al., 2010), EBP-a (Uto-Kondo et al., 2009), among others. Some other
studies indicated the influence of this vitamin on apoptotic genes, such
as in the decrease of cyclin D1, cyclin D3, and cyclin E (Gysin et al.,
2002), Ras (Yam et al., 2009), and XIAP, IAP-1, IAP-2, Bcl-2, Bel-x1, and
Survivin (Ahn et al., 2007). On the other hand, Lippman et al. (2009)
reported that vitamin E did not prevent prostate cancer, and Njoroge
et al. (2017) demonstrated that this vitamin promotes tumorigenesis in
the early stages of prostate-cancer evolution in organoid models. Some
other studies revealed this contradictory datum of vitamin E in the
prevention of different types of cancer (Yang and Suh, 2013).

On the other hand, to reduce the risk of CVD, vitamin E is able to
inhibit LDL oxidation, acting as a chain-breaking antioxidant and pre-
vents lipid peroxidation of polyunsaturated fatty acids and the mod-
ification of proteins in LDL by ROS (Abdala-Valencia et al., 2012).
Consequently, vitamin E reduces the production of chemotactic factors
such as IL-8, MCP-1, and CAM-1 (Iuliano et al., 2000), as well as the
decrease of the expression of E-Selectin and VCAM-1 and PKC induction
(Abdala-Valencia et al., 2012). The development of some CVD, such as
infarction and stroke, has been related to diabetes mellitus (Kuusisto
and Laakso, 2013). However, there are studies that confirmed the non-
effect of vitamin-E supplementation in preventing CVD complications
by diabetes (Hodis et al., 2002; Lee et al., 2005). In conclusion, data
regarding the beneficial role of vitamin E in protecting against cardi-
ovascular complications in hyperglycemia are contradictory
(Mocchegiani et al., 2014). Differences among studies can be due to the
doses of vitamin E. Kappus and Diplock (1992) concluded that doses of
100-300 mg/day are well tolerated and do not cause adverse effects;
doses of 200-400 mg/day have been recommended for use in food
supplements under certain conditions; 400-2,000 mg/day do not ex-
hibit adverse effects in the majority of cases, while > 2,150 mg/day
exhibit adverse effects and intolerance has been increasingly noted.
Hence, vitamin E continues to be an important molecule to be studied
in encapsulated form in terms of conserving its bioactivity; however, its
encapsulation in zein-polysaccharide matrices has been, to our knowl-
edge, nearly not studied.

Luo, Song, et al. (2011), Luo, Zhang, et al. (2011) applied zein-
polysaccharide electrostatic interaction by adding chitosan (coating)
and taking vitamin-E (a-tocopherol) as the model-to-be-encapsulated.
Stomach results showed that the release of vitamin E was due to a
collapse of zein and chitosan solubility at a low pH. Therefore, the zein-
chitosan system functions as a barrier to the degradation of vitamin E
under stomach conditions.

There are a few other studies on the encapsulation of vitamin E in
zein-polysaccharide matrices, as in zein-beta-cyclodextrin (do Carmo
et al., 2017) or zein-chitosan (Wongsasulak et al., 2014); however, in
these studies, particle size is on the order of micrometers. There are
certain other studies and reviews in which zein was employed to na-
noencapsulate vitamin E, such as the scalable and low-cost na-
noencapsulation process for use in Nano medicine (Luo and Wang,
2014; Weissmueller et al., 2016). Hence, as mentioned previously, there
is little information, to our knowledge, on the nanoencapsulation of
vitamin E in zein-polysaccharide matrices for the prevention of CDD.
This this can be an area-of-opportunity for study.
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8. Conclusion

According with the studies analyzed in this review related to the
nanoencapsulation of antioxidants in zein-polysaccharide matrices, all
of these are in agreement with regard to that the combination of a
protein with a polysaccharide as antioxidant nanoencapsulate offers
better nanoparticles, maintains the chemical stability, are able to con-
trol the property of release, increase the bioavailability and bioactivity,
as well as the capacity to inhibit free radicals. This latter property has
been employed to prevent or to interfere at some stage of CDD, such as
cancer, diabetes, CVD and obesity, among others, attributed to their
properties as free radical scavengers, as antioxidants, and as metal
chelators, as well as to their ability to inhibit or reduce different en-
zymes. However, there are controversial results with respect tothe
bioactivity of the antioxidants: different factors affect their action, such
as the dose, the genetics, the age, and the metabolism of the person.
Additionally, cell receptors and their interaction with signal transduc-
tion pathways affect their bioactivity as well. For these reasons, more
studies must be conducted in antioxidants with or without encapsulate,
specifically targeting free radical production, the OS that limits their
production and progression in the body, the concentrations of anti-
oxidants in the circulation after digestion, and the possibility of inter-
action with other molecules to control CDD.

On the other hand, there are very few studies, to our knowledge,
that are associated with the encapsulation of antioxidant compounds in
zein-polysaccharide matrices; the majority of these have been studied
separately. According to the literature, despite the fact that there is a
great variety of phenolic compounds, curcumin, resveratrol, and epi-
gallocatechin have been mostly utilized as a model of some zein-poly-
saccharide systems focusing on controlling CDD. Vitamins such as E and
D, as well as B-carotene (precursor of vitamin A), have also used in the
same manner, but scantily. The search for other polysaccharide ma-
trices with zein could be interesting for improving antioxidant nano-
particles. Therefore, this can be an area-of-opportunity to carry out
future studies on this topic.
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CAPITULO I

Prolamins from cereal by-products:
Classification, extraction, characterization and
Its applications in micro- and nanofabrication
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ARTICLE INFO ABSTRACT

Background: Prolamins are the endosperm storage proteins of cereal grains. Currently, the agri-food industry
generates large quantities of by-products, among which are those generated from wet-milling, such as Gluten
Meals (GM), dry-milling, such as the Distillers Dried Grains with Solubles (DDGS) and Brewer's Spent Grain
(BSG). These by-products are important biopolymer sources such as prolamins. The prolamins have low nutri-
tional value, however can be are useful for obtaining micro- and nanomaterials

Scope and approach: The main objective of this review was to make known the techniques of obtaining and its
main applications in micro- and nanotechnology of prolamins obtained from cereal, and the purpose of this
investigation was to promote the use of prolamins obtained from cereal by-products.

Key findings and conclusions: The prolamins can be obtained of by-products cereals and due to their economic
importance and high productivity, the main cereals that generate these types of by-products are wheat and corn,
in addition to sorghum, which is experiencing an increasing boom. The conformational structure of prolamins
render them feasible for producing various micro- and nanomaterials, particles and fibers. These micro- and
nanomaterials are of interest in the food industry and medicine for protection of bioactive compounds, pickering
emulsions stabilized, drug delivery system and controlled release fertilizer. There is more evidence on nano-
materials that micromaterials that have been obtained from prolamins: from 2014 and up to date, around 247
investigations have been published dealing with the obtention of nanoparticles and nanofibers, of which only
2.0% corresponds to materials obtained from cereals by-products. Therefore, future prolamin research in na-
notechnology from the by-products of cereals is necessary, with the purpose of increase added value and de-
creasing environmental contamination.

Keywords:

Prolamins

Cereal by-product

Distillers dried grains with solubles
Gluten meals

Microtechnology

Nanotechnology

1. Introduction

In recent years and up to date, research in agriculture, food, and
science in general has focused on finding alternatives that help to mi-
tigate or reduce the environmental impact (Rockstrom et al., 2017). The
areas of agriculture and food are taking into account the drawing on the
majority of resources, specifically the efficient use of the by-products
generated by agricultural crops or during processing (Stancu,
Haugaard, & Lahteenméki, 2016). Only in the U.S.A., about 35-103
million tons of waste are generated annually (Bellemare, Cakir,

* Corresponding author.
E-mail address: rodriguez_felix_fco@hotmail.com (F. Rodriguez-Felix).
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Peterson, Novak, & Rudi, 2017), which is currently accumulated or
burned generating pollution into the environment and human health.
Among the food crops that generate the most waste are cereals (Bessaire
et al., 2016; Shahane & Shivay, 2016), since they constitute the basis of
the world's diet (Burange, Clark, & Luque, 2016) or are processed for
biotechnological uses, such as in the obtaining of biofuels (Singh &
Trivedi, 2017).

Cereal grains such as corn, wheat, and rice are in the top of the list
of grains with the highest demand worldwide, making a percentage
higher than 70% (Guerrieri & Cavaletto, 2018; Luecha & Kokini, 2016;
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Table 1

Prolamins of principal and minority grain cereals.

Reference

Prolamin sub-groups

Prolamin Nane

Prolamins (%)

Total protein content (%)

Cereals

Principal cereals

Wheat

Shewry (2007); Scherf, Koehler, and Wieser (2016)

a+ B-gliadins, w-gliadins, y-gliadins, LMW-GS,
HMW-GS

Gliadin and glutenin

70-80

7-22

Diaz-G6mez, Castorena-Torres, Preciado-Ortiz, and Garcia-Lara (2017)

Amagliani, O'Regan, Kelly, and O’Mahony (2017)

a-zeins, B-zein, y-zeins and 8-zeins

Zein

44-79
36

8-12
6-7

Corn

Rice

10-prolamins, 13-prolamins 16-prolamins

Prolamin

Minority cereals

Redant, Buggenho, Brijs, & Delcour (2017)

HMW-secalins, y-secalins, w-secalins

Secalin

17-19
50-80
4-15

8-11.3

Rye

Huang, Dai, Zhong, Xiao, McClemens, & Hu, 2017); Yu et al. (2017)
Natecz, Dziuba, and Szerszunowicz (2017); Zhao et al., (2017)

B-hordeins, C-hordeins, D-hordeins, and y-hordeins
I-avenin, II-avenin, IlI-avenin, IV-avenin, and V-

avenin

Hordein
Avenin

11.6-15.1
15-20

Barley
Oats

Liu, Li, et al, 2017, Liu, Ma, et al, 2017, Liu, Zhu, et al. (2017), Liu, Lamont, et al. (2017), Chaudhary
et al. (2018)

a-kafirin, B-kafirin, and y-kafirin

Kafirin

70-80

10-12

Sorghum
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Sharma & Wardhan, 2017), followed by sorghum, rye, and barley with
lesser demand (Louie, 2017). The most common uses of these cereals
are in the preparation of various processed foods, either artisanal or
industrial. In several countries of the world, the use of cereal grains
comprises the basis for the preparation of various foods (Diao, 2017),
but in developed countries, cultivated cereals have been used for bio-
technological use as alternative sources of biofuels (Ghosh, Chowdhury,
& Bhattacharya, 2017). During the processing of cereals, a large amount
of waste is generated that is poorly valued, being the sources of various
natural polymers such as lipids, carbohydrates, and proteins (Dhillon,
Kaur, Oberoi, Spier, & Brar, 2017; Nuez Ortin & Yu, 2009; Shewry,
2007).

In this context, cereal by-products are in the spotlight of many in-
vestigations, such as Gluten Meal (GM) and Distillers Dried Grain with
Solubles (DDGS) (Nuez Ortin & Yu, 2009). Among the main uses of
cereal by-products is the implementation of balanced feed for animals,
due to their high protein content. The protein content of cereal grains
ranges from 5.8 to 15% (Shewry, 2007), while the content of protein in
cereal by-products ranges from 30 to 85%, due to a reduction of the
grain mass attributed at a reduction in carbohydrates, that get used
during alcoholic fermentation (Zhou et al., 2015).

In general, cereals contain various proteins and are classified based
on their solubility, such as albumins that are soluble in aqueous solu-
tions, globulins soluble in salts, glutenins soluble in alkaline solutions,
and prolamins soluble in alcoholic solutions (Shewry, 2002). Albumins
and globulins are stored in the germ of the grain and are considered the
proteins with the highest nutritional balance, because they contain
essential amino acids and are mainly rich in lysine (Guerrieri &
Cavaletto, 2018). Prolamins, also called reserve proteins, are found in
the endosperm of the grain and are from the nutritional point of view,
the poorer proteins, because they lack essential amino acids and are
rich in non-essentials (Larkins, Wu, Song, & Messing, 2017). Proteins of
the prolamin type are found in the main cereals (corn, wheat, sorghum
and barley) and constitute around 80% of the total protein. Prolamin
functionalization is required and these are extracted from the by-pro-
ducts of cereals, becoming the center of attention in different areas of
knowledge (Landriscina et al., 2017).

Prolamins present different names depending on the type of cereal
from which are extracted. In wheat, the prolamins that make up gluten
are gliadins and glutenins (Nuttall et al., 2017), in corn these are zeins,
in sorghum are kafirins (Giteru, Oey, Ali, Johnson, & Fang, 2017;
Luecha & Kokini, 2016) and barley they are denominated hordein
(Houde, Khodaei, Benkerroum, & Karboune, 2018). Currently, some
applications of prolamins include research, such as obtained the
bioactive peptides, that are termed hydrolysates (Hayes & Bleakley,
2018; Orona-Tamayo, Valverde, & Paredes-Lépez, 2018), and their
more recent use in nanotechnology takes place in the obtention of
polymer matrices for the protection and/or vehicle of many molecules
that are labile to environmental conditions in the areas of food, agri-
culture, and medicine (Peng et al., 2017; Sun, Xu, Mao, Wang, Yang, &
Gao, 2017; Xiao, Lu, & Huang, 2017). Micro- and nanotechnology are
defined as branchs of the science that studies phenomena at micro- and
nanoscale level (Bhushan, 2017; Joye, 2018). In geometry, materials
that have been studied in micro- nanotechnology from prolamins in-
clude micro-/nanoparticles and micro-/nanofibers.

Therefore, the objective of this review was to present the most re-
cent applications of prolamins in nanotechnology and to study the
prolamins obtained from cereal by-products as in wheat, corn, and
sorghum generated in agro-industry.

2. Prolamins in cereals: overview

Wheat and corn are considered in the first three places of produc-
tion worldwide, along with rice (Furtak, Gawryjotek, Gajda, & Galazka,
2017; Han et al., 2017), where the former two are considered to have a
prolamin content that makes around 80% of the total protein, whereas
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Fig. 1. Location of endosperm in cereal grains to obtain prolamins.

rice contains a less than 10% (Liu, Shao et al., 2018, Liu, Zhang et al.,
2018, Liu, Chen et al., 2018). Although sorghum and barley are not
considered among the main cereals, there is an increasing number of
investigations being conducted on it (de Morais Cardoso, Pinheiro,
Martino, & Pinheiro-Sant'Ana, 2017), in addition to the fact that it
contains a similar percentage of prolamins as those of wheat and corn
(Raza et al., 2017). Table 1 shows the percentage of prolamins found in
different cereals, with wheat, corn, sorghum, and barley with the
highest prolamin content.

The etymology of the term prolamin is due to that these proteins
contain a large amount of proline and glutamine amino acids
(Hernandez-Espinosa, Reyes-Reyes, Gonzalez-Jiménez, Nuiez-Bretén,
& Cooper-Bribiesca, 2015) and are considered the largest storage pro-
teins of cereal grains such as wheat, corn, and sorghum and are mostly
synthesized during the development of the seed in the endoplasmic
reticulum (Pedrazzini, Mainieri, Marrano, & Vitale, 2016) accumulating
in vesicles surrounded by membranes called protein bodies in the grain
endosperm (Fig. 1). After germination, they are degraded to serve as
nitrogen sources in order to sustain the growth of the shoot and the
immediate growth of the seedling at early ages after germination
(Pedrazzini & Vitale, 2018).

Prolamins are heterogeneous polypeptides with molecular masses
ranging from 10 to greater than 100 kD, depending on the type of cereal
(Bunce, White, & Shewry, 1985; Koga et al., 2017). Prolamins can be
differentiated into monomers and polymers. The gliadin from wheat is
considered as monomeric and glutenin as polymeric (Wang et al.,
2014), while corn zein, sorghum kafirin and barley hordein are poly-
meric and monomeric-type prolamins (Elkonin, Italyanskaya, Panin, &
Selivanov, 2017; Izydorczyk & Edney, 2017). Prolamins have different
groups based on their mobility in polyacrylamide gels. The generalities
of the prolamins of wheat, corn, and sorghum are mentioned later.

2.1. Prolamins in wheat

Wheat-grain prolamins are storage proteins found in the endosperm
and are soluble in hydroalcoholic solutions (Fig. 1). They are divided
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into two types, gliadins and glutenins, both forming wheat gluten,
which is a complex protein network that plays a key role in determining
the rheology of dough (Biesiekierski, 2017). The covalent structure that
makes up gluten is due to non-covalent interactions such as hydrogen
bonds, ionic bonds, and hydrophobic interactions, in addition to dis-
ulfide-type covalent bonds, although the latter in a smaller proportion
around 2% are due to the small amount of cysteine (Gao et al., 2018;
Zhou et al., 2014). The disulfide bonds of gluten are of utmost im-
portance for the aggregation of the protein, producing materials with
unique characteristics (Tapia-Hernandez, Rodriguez-Felix, Juarez-
Onofre et al., 2018, Tapia-Hernandez, Rodriguez-Félix,
Plascencia-Jatomea et al., 2018). The characteristics of wheat gluten
will be furnished by the set of individual properties exerted by gliadins
(viscous part) and glutenins (elastic part).

Gliadins are monomeric proteins that have molecular weights ran-
ging from 3-8 x 10* Da and are classified as o+ B-, w-, and y-gliadins
depending on their molecular weight and amino acid composition
(Urade, Sato, & Sugiyama, 2017; Wang, Zou, Liu, Gu, & Yang, 2018).
Gliadins contain intrachain disulfide bridges that confer the viscous
property to the wheat gluten (Ooms et al., 2018). The functionality of
gliadins is based on the percentage of their amino acid content, since it
varies depending on the group: w-gliadin contains a percentage of
amino-acid glutamine of between 44 and 56%, while that of proline is
20 and 26%; o + B-gliadin has 37% glutamine and 16% proline, while y-
gliadin has 35% glutamine and 17% proline (Kumar, Kumar, Pandey, &
Chauhan, 2017).

Glutenins are polymeric proteins with a molecular weight ranging
from 10°-10” Da (Wang, Zou, et al., 2018), being the largest proteins in
nature and containing two types of subunits: Low Molecular Weight
(LMW-GS) and High Molecular Weight Glutenin Subunits (HMW-GS)
(De Santis et al., 2017; Gao et al., 2018). Glutenins, unlike gliadins,
contain intra- and interchain disulfide bonds, resulting in a more rigid
and compact structure, and in gluten elasticity (Ooms et al., 2018). The
amino acids that make up the LMW-GS glutenin subunits are 38%
glutamine and 13% proline, while HMW-GS contain 36% glutamine
and 11% proline (Kumar et al., 2017). Unlike gliadins, glutenins are
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soluble in acidic solutions such as acetic acid.

The molecular interaction between gliadins and glutenin proposed
by Wieser (2007) suggests that these two proteins are in gluten based
on thiol groups present in cysteines forming disulfide bonds. The model
indicates that the cross-linking between HMW and LMW fractions is due
to a disulfide bond, where the binding occurs in a cysteine in the B
domain of HMW-GS and a cysteine residue in the C domain of LMW-GS.
On the other hand, a- and y-gliadins are also covalently bound to LMW-
GS by disulfide bonds, forming a strong interaction between all of the
subunits that form gluten.

2.2. Prolamins in corn

Prolamins of corn are storage proteins of the grain endosperm y
soluble in 70% ethanol (insoluble in water), and contain 55% of hy-
drophobic amino acids (Ni, Duquette, & Dumont, 2017; Liang,
Chalamaiah, Ren, Ma, & Wu, 2018). Within the endosperm, they are
found in clusters called protein bodies that are uniformly distributed
throughout the cytoplasm and around the starch granules. Zein was
identified in 1987 concerning its solubility in aqueous alcohol solutions
and considered a protein with several groups based on its migration in
electrophoresis and differentiated by its containing different molecular
weights, solubilities, and charges; the first groups found were those of
a-zein, PB-zein, y-zein, and 8-zein (Fig. 1) (Shukla & Cheryan, 2001;
Tapia-Herndndez, Rodriguez-Félix, & Katouzian, 2017). The main
amino acids are 10% for proline, 21-26% for glutamine, and 20% for
leucine, and the balance of dietary nitrogen being negative due to the
absence of lysine and tryptophan (Shukla & Cheryan, 2001).

a-Zein is considered the fraction of zein with greatest presence,
soluble in 95% ethanol, representing 75-85% of total zein in the corn
grain, depending on variety and culture conditions, and molecular
weights are 19 and 22 kD (Tapia-Hernandez, Rodriguez-Felix, Juarez-
Onofre et al., 2018, Tapia-Hernandez, Rodriguez-Félix,
Plascencia-Jatomea et al., 2018; Wang, Gotoh, Wang, Kouyama, &
Wang, 2017). (-Zein represents 10-15% of total zein, soluble in
30-85% ethanol, and with a molecular weight of 14 kD (Ni & Dumont,
2017; Yin, Wang, Liu, & Yao, 2017). y-Zein represents less that 10%, is
soluble from 0 to 80% (v/v) in 2-propanol, with a reducing agent and
molecular weights of 16, 27, and 50 kD (Ni & Dumont, 2017; Tapia-
Hernéndez, Rodriguez-Felix,  Judrez-Onofre et al., 2018,
Tapia-Herndndez, Rodriguez-Félix, Plascencia-Jatomea et al., 2018).
Finally, 8-zein represents 1-5% (Larkins et al., 2017) of total zein, its
solubility is similar to that of a-zein, and its molecular weights range
between 10 and 18 kD (Tapia-Hernandez, Rodriguez-Felix, Juarez-
Onofre et al., 2018, Tapia-Hernandez, Rodriguez-Félix,
Plascencia-Jatomea et al., 2018).

Applications of a-zein at the industrial level are based on the study
of molecular models that have been proposed to aid in understanding
the formation of systems in nanotechnology. The most representative
model comprises elongated rectangular prisms with three dimensions
including 16, 4.6, and 1.2nm based on X-ray scattering. The helical
units of the tandem model are linearly stacked glutamine spins stabi-
lized by intramolecular hydrogen bonds. Glutamines on the surface
provide regions with hydrophilic character, while on the other surfaces
the hydrophobic character prevails; therefore, this great hydrophobicity
promotes the aggregation of zeins in 70% ethanol (Luo & Wang, 2014).

2.3. Prolamins in sorghum

Prolamins of sorghum grain, called kafirins, are storage proteins
soluble in alcohol and are found in the grain endosperm (Fig. 1) (Xiao,
Chen, & Huang, 2017). Kafirins are found in protein bodies, as well as
in zein in corn (Elhassan, Emmambux, & Taylor, 2017). Kafirins re-
present 70-80% of the total endosperm protein and are classified based
on their solubility, molecular weight, and structure in a-kafirin, (-ka-
firin, and y-kafirin (Grootboom et al., 2014). The molecular weights of
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the three fractions are a-kafirin of 23 and 25 kD, -kafirin of 20, 18,
and 16 kD, and y-kafirin of 28 kD. a-Kafirin is located within the body
proteins, while B-kafirin and y-kafirin are located within and on the
surface (Sullivan, Pangloli, & Dia, 2018). During the development of the
grain, the kafirins are synthesized in the rough endoplasmic reticulum,
where they are added to and bound to the membrane by means of body
proteins (Bean & loerger, 2014). The most abundant amino acids in
kafirin are proline and glutamine, with 30% of the total amino acids of
kafirin (Belton, Delgadillo, Halford, & Shewry, 2006).

a-Kafirin comprises approximately 80-84% of the total fraction in
vitreous endosperm and 66-71% in opaque endosperm with two bands
by SDS-PAGE with molecular weights of 23 and 25 kD (Belton et al.,
2006). a-Kafirin can be found in the form of monomers, dimers, or
polymers. B-Kafirin represents approximately 7-8% of total kafirins in
the vitreous endosperm and 10-13% in the opaque endosperm. -Ka-
firin can be in monomer form by means of intrachain links and as
polymer intra- and interchain linkages. y-Kafirin, in addition to pos-
sessing the characteristic band at 28 kD, is mentioned as having another
band associated with this subunit at 45 kD, referring to possible dimers
(Espinosa-Ramirez & Serna-Saldivar, 2016). The concentration of y-
kafirin ranges from 9 to 12% in vitreous endosperm and from 19 to 21%
in the opaque endosperm of total kafirins. Additionally, it can present in
the form of oligomers and polymers (Belton et al., 2006). Also, kafirin
possesses more hydrophobicity than zein, which makes it attractive for
coating materials, being solubilized at a high pH with ionized amino
and carboxyl groups (Lal, Tanna, Kale, & Mhaske, 2017). The secondary
structure of kafirin is provided by 49% a-helix, 27% B-turn, and 24% [3-
sheet, respectively (Xiao et al., 2014). The structural model of a-kafirin
is similar to that proposed for a-zein, where cylinders are formed from
antiparallel helices; these cylinders are joined to other adjacent cylin-
ders from the glutamine residues that are at the ends by hydrogen
bonds and that form protein bodies (Raza et al., 2017).

2.4. Prolamins in barley

Barley is considered the fourth most important crop worldwide and
more than 60% is produced in Europe (Connolly, Piggott, & FitzGerald,
2013). Barley prolamins are the main storage protein in the grain, and
major protein in barley by-product (Bamdad, Wu, & Chen, 2011; Gupta,
Abu-Ghannam, & Gallaghar, 2010). The barley prolamins, are called
hordeins and constitute approximately 50-80% of total grain proteins
(Huang, Kanerva, Salovaara, & Sontag-Strohm, 2016). Hordein is clas-
sified in base to their electrophoretic mobility and amino acid compo-
sition (Uddin, Nielsen, & Vincze, 2014). Four sub-units are identified, B-
hordein of 35-46 kD, C-hordein of 55-75 kD, y-hordein of < 20 kD and
D-hordeins of > 100 kD (Qi, Zhang, & Zhou, 2006; Tanner, Colgrave,
Blundell, Howitt, & Bacic, 2019).

B-hordein consists in the major fraction of hordein (70-80%) and
are sulfur-rich. C-hordein it is the second most important fraction
(10-20%) and are sulfur-poor. D-hordein considered a protein with
high molecular weight (HMW) and y -hordein (1%-5%) with the
smallest polypeptides (Guan, Li, Liu, & Li, 2018; Wang, Tian, & Chen,
2011). The amino acid sequence of B-hordein is composed of 5 dis-
tinguished domains, including a non-repetitive N-terminal, a repetitive
domain, a non-repetitive domain containing 5 cysteine residues, a re-
gion high in glutamine residues and a C-terminal (Yang, Huang, Zeng, &
Chen, 2015). Some B-hordeins and all C-hordein are found as mono-
mers, also other abundant B-hordein and D-hordeins are linked by in-
terchain disulfide bridges. y-hordeins are monomers with intrachain
disulfide bonds, but some polymeric types may also occur (Celus, Brijs,
& Delcour, 2006). On the other hand, hordein structure has excellent
surface functional properties, such as foaming and encapsulating (Wang
et al., 2011; Yalcin, Celik, & ibanoglu, 2008).

The differences among the prolamins of wheat (glutenins and glia-
dins), corn (zeins), sorghum (kafirins) and barley (hordein) are evident
mainly in physicochemical properties such as solubility, molecular
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weight, disulfide bonds, and the content of amino acids of proline and
glutamine, these exerting an impact on the conformational structure,
but all being beneficial for the study and obtaining of diverse materials.
Therefore, searching alternative sources for the extraction of these
prolamins, such as cereals by-products, is necessary.

3. Sources of prolamins in cereals by-products

At present, researchers in the area of materials focus on using waste
material from agro-industry for obtaining natural polymers (Janissen, &
, Huynh, 2018; Khedkar & Singh, 2018; Mishra, Zamare, & Manikanta,
2018). Agro-industry waste material is defined as waste generated
during the harvest, transfer, processing, or storage of agricultural crops
(Yusuf, 2017). These materials, when given an added value, become a
by-product synergy that is defined as the waste-production form of a
primary process that serves as useful input in another secondary process
(Lee & Tongarlak, 2017).

Obtaining prolamins can be performed in two ways; from a primary
process that includes agricultural crops, or from a secondary process,
which includes agro-industrial waste deriving from the processing of
cereals as by-products (Wesotowska-Trojanowska et al., 2017). The
source of prolamins from cereal by-products is undergoing a greater
boom, especially of cereal by-products such as wheat, corn, sorghum
and barley where new extraction processes are being investigated, with
higher yields and diverse applications (Santos et al., 2017; Trujillo,
Bruni, & Chilibroste, 2017). Cereal by-products are classified based on
their process of obtaining wet-milling and dry-milling (Chen, Somavat,
Singh, & de Mejia, 2017). Wet-milling is industrially applied in cereals,
where the fractionation process included: grain handling, steeping, se-
paration and recovery of germ, fiber, proteins and starch (Wronkowska,
2016), and dry-milling in corn ethanol plant, the ethanol is produced
from starch constituent, then liquefaction saccharification and fer-
mentation process (Yu et al., 2019). The difference between both types
of milling is the amount of water used in each of them. Dry milling
occupies very little water compared to wet milling. Wet-milling has
Gluten Meal (GM) as its principal by-product, while that of dry-milling
is Distillers Dried Grain with Solubles (DDGS) (Rosentrater & Verbeek,
2017), (Table 2). Other cereal by-product the importance is Brewers'
Spent Grain (BSG) of the brewing process (Barrozo, Borel, Lira, &
Ataide, 2019). These by-products can be obtained from the industries of
foods, beverages, and from the ethanol-production industry (Stock,
Lewis, Klopfenstein, & Milton, 2000; Barrozo, Borel, Lira, & Ataide,
2019).

3.1. By-products obtained from wet-milling: gluten meal

GM is considered the main by-product of the wet- milling of the
cereal industry for obtaining flours (Fig. 2) (Cook, Mallee, & Shulman,
1993; Li, Han, & Chen, 2008). GM has been investigated for obtaining
proteins of the prolamin type, considered the majority fraction of this
by-product. Proteins of GM are investigated in terms of their energy
contribution for animals of fattening, such as beef cows (Geppert,
Meyer, Perry, & Gunn, 2017) and as balanced feed for fish (Gerile &

Table 2

Trends in Food Science & Technology 90 (2019) 111-132

Ethanol and
Starch industry biothanol industry
‘Wet -milling illi

!

Steeping

Germ

separation <+ First Milling

!

Fiber

§ 4—1 Second Milling Solid
separation \ separaration
relie Starch-protein it
o o Sthanol:
primary product SEHREDN primary product
WGM l l WDDGS
SGM i _ SDDGS

Fig. 2. Primary processes for obtaining GM and DDGS by-products.

Pirhonen, 2017). Current use of GM is the obtained prolamins for ap-
plications in materials science and nanotechnology (Shi & Dumont,
2014). The most studied cereals for obtaining GM including wheat
(Wheat Gluten Meal, WGM), corn (Corn Gluten Meal, CGM), and sor-
ghum (Sorghum Gluten Meal, SGM), which vary in protein content and
prolamin type, as well as in the process of extraction.

3.1.1. Gluten meal from wheat, corn and sorghum cereal

WGM, CGM, and SGM are considered by-products of the starch in-
dustry. They are produced in large quantities worldwide and are con-
sidered a significant source of dietary protein (Kong, Zhou, & Hua,
2008). WGM is considered a potential functional ingredient in the form
of soluble protein hydrolysates, due to its natural origin, availability,
low cost, and health-related benefits (Elmalimadi et al., 2017; Qin et al.,
2017). The main proteins of WGM are gliadins and glutenins (Liu, Zhu,
Guo, Peng, & Zhou, 2017). The protein content of WGM ranges from 72-
83% to 75-85%, according to authors in the literature (Fang et al.,
2017; Zhang, Li, Li, Ma, & Zhang, 2018); this value is the same for the
amount of gliadin and of glutenins. The protein content of CGM is
60-71% and the principal protein is zein, with 68% (Jiang, Zhang, Lin,
& Cheng, 2018; Jin et al., 2015). SGM contains a lower percentage of
total protein than WGM and CGM, with 35.33-46.51% and pro-
lamin > 92.8%, (Espinosa-Ramirez, Garza-Guajardo, Pérez-Carrillo, &
Serna-Saldivar, 2017).

Ortolan and Steel (2017) developed a methodology to obtain WGM
from the milling of wheat flour. The process is based on two steps:
obtaining the wheat flour, followed by separating the gluten from the
starch. First, the wheat grains were ground to separate the main com-
ponents and to obtain wheat flour (starch + protein) as a result. After
this, the flour was mixed with water for form a uniform dough. The
dough was washed constantly with water for separate the starch and to
obtain the gluten-rich fraction. Finally, this is dried and milled to obtain
WGM.

Protein composition and content of prolamins in two type of cereal by-products: GM and DDGS.

Cereal by-product Industry Obtaining process

Total protein content (%) Prolamins (%) Reference

Wet- milling

WGM Production of wheat starch Wheat wet-milling
CGM Production of corn starch Corn wet-milling
SGM Production of sorghum starch Sorghum wet-milling
Dry- milling

WDDGS Ethanol pro-duction dry-grind distillation
CDDGS Ethanol pro-duction Fermentation
SDDGS Ethanol pro-duction Fermentation

70-85 75-85 Fang et al. (2017)

60-71 68 Jin et al. (2015)

35.33-46.51 > 92.8 Espinosa-Ramirez et al. (2017)
28-38 75 Chatzifragkou et al. (2016)

30 12 Gupta et al. (2016)

35.5 42.32-98.94 Wang et al. (2009).
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Fig. 3. General procedures for obtaining prolamins from GM and DDGS by-products.

Manochio, Andrade, Rodriguez, and Moraes (2017) proposed a
methodology for CGM. The process during which CGM is obtained is
through wet-milling (Fig. 2). Once these arrive at the processing plant,
they are cleaned of impurities and placed in tanks to be soaked in water
and diluted sulfuric acid during 24-36 hat 52 °C. This latter soaking
serves to carry out a first separation of the components of the grain,
which are the starch, the oil, the gluten, and the fiber. The oil is used for
the production of edible corn oil, which is sold to the oil industry, and
the fiber is used as animal feed. The starch is separated from the gluten,
obtaining CGM. The starch is fermented, distilled, and dehydrated, and
the solid residues are removed to obtain the ethanol.

Espinosa-Ramirez et al. (2017) implemented a methodology to ob-
tain SGM by means of the wet- milling process (Fig. 2). First, these
authors performed a grinding of the grains (decortication) in order to
soak them in water and sodium metabisulfite for 48 h. Then the grain
was ground finely at different speeds. Once the flour was obtained, the
fractions of fiber and germ were removed by sieving and washing. The
starch was recovered from the solid that passed through the sieve. The
remaining solids were separated by peristaltic pump, decanted, and
centrifuged, and the precipitate was dried to obtain SGM.

3.2. By-products obtaining through dry-milling: Distillers Dried Grain with
soluble

Ethanol production worldwide was 88 billion liters in 2013. In the
U.S. in 2015, it was over 15 million gallons and it is projected to in-
crease over the next few years (Bhadra, Rosentrater, &
Muthukumarappan, 2017; Chatzifragkou et al., 2015). DDGS is con-
sidered a by-product of the ethanol industry, with high protein content
and a low cost (Biancaniello, Wang, Misra, & Mohanty, 2018). The
process in which DDGS is obtained is during the dry-grinding of
ethanol-production process (Fig. 2) (Etienne, Trujillo-Barrera, &
Hoffman, 2017). The U.S. is the principal generator of DDGS, with
about 40.23 million tons of DDGS in 2015, exporting 13.84 million tons
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representing 82.8% of total world exports, where China and Mexico are
the main importers, with 41.5 and 10.4%, respectively (DeOliveira,
Brooks, & Nogueira, 2017). The protein content in DDGS is 28-37%
(Brancoli, Ferreira, Bolton, & Taherzadeh, 2018; Reddy, Lakshmi, Raju,
Kishore, & Anil, 2017). Other important components of DDGS are non-
starch polysaccharides such as fiber, containing a high percentage of
arabinoxylans and 11.4% of hemicellulose (Abudabos, Al-Atiyat,
Stanley, Aljassim, & Albatshan, 2017). The main crops that contribute
to producing DDGS are wheat (WDDGS), corn (CDDGS), and sorghum
(SDDGS).

3.3. Distillers Dried Grain with soluble from wheat, corn and sorghum
cereals

WDDGS, CDDGS, and SDDGS are the principal cereals that con-
tribute to the production of DDGS. The grains of wheat and corn used in
ethanol plants for human consumption, are the main source of raw
materials, while in biofuel-production plants, they are used as starting
materials, in both cases producing WDDGS and CDDGS. WDDGS is
composed of polysaccharides, such as cellulose and hemicellulose, and
also oils and protein (Villegas-Torres, Ward, & Lye, 2015). WDDGS
contains about 28-38% protein with a prolamin content of about 75%,
corresponding to gliadins and glutenins (Chatzifragkou et al., 2016). In
WDDGS, the major protein content is for glutenins with 42%, while the
second is gliadins with 33% (Chatzifragkou et al., 2016). Protein con-
tent in CDDGS is similar to that of WDDGS, with around 30%; however,
the content of prolamins (zein) is lower with 12% (Gupta, Wilson, &
Vadlani, 2016). Adedeji et al. (2017) reported in SDDGS a protein
concentration of 28.7-32.9%. However, Wang, Tilley, Bean, Sun, and
Wang (2009) reported in SDDGS a 35.5% protein concentration with
42.32-98.94% corresponding to prolamins. Obtaining DDGS from the
ethanol industry is reported for WDDGS, CDDGS, and SDDGS.

Joelsson, Galbe, and Wallberg (2014) obtained WDDGS from the
process of obtaining ethanol. The general processes to obtain WDDGS
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include liquefaction, SSF (Simultaneous Saccharification and Fermen-
tation), distillation, separation of solids, and drying (Fig. 3). During
liquefaction, the wheat grains were mixed with fresh water to obtain a
mash that was preheated at 60 °C, amylase was added, and the process
was carried out at 90 °C. The mixture was cooled (37 °C) and water was
added to a temperature of 32°C. The enzymes were added in a fer-
menter and SSF was carried out at 32 °C, at which the best yield was
obtained. SSF was heated to 91 °C and distilled in a distillation column,
and ethanol was obtained. Finally, the solids were separated from the
remaining liquid, dried at a temperature of 150 °C, and WDDGS was
obtained.

Ou, Brown, Thilakaratne, Hu, and Brown (2014) obtained CDDGS as
a by-product of an ethanol plant that employs dry- milled corn. The
main processes are depicted in Fig. 3. First the corn is received and
cleaned, and then it is introduced into a hammer mill to reduce the size
of the grain. Afterward, oligosaccharides are obtained from the starch
with water, ammonia, lime, and enzymes at 88 °C. The next step is to
convert the oligosaccharides into glucose at 61 °C in order for the glu-
cose is then fermented in ethanol and CO, with yeast. After fermenta-
tion, the ethanol is centrifuged to obtain the residue, which is dehy-
drated and concentrated. The final result is the obtaining of CDDGS as
by-product.

Appiah-Nkansah, Zhang, Rooney, and Wang (2018) obtained
SDDGS as a by-product from the distillation of sorghum grains. The
main steps of the process comprised maceration, liquefaction, and
scarification (Fig. 3). During maceration, the authors used sorghum
flour and sorghum juice at different concentrations to form a final
concentration of 33% (w/v) mash. For homogenization of the mace-
rates, each solution was preheated at between 60 and 70 °C and the a-
amylase enzyme was added. The flasks were transferred into a shaking
bath with a temperature of 70-90 °C and shaking at 180 rpm. The flasks
were adjusted to pH 4.2 with HCL. Then the activated yeast was added
to carry out the fermentation. Fermentation lasted 72 h at 30 °C under
shaking. Afterward, the product obtained was distilled and washed with
water. Distillate and SDGS were obtained separately.

3.4. By-products obtaining through brewing industry: Brewers' spent grain

Barley is an important source of by-products generated from the
beer industry (Nigam, 2017). Different types of by-products are gen-
erated such as barley waste, malt waste, spent grain, spent yeast, trub,
conditioning bottom, filter waste and beer waste (Garcia-Garcia, Stone,
& Rahimifard, 2019). The most abundant brewing by-product is
Brewers’ spent grain (BSG) (Klimek, Wimmer, Mishra, & Kiidela, 2017;
Mussatto, Dragone, & Roberto, 2006). BSG consisting of the barley malt
residue after its separation from work products. Also, this by-product
generates around 85% of the all by-products generated (Treimo,
Aspmo, Eijsink, & Horn, 2008). Besides the barley, other cereals grain
may be in less quantity in BSG as rice, maize, wheat, rye or sorghum
depending on the type of beer being produced (Negi & Naik, 2017). The
principal proteins present are prolamin and glutelin (Rommi, Niemi,
Kemppainen, & Kruus, 2018). Prolamin represent 50% of total protein
of BSG (Connolly et al., 2018).

4. Statistics of the by-product generated and its economic
implication

The cereals processing mainly is intended to the production of
ethanol, generates large quantities of by-products in thousands of tons
and continues to increase. The cost of marketing of DDGS is estimated
to be valued at USD 10.78 billion in 2018 and is projected to reach
14.95 billion by 2023 (Research and Markets, 2018). In 2012, corn-
ethanol industry in US alone generates about 35 Tg of DDGS per year
(Gupta et al., 2016) Studies report that from 2011 to 2020, the best
producers of grain-based ethanol are USA, Canada and the EU
(Chatzifragkou et al., 2015). Estimate that the USA will reach 44
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million tonnes DDGS in 2018, whereas EU and Canada contributions
are expected to be equal to 9 and 1 million tonnes (Chatzifragkou et al.,
2015). Accordingly, crude protein content in DDGS accounts for ap-
proximately 300 g kg ~! dry matter in maize DDGS and up to 390 gkg ™!
dry matter in wheat DDGS (Bottger & Siidekum, 2018).

From the processing of cereals also generates large amounts of GM.
Like DDGS, worldwide from 2010 to 2011 feed consumption of corn
gluten meal and corn gluten feed was about 14.9 million tonnes (Heuzé
et al., 2018). The biggest consumers were the US (5.6 million tonnes),
EU (3 million tonnes), South Korea (1 million tonnes), Japan (0.94
million tonnes) and other Asian countries (1.6 million tonnes) (Heuzé
et al., 2018). The USA was the major supplier: they provided 2.1 million
t of the 3.5 million t exported worldwide. Main importers were the EU,
South Korea, Turkey, China, Japan, Israel, Egypt and Indonesia (Oil
World, 2011). USDA of US reported in September 2018 around 83,262
tonnes (NASS-USDA, 2018). Over 840,000 tons of CGM are produced in
China every year, mostly being used as feedstuff or discarded (Zhuang,
Tang, & Yuan, 2013). From CGM, zein can be recovered at the industrial
level (680 gkg ™ 1) (Jin et al., 2015).

In addition, the annual world production of beer is estimated to
around 1.8 billion hectoliters, with an average per capita consumption
of about 27 L/year (FAOSTAT, 2013). The estimated quantity of spent
grain in the beer production process is approx. 20 kg per 100 L of the
final product (fLaba, Piegza, & Kawa-Rygielska, 2017). The world pro-
duction of BSG has been estimated to be on the order of 30-40 million
tonnes per year (Farcas et al., 2015; Zuorro, lannone, & Lavecchia,
2019). This is a significant amount considering that BSG is obtained
only from the barley husks and that not all the produced barley is used
for the production of beer (Mussatto, 2014). According to Eurostat
Data, approximately 3.4 million tonnes of BSG are produced annually in
the EU (McCarthy et al., 2013) and 2 million tonnes of which are
produced in Germany alone (Lynch, Steffen, & Arendt, 2016). Currently
the majority of produced BSG is used as a low-value animal feed with a
market value of ~€35 per tonne (Lynch et al., 2016). Although rich in
polysaccharides, proteins and lignin, which can be used for industrial
exploitation, BSG is generally used as animal feed (Ravindran, Jaiswal,
Abu-Ghannam, & Jaiswal, 2018). Therefore, its valuation should be
promoting.

5. Prolamins from cereal by-products

The extraction of prolamins from GM and DDGS is conducted uti-
lizing aqueous ethanol, according to the solubility of Osborne in cereals
(Yazar, Duvarci, Tavman, & Kokini, 2017). The efficiency of obtaining
prolamins will depend on the characteristics of the process. Some stu-
dies on obtaining prolamins from GM and DDGS are depicted later and
in the main steps in Fig. 4.

5.1. Prolamin extraction from wheat by-products

Prolamins in WGM were extracted according to the AACC method
and to Osborne solubility and from of the methodology proposed by
Yazar et al. (2017). Gluten is washed with 70% ethanol to separate the
two fractions: gliadins soluble in 70% ethanol, and insoluble glutenin.
The samples were centrifuged at 1,400g for 10 min. Afterward, the
ethanol present in the supernatant containing gliadins was evaporated
for 6hat 40°C and the gliadin concentrate was lyophilized. The glu-
tenin-rich precipitate was also lyophilized. Gliadin and glutenin pow-
ders were stored at —20 °C. The identification of gliadin and glutenin
were by SDS-PAGE electrophoresis, where bands in glutenin fraction
were around 30-75 kDa for LMW-GS and 130.180 kDa for HMW-GS. In
the gliadin-rich fraction, bands 5-12kDa, 25kDa, 30-40kDa, and
55-180 kDa were shown for a-, -, y-, and w-gliadin subunits, respec-
tively.

Prolamins of WDDGS were extracted similarly at WGM using the
solubility of Osborne, where 100 mg of sample was used and from of the
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Fig. 4. Prolamins for the development of nanospheres and nanofibers.

methodology proposed by Chatzifragkou et al. (2016). For aqueous
ethanol soluble-prolamins, 70% of ethanol was employed, and for
aqueous ethanol insoluble-prolamins, 1-propanol was used with 1% (w/
v) of DTT (DiThioThreitol). In both cases, the 1:10 (w/v) ratio of solid-
liquid was utilized. Then the samples were placed in a thermomixer at
1,400 rpm at temperature of 60-70°C for 30 min. In the extracts,
characteristic bands were revealed by SDS-PAGE electrophoresis for
subunits of gliadins, LMW-GS, and HMG-GS and prolamins with re-
duced disulfide bonds. The percentage of gliadin was 33% (w/v) and
that of glutenin was 42% (w/v).

5.2. Prolamin extraction of corn by-products

Prolamins from CGM with a 60% protein content were extracted
using the methodology proposed by Tang and Zhuang (2014). The
solvets used were 1 M NaOH solution and 95% (v/v) ethanol at 45:55
ratio. The solvent was added to the CGM powder at a ratio of 1:15 (w/
v). The system was stirred for 2 h at 50 °C and centrifuged at 2,280 g for
10 min. After that, the supernatant was added to distilled water, the pH
was adjusted to 6.3, and 2% NaCl (w/v) was added at a ratio of 1:5 (v/
v) and stirred during 1hat 25°C. Finally, this was centrifuged at
2,280 g for 10 min and the precipitate was dried at 37 °C and sieved
through #100 mesh. The protein content was referred as the content of
prolamins (zein).

Prolamins from CDDGS were extracted following the methodology
proposed by Gupta et al. (2016). Firtly, 2 g of CDDGS was mixed with
20 mL of ethanol 70% (v/v) and 0.005 g of sodium sulfite and mixed for
90 min with vigorous shaking. After the mixture was filtered, it was
stored at 4 °C for 6 h, an equal volume of distilled water was added, and
this was stored at 4 °C for 12 h. A precipitate formed that is attributed to
zein. The solution was centrifuged for 20 min and the supernatant was
discarded to obtain the extracted zein. The extraction efficiency of
prolamin (zein) was 80.8%.

5.3. Prolamin extraction of sorghum by-products

Prolamins from SGM were extracted by adding proteases and
methodology proposed by Espinosa-Ramirez et al. (2017). First, SGM
was placed in contact with ethanol 70% (v/v) and sodium metabisulfite
at 65°C with a ratio of 1:5 and 1:20, respectively. Then, it was cen-
trifuged at 3,300 g for 15 min and the prolamins were sedimented. The
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pH was measured and adjusted to 6.3 with 0.1 N NaOH. All of the ex-
tractions were performed in triplicate. The extraction yield of prolamin
was greater than 92%.

Prolamins from SDDGS were extracted following the methodology
proposed by Lau et al. (2015). Firstly, five to six volumes of water at
50 °C to remove most of the water-soluble substances. The result was
dried in hot air oven at 50 °C overnight, ground with a pin mill, passed
through a 1 mm sieve, and stored at room temperature in airtight bags.
Later 100 g was agitated with three volumes of petroleum ether for
5 min and decanted to remove the lipid-containing solvent. The sample
was then incubated in a water bath for 1h with five volumes of a
mixture of 70% (w/v) ethanol, 0.35% (w/w) sodium hydroxide, and
0.5% (w/w) sodium metabisulfite at 70 °C. Then the material was
cooled to room temperature and centrifuged (3500 x g at 4 °C) and the
prolamins-rich supernatant was obtained. Finally, the concentration of
ethanol was reduced to 40% with deionized water and it was placed at
—20 °C overnight for the precipitation and collection of prolamines by
centrifugation. The prolamins were washed, lyophilized, milled and
stored at 4 °C until use.

5.4. Prolamins extraction of barley by-product

Prolamins from BSG were extracted by alkaline treatment and
methodology proposed by Connolly et al. (2013). Firstly, as pretreat-
ment, a suspension 1:20 (dw/v) was prepared with distilled water and
wet agitation for 60 s at 24000 rpm. Then, the suspension was subjected
to extraction with continuous agitation for 1 h at room temperature and
centrifuged at 2700 g for 20 minat 10 °C. Then the precipitate was
subjected to two sequential extractions with NaOH (1:20, original dw/
v) for 1hat 50°C. The two extracts were centrifuged and the pre-
cipitates mixed to perform a second extraction with gentle stirring and
addition of 1 N NaOH (1:14, original dw/v) at room temperature for
16 h. Finally, the supernatant after the centrifugation was adjusted to
pH 3.8 with 2 N HCI and gentle stirring for 15 min at room temperature
and centrifuged. The precipitated protein was resuspended with dis-
tilled water and pH 3.8 and neutralized using pH 7 with 1 N NaOH. The
prolamin-rich extract was lyophilized and stored at —20 °C until use.

In general, the obtaining of prolamins from cereal by-products can
have several applications, such as the obtaining of micro- and nan-
ometer-scale materials.
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Prolamins nanoparticles

10.9 %
Wheat

26%
Sorghum
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Cereal by-product

Prolamins nanofibers

3.7%

Fig. 5. Prolamin investigation statistics in nanotechnology from 2014 to May
2018.

6. Prolamins in micro- and nanotechnology

Micro- and nanotechnology are the understanding and control of
matter at dimensions between approximately > 1pum (micrometer
scale) and 1-100 nm (nanometer scale), where unique phenomena en-
able novel applications (Kreyling, Semmler-Behnke, & Chaudhry, 2010;
Tapia-Hernandez et al., 2015). In this context, prolamins from cereal
by-products are being investigated for conversion into various micro-
nanomaterials with applications mainly in health and food. The studies
are focused on obtaining micro- and nanomaterials with two different
morphologies from prolamins such as particle and fiber (Fig. 4). These
structures are used for the protection and release systems of drugs,
bioactive compounds, dyes, etc. Some recent studies (between the years
2014 and 2018) of prolamins nanomaterials are shown later and in
Table 3. The term prolamin micro- and nanomaterials refers to the
elaboration of micro-/nanofibers and micro-/nanoparticles from wheat,
corn, and sorghum (Fig. 5).

From 2014 to date, around 247 investigations have been published
for obtaining nanoparticles and nanofibers, of which only 2.0% corre-
sponds at materials obtained from cereal by-products. There have been
more investigations of prolamin nanoparticles from corn with 83.9%
(162 researches), followed by wheat with 10.9% (21 researches with 20
with gliadin and 1 with glutenin), leaving ample space for the in-
vestigation of nanoparticles of sorghum prolamins with 2.6% (five re-
searches) (Table 3). On the other hand, prolamin nanofibers are
polymer fibers obtained from cereal prolamins or by-products as a base.
The main cereals, as well as the principal nanofibers, are those of
wheat, corn, and sorghum (Fig. 5). Prolamin nanofibers of corn are

Trends in Food Science & Technology 90 (2019) 111-132

mostly used with 96.3% (52 researches) followed by wheat 3.7%
(gliadin, two researches) from 2014 to 2018. Glutenin, sorghum pro-
lamins, and prolamin cereal by-products did not present, to our
knowledge, nanofiber research (Table 3). Also, only 7 researches have
been reported for obtaining hordein particles (1 microparticles and 6
nanoparticles). There are no reported studies for obtaining hordein
micro- and nanofiber, so it is a window of opportunity for future re-
search.

6.1. Techniques for obtaining micro- and nanomaterials of prolamins

Micro-/nanoparticles and micro-/nanofibers from prolamins have
been obtained through different techniques such as electrospraying,
electrospinning, spray drying, nano spray drying and antisolvent pre-
cipitation. The techniques and their fundament, as well as some studies
from prolamins are mentioned below.

6.1.1. Electrospraying/electrospinning techniques

Electrospraying and electrospinning, commonly known as electro-
hydrodynamic atomization (EHDA) process, is one of the tools that is
included as a novel method for application in the field of micro- and
nanotechnology (Fig. 6) (Tapia-Hernandez et al., 2015; Bhushani,
Kurrey, & Anandharamakrishnan, 2017; Vogt, Liverani, Roether, &
Boccaccini, 2018). Advantages of the electrospraying and electrospin-
ning technique is that micro- and nanoencapsulated are obtained in one
step, low cost, the process parameters are simple to manipulate, the
synthesis can be produced at industrial level, reproducibility char-
acteristic, obtaining of lower and more uniform fiber and particles size,
higher encapsulation efficiency and is feasible for fabrication of protein
as prolamins (Zhang, Feng, & Zhang, 2018; Yilmaz et al., 2019). Unlike
electrospinning, the electrospraying technique uses diluted solutions for
particle formation. Basically, the electrospraying/electrospinning ap-
paratus is made of the following three major parts: a high-voltage
power supply, a capillary tube containing polymer solution connected
to a needle, and a collector plate (Zhu et al., 2017).

Electrospraying is a technique, which produces fine particle through
exerting electrostatic forces on conductive liquid flow that comes out
from a capillary (Esmaili et al., 2018). This technique is based in the
application of an electric field, due to which the polymeric solution jet
at the end of the needle stretches and when the electrostatic force is
sufficiently high, the solution forms a jet-cone (called Taylor-cone)
which is broken into smaller drops. When the droplet is displacing to-
wards the collector plate, the solvent is evaporated and solid particles
are deposited on the plate collector (Prabhakaran, Zamani, Felice, &
Ramakrishna, 2015; Zhang, Campagne, & Salaiin, 2019). On the other
hand, electrospinning is recognized as the most versatile, convenient,
and facile process to generate ultrathin nanofibers (Lv et al., 2018). This
technique consists is a polymer solution spinning process driven by
electrical force where involves the application of an electrical field,
induced by a high-voltage power supply, between the polymer solution
in a spinneret and a collector plate (Wang & Hsiao, 2016). Accordingly,
the solvent evaporates while the jet grows longer and thinner until it is
collected on the collector plate in the form of micro- and nanofibers
(Drosou, Krokida, & Biliaderis, 2018). Also, prolamin nanofiber mem-
branes can be obtained by electrospinning with high surface-to-volume
ratio, large porosity, controllability of nanofiber properties (chemical
composition, structure, morphology, diameter, etc.), and easiness of
functionalization (Qiao et al., 2019; Zhang, Wang, et al., 2017, Zhang,
Qiao, et al., 2017). Fig. 6a and b show the structure of electrospraying
and electrospinning equipment respectively. Several studies to obtain
micro-/nanofibers and micro-/nanoparticles from prolamines by these
methods have been reported.

Xiao, Li, et al. (2016), Xiao, Shi, et al. (2016), Xiao, Wang, et al.
(2016) reported nanofibers from sorghum prolamins (kafirin) of and
PolyCaproLactone (PCL) with mechanical properties, wettability, and
release profile. Development of the nanofibers was from the
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a) ‘ Electrospraying equipment ‘
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b) ‘ Electrospinning equipment ‘

Syringe pump

Zein-quercetin/y-CD-ICsolution

High voltage power supply

Zein-quercetin/y-CD-IC-NF

Fig. 6. Electrohydrodynamic atomization techniques for obtaining nanospheres and nanofibers from prolamins. a) electrospraying technique (Tapia-Hernandez
et al., 2017), b) electrospinning technique (Aytac, Ipek, Durgun, & Uyar, 2018).

electrospinning process. First, the primary solutions were made: 20%
(w/v) of kafirin and 10% (w/v) of PCL were dissolved in acetic acid/
dichloromethane with a ratio of 4:1 (v/v), separately. Then, different
ratios of solvents containing kafirin to PCL were obtained. The condi-
tions of the electrospinning equipment were 17.5kV, 0.8 mLh™?, and
an 8-cm distance. The results demonstrated kafirin/PCL nanofibers
from 300 to 500 nm for all treatments.

Xu et al. (2017) employed wheat prolamin (gliadin) as base mate-
rial, and these authors elaborated nanofibers to study the effect of drug
distribution in nanofibers. The technique for obtaining nanofibers was
electrospinning. First, different solutions containing different con-
centrations of gliadin between 5 and 25% (w/v) were obtained using
1,1,1,3,3,3-HexaFluoro-2-Propanol (HFIP) as solvent. Electrospinning
conditions included room temperature with 58% humidity, a voltage of
15KkV, a flow rate of 2.5mLh™!, and a collector distance of 15cm.
Ibuprofen was placed by means of a coaxial electrospray modification.
The average diameter of the nanofibers was around 500 nm; in addi-
tion, distribution of the drug in the fiber was observed to be throughout
the nanofiber and in the center, depending on the treatment.

122

Yang, Zhang, Liu, Wang, and Yu (2018) elaborated wheat prolamin
(gliadin) nanoparticles to encapsulate meletin (a flavonoid used against
diabetes). The method these authors used was that of electrospraying as
a solution containing 6% (w/v) of gliadin and 1% (w/v) of meletin with
a 50:50 mixture of trifluoroacetic acid and trifluoroethanol. Equipment
conditions were 21kV, 1mLh™!, and a 15cm distance. The results
revealed the obtaining of nanospheres, and all of the meletin was
homogeneous in the zein nanospheres Tapia-Hernandez et al. (2019)
related the parameters of the polymer solution such as viscosity, den-
sity, surface tension and equipment parameters such as, applied vol-
tage, flow rate and collector distance in the morphology and particle
size of nanoparticles from corn prolamin (zein, polymer matrix) and
gallic acid (bioactive compounds) as starting materials. The results
were that at a low concentration of gallic acid (1% (w/v), low viscosity
(0.00464 = 0.00001 Pas), low density (0.886 * 0.00002g cm ™)
and high electrical conductivity (69 * 4.3 s em™Y) promote the for-
mation of a stable Taylor-cone. In addition to high voltage (15 kV), low
speed flow (0.1 mL 1) and short distance (10 cm), spherical, compact,
and smaller diameter nanoparticles were produced.
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Sharif, Golmakani, Niakousari, Ghorani, and Lopez-Rubio (2019)
elaborated nanostructures from wheat prolamin (gliadin). They eval-
uated the parameters of the polymer solution such as concentration,
viscosity, surface tension and electrical conductivity and equipment
parameters such as applied voltage and flow rate. The results showed
that as the prolamin concentration increased from 5 to 35% (w/v), the
viscosity increased from 61.73 = 1.06 to 7880.1 * 2.16 mPas, the
surface tension from 28.03 + 0.11 to 29.73 = 0.46mN.m~! and
electrical conductivity from 19.68 + 0.16 to 119.10 *+ 0.14pscm ™.
These changes were evident in the morphology where 5% (w/v) not
show a material due to the lack of entanglement of wheat prolamin,
while at 10% (w/v) particles were obtained and 15, 20 and 25% (w/v)
fibers with beads were obtained, while at 30 and 35% (w/v) fibers were
obtained. The formation of fibers is due to the increase in molecular
entanglements that prevented the breakage of the polymer. The voltage
of 15-18 kV decreased the particle size and the flow rate had no impact
(from 1 to 0.5mLh™Y).

6.1.2. Antisolvent-precipitation technique

Antisolvent precipitation is a widely used technique for obtain
micro- and nanosuspensions and easily scaled for industrial production
(Shariare, Sharmin, Jahan, Reza, & Mohsin, 2018). Its based in a so-
lution of a hydrophobic compound (prolamins) dissolved in an organic
solvent (organic phase) is added to an aqueous solvent (aqueous phase)
containing one or more hydrophilic biopolymers which induces su-
persaturation process and thereby the driving force for nucleation,
growth processes and formation of particles (Doost, Muhammad,
Stevens, Dewettinck, & Van der Meeren, 2018; Ozkan, Franco, De
Marco, Xiao, & Capanoglu, 2019). Fig. 7 shows schematically the pro-
duction of prolamin nanoparticles by antisolvent-precipitation and
some studies are shown below.

Xiao, Wang, Gonzalez, and Huang (2016) obtained nanoparticles of
sorghum prolamin (kafirin) by antisolvent-precipitation. Firtly, the or-
ganic phase was performing from 0.4 g sorghum prolamin and dissolved
in 3 mL acetic acid to form stock solution. After the organic phase was
added drop by drop to 17 mL of aqueous phase. The acetic acid was
removed by dialysis and NaCl was added for the dispersion by ionic
strength. The results showed two populations of particle size 90 and
340 nm and AFM confirmed the formation of roughly spherical parti-
cles.

Yang, Dai, Sun, and Gao (2018) elaborated nanoparticles by anti-
solvent-precipitation of wheat prolamin (gliadin) -lecithin for the en-
capsulation of curcumin. The method was based on mixing in an or-
ganic phase of ethanol-water (70-30% v/v) with wheat prolamin,
followed by lecithin and curcumin. After, 20 mL of organic phase was
added to 100 mL of aqueous phase (distilled water) and the pH was
adjusted to 4 with 1M HCI. The suspension was centrifuged to elim-
inate aggregates or free curcumin. The results showed nanoparticles
with spherical morphology and size of 122.1 = 1.6 nm.

Ren et al. (2018) employed corn prolamin (zein) to encapsulate
felodipine (a drug for hypertension). For preparation of nanoparticles,
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different concentrations of zein were studied at alkaline pH (11.5). The
zein solutions were stirred at 800 rpm and Felodipine was added at
different concentrations. For the formation of the zein-Felodipine so-
lution, 3mL of Felodipine solution in 100 mL of zein solution was
added. Then, hydrochloric acid was added to precipitate zein and to
form the complex. Then, the suspension was stirred and passed through
a millipore membrane (0.45-um), and the samples were dried. The re-
sults demonstrated particle sizes ranging from 150 to 300 nm.
Boostani et al., 2019 reported the fabrication of barley prolamins
(hordein) nanoparticles by antisolvent precipitation method. Firtly, one
part of heat-treated or non-treated prolamin dispersions was gradually
added to three parts of deionized water within 2 min under vigorous
shaking. A turbid dispersion was immediately formed with an ethanol
content of about 18% (v/v). After, the pH was adjusted to 4 and the
solvent was evaporated in a rotary-evaporated to almost reach the
particle concentration required for the emulsification (about 1% w/v).
The final dispersion was stored at 4 °C until analysis. The results showed
that the heating reduced the particle size, from 402 to 338 nm. Also,
heat treatment might induce an increase in the hydrophobicity of in-
dividual prolamin molecules, facilitating the formation of particles by
increase in the hydrophobicity of individual prolamin molecules.

6.1.3. Spray drying/nano spray drying techniques

Spray drying and nano spray drying are mechanical techniques,
simple, fast, reproducible, and scalable drying technology (Arpagaus,
Collenberg, Riitti, Assadpour, & Jafari, 2018), which can be used to
prepare powders or submicron particles from a solution, nanoemulsion,
or nanosuspension in dry forms with high yields (Arpagaus, John,
Collenberg, & Riitti, 2017; Faheem & Haggag, 2015). Spray drying and
nano spray drying are a suitable one-step process and its defined as the
transformation of a fluid from a liquid state into a dried particulate
form by spraying the fluid into a hot drying médium (Arpagaus et al.,
2017). The dried powder form by these techniques has higher stability,
better protection from the environment as oxidation, light, and tem-
perature, easier handling and storage, and redispersibility in aqueous
solutions (Arpagaus et al., 2017). Specifically, nano spray drying is an
emerging technology recently invented by Biichi’ in 2010 and utilizes a
vibration mesh spray technology to create millions of tiny droplets that
are quickly dried by a laminar heating flow, which is designed to
provide gentle heating with inlet temperature ranging from 0°C to
120 °C (Wang, Hu, Zhou, Xue, & Luo, 2016). Fig. 8 shows the principle
of the nano spray dryer B-90 and some studies from prolamins are
discussed below.

Chang, Wang, Hu, and Luo (2017) prepared nanoparticles of corn
prolamin (zein)-caseinate-polysaccharide complex by nano spray
drying. First nanoemulsion by liquid-liquid dispersion was carried out
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Fig. 8. Nano spray drying technique for obtaining of nanospheres from prola-
mins by Nano Spray Dryer B-90 (Wang, Hu, et al., 2016).
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with adjusted pH, heating and cross-linking. Three polysaccharides
were evaluated for complexation, pectin, carboxymethyl cellulose and
gum arabic. After the nanoemulsions were subjected to a nano spray
drying equipment and the morphology was evaluated. Corn prolamin-
caseinate-pectin formed a powder with spherical and resdispersible
particles, on the other hand, corn prolamin-caseinate-carboxymethyl
cellulose formed a powder with collapsed but redispersible particles
and corn prolamin-caseinate-gum arabic formed large aggregates, col-
lapsed dust and not were redispersible. The morphology of the particle
was more attributed to the type of polysaccharide than to the corn
prolamin. The morphology of the complexation with gum arabic is
mainly due to the small molecular weight and the flexible structure of
the gum arabic that contains glycoproteins and polysaccharides.

6.2. Fabrication of micro- and nanomaterials from prolamins cereal by-
product

Currently, to our knowledge, there has been no research reporting
the use of prolamines from the by-products of cereals to obtain nano-
fibers, and only about 2% of the total researches conducted in nano-
technology employ prolamins to obtain nanospheres from cereal by-
products. However, the use of these by-products in nanotechnology
would supply added value and help to mitigate environmental pollu-
tion. Therefore, it is important to conduct research in this regard. The
few studies used sorghum prolamin, are reported below.

Lau et al. (2015) extracted sorghum prolamins (kafirin) from DDGS
and performed their functionalization by forming microspheres with
prednisolone. The extraction methodology was presented in section 5.3.
The formation of nanoparticles was from the addition of prolamins
extract in an ethanolic solution (70% v/v) with prednisolone and after
added NaCl 0.1 M. The results showed that the extraction of prolamins
was from 6 + 0.2g/100 gdb and the SEM micrographs demonstrated
the presence of spherical particles with a textured surface that were
varied in size. Similarly, Lau et al., 2017 reported the obtaining of
microspheres from sorghum prolamin extracted of DDGS for en-
capsulation of prednisolone. The loading efficiency ranged from 5.26%
to 36.92% and SEM micrographs showed spherical particles with dif-
ferent size. The surface structure of the microspheres without pre-
dnisolone was irregular and crinkled, while with prednisolone were
generally more crenated.

6.3. Applications of micro- and nanomaterials from cereal prolamins

Particles and fiber from prolamins have application in the food and
pharmaceutical industry as protection of bioactive compounds, pick-
ering emulsions stabilized, drug delivery system, antibacterial, anti-
oxidant and anticancer carrier. The different applications of prolamins
are due to their easy interaction to trap other molecules mainly of
hydrophobic type such as drugs, phenolic compounds, carotenoids,
nitrogen fertilizers (Liu, Shao, Luo, Bian, & Yu, 2018; Dehcheshmeh &
Fathi, 2019; Horuz & Belibagli, 2019; Castro-Enriquez et al., 2019).

6.3.1. Protection of bioactive compounds

Bioactive compounds are abundantly found in fruits, vegetables,
cereals, pulses, roots and other plant sources (Shishir, Xie, Sun, Zheng,
& Chen, 2018). These commonly called phytochemicals obtained from
plants are classifieds in polyphenols terpenoids, alkaloids, betalains,
nitrogen containing compounds (sinigrin, alliin), lipids (fatty acids,
triglycerides) and essential oils (Labuschagne, 2018). Bioactive com-
pounds have emerged as a health-beneficial therapeutic agent, po-
tentiating the design of novel supplements and functional food products
(bordevic et al., 2015). However, have low bioavailability and are very
susceptible to degradation by environmental factors such as photo-
sensistive and thermolabile, or body factors such as pH and enzymes
(Tapia-Hernandez, Rodriguez-Felix, Judrez-Onofre et al.,, 2018,
Tapia-Herndndez, Rodriguez-Félix, Plascencia-Jatomea et al., 2018).
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Fig. 9. Prolamins in protection of bioactive compounds. a) Process of obtaining
corn prolamin nanoparticles for co-encapsulation of a-tocopherol and resver-
atrol (Zhang, Khan, Cheng, & Liang, 2019). b) SEM micrographs of corn pro-
lamin fibers-gallic acid for protection of gallic acid (Yang, Zha, Yu, & Liu,
2013).

Therefore, nanoencapsulation in prolamin matrices could be a good
option to avoid these disadvantages. Fig. 9a show the obtain of corn
prolamin nanoparticles for co-encapsulation of a-tocopherol and re-
sveratrol and Fig. 9b show the morphology of zein and ferulic acid
nanofiber.

Cheng, Ferruzzi, and Jones (2019) mention that nanoencapsulation
of bioactive compounds in corn prolamin (zein) offer unique ad-
vantages of low ingredient cost and potentially reduced accessibility to
digestive enzymes. Also, have great potential to improve the stability
and bioaccessibility of other bioactives such as the carotenoid com-
pound lutein. Liu, Li, Yang, Xiong, and Sun (2017) developed wheat
prolamin (gliadin) nanospheres for the nanoencapsulation of proan-
thocyanidins, which are potent antioxidants and preventing chronic
diseases. These nanospheres with size of 114 nm-212 nm, decreases the
capture free radicals by donation of phenolic hydrogen atoms (anti-
oxidant activity) due to binding to protein within the particles. The in
vitro release study showed that nanoencapsulated proanthocyanidins
are more sustained release than non-encapsulated at philological pH
evaluated. Liu, Zhou, and Chen (2019) synthesized barley prolamins
(hordein)/glutelins nanospheres for the nanoencapsulation of (-car-
otene prepared using a high pressure homogenizing method. B-carotene
has numerous biological functions. The synthesis was completed by
breaking microparticles into nanoparticles by pepsin digestion. 3-hor-
dein was the major fraction stabilizing liberated nanoparticles
(200-300 nm) after pepsin digestion. Also, pressure treatment can en-
hance the intermolecular 3-sheets in (-hordein, resulting in solid in-
terfacial network that could better stabilize nanoparticles in gastric
environment than other proteins. This changes make B-hordein less
vulnerable under the enzymatic hydrolysis from pepsin, which prefers
to attack a hydrophobic or aromatic residue of protein. This is because
hordein has very low lysine (~0%) and arginine (~2.7%) content
which are the exclusive target amino acids for trypsin promoting
greater protection during digestion to 3-carotene.

6.3.2. Pickering emulsions stabilized

Emulsions have research interest in the food, dietary supplement,
pharmaceutical, and cosmetic industries, why a wide range of products
function through emulsion-based formulations (Xiao, Li, & Huang,
2015). However, emulsion can easily be destabilized, therefore strate-
gies for their stabilization must be proposed (Xiao, Li, & Huang, 2016).
Three mechanisms have been proposed to pickering emulsions stabilize:
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high internal emulsions stabilized from wheat prolamins (Hu et al., 2016).

1. either reducing interfacial tension through small molecular weight
surfactants, 2. forming steric interfacial films via water-soluble proteins
and hydrocolloids and 3. forming physical barrier through surface-ac-
tive colloidal particles (Xiao, Wang, Gonzalez, & Huang, 2016). For
food applications by using particles fabricated from food-grade proteins
polysaccharides, and polyphenols (Dai, Zhan, Wei, Sun, Mao,
McClements, & Gao, 2018). Specifically, prolamins have good proper-
ties to Pickering emulsions stabilize when are produced in the form of
nanoparticles and can be obtained from of an emulsion or double
emulsion (Xiao, Lu, et al., 2017; Zou, Guo, Yin, Wang, & Yang, 2015).
Fig. 10a shows obtaining prolamin nanoparticles with application in
Pickering emulsions stabilizer. Fig. 10b shows the obtaining of Pick-
ering emulsions stabilizer with corn prolamin/zein-propylene glycol

alginate and Fig. 10c show the stabilization mechanism of pickering
emulsions.

Prolamin nanoparticles have a number of potential advantages as
Pickering emulsion stabilizers because of their ease of preparation.
Prolamin such as zein, gliadin, and kafirin, which are by-products of the
cereal starch isolation process, are insoluble in water but soluble in
concentrated aqueous ethanol solutions (Dai et al., 2019). Liu, Huang,
Chen, Deng, and Yang (2019) report that the ease of Pickering emul-
sions stabilized by corn prolamins nanoparticles is due to the amphi-
philic character they possess, that is, around 50% of hydrobic and hy-
drophilic amino acids. However, pure prolamin nanoparticles can not
typically be utilized as particulate emulsifiers due to their unfavorable
wettability characteristics (Dai et al., 2019; Zhu, Lu, Zhu, Zhang, & Yin,
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2019). Zou, Yang, and Scholten (2019) studied the effect of Pickering
emulsions stabilized from corn prolamin and tannic acid complex na-
noparticles as a strategy to decrease the hydrophobicity of prolamin
nanoparticle.  This complex with average diameter of
67.67 = 1.57 nm at pH 3, then able to stabilize oil-water interfaces. Li
et al. (2019) mention that prolamin-polysaccharide complexes nano-
particles have pickering emulsions stabilized via strengthening the in-
terfacial architecture. They studied the effect of wheat prolamin-chit-
osan complex. The results showed that wheat prolamin—chitosan
interactions reduced the surface charges of the particles and improved
the wettability of the particles to absorb at the oil-water interface,
producing the percolating network structure against coalescence.

However, despite the many studies on prolamins such as Pickering
emulsions stabilized, still lack research on prolamins such as hordein in
Pickering emulsions stabilized, also still lack research on the addition of
other polysaccharides.

6.3.3. Drug delivery system

From prolamins, different systems (nanoparticle, electrospun mul-
tilayer nanofibers, nanodepots, and electrosprayed microspheres) have
been designed as drug release systems, mainly for oral administration
and a slower drug dosing (Fig. 11) (Liu, Zhang, Yu, D. Wu, & Li, 2018).
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Recent studies of prolamins (alone or with another polymer) for en-
capsulate drugs have been designed as drug delivery system: corn
prolamin nanoparticles with antibiotic (Franco, Reverchon, & De
Marco, 2019), corn prolamin nanofibers with triamcinolone acetonide
(Mirzaeei, Berenjian, & Khazaei, 2018), wheat prolamin nanoparticles
with follic acid and curcumin (Sonekar et al., 2016), wheat prolamin
nanofibers with ibuprofen (Xu et al., 2017). These authors, also agree
that the drug release system from prolamines promotes a better dosage
of the drug and decreases the burst effect.

Wang, Zhang, Zhu, Jiang, and Zhang (2018) designed a drug de-
livery system as therapy of inflammatory bowel disease. Encapsulated
indomethacin in corn prolamin/polydopamine with average size of
9.0 = 0.8 um. They mention that this type of microparticles with good
physical stability, especially under complex biological conditions, are
strongly desired to realice the surface-mediated interaction and con-
trollable drug release behavior. Also, Drug delivery system for dermal
application, have also been designed. Sallam and Elzoghby (2018), used
corn prolamin for the release of flutamide, a recognized drug to control
acne and androgenic alopecia that are due to excess local activity of
androgens. This dermal system improved drug penetration and locali-
zation in the skin while minimizing permeation.
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Fig. 11. Prolamins in drug delivery system. a) SEM micrographs of corn prolamin microparticles, corn prolamin-indomethacin microparticles and corn prolamin-
indomethacin-PDA microparticles and b) drug delivery system mechanism of zein-indomethacin-PDA in colon (Wang, Zhang, Zhu, Jiang, & Zhang, 2018). ¢) SEM
micrographs of wheat prolamins fibers at different concentrations of ibuprofen (1, 2 and 5%) and two eletrospinning methods (coaxial and tradicional), and d)
electrospun wheat prolamins fibers on drug-release as a function of time (Xu et al., 2017).
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Fig. 12. Prolamins as controlled release fertilizer. a) fiber membrane from wheat gluten and its evaluation at different pH (Dorame-miranda et al., 2018). b) SEM
micrograph and c) urea release from glutenin microparticles (Castro-Enriquez, 2019).

6.3.4. Controlled release fertilizer

Fertilisers are agrochemical materials added to soil to supply re-
quired nutrients for plant growth (Noruzi et al., 2016). Nowadays, the
main problematic in agriculture is the loss of fertilizers to the en-
vironment by different mechanisms producing environmental pollution
(Barreras-Urbina et al., 2018). Therefore, is important improve fertili-
zers efficacy and the use of controlled release fertilizers has been sug-
gested. Controlled release fertilizer (CRF) is a purposely designed
manure that releases fertilizing nutrients in a controlled and delayed
manner in synchrony with the sequential needs of plants for nutrients,
thus, they provide enhanced nutrient use efficiency along with en-
hanced yields (Azeem, KuShaari, Man, Basit, & Thanh, 2014). Castro-
Enriquez et al. (2012) mention that for the proposed application re-
quires a material that 100% natural, biodegradable, inexpensive and
highly available. Prolamins cereals fulfill with these characteristics.

Urea is the main fertilizer worldwide due to its low cost, however is
lost to the environment up to 90% by processes such as leaching
(Rodriguez-Félix et al., 2014). Dérame-Miranda et al. (2018) reported
the effect of pH and temperature on the release kinetics of urea release
fertilizer from fiber membrane from wheat gluten (glutenins + gliadin
prolamins). Fiber membrane (150 mg) contain urea (60.06 mg) was
placed at three pH (4, 7 and 10) and two temperatures (25 and 40 °C)
(Fig. 12a). The use of fiber membrane was in pastille form. The results
showed at pH 4 and 40 °C, highest release rate of urea was obtained. In
contrast, at pH 10 and 25 °C, the release rate of urea was the slowest.
The release system studied revealed a potential application of fiber
membranes in containing urea in soils mainly at pH 7 and two tem-
peratures. Castro-Enriquez et al. (2019) propose in their study the en-
capsulation of urea in wheat prolamins microparticles (glutenin) as
urea controlled-release system to avoid these losses to the environment.
The results demonstrate that 12% of wheat glutenin shows spherical
morphology and size of 600 nm to 3 pm with load capacity of 52.9 mg
and maximal release kinetics of urea at 12 h (Fig. 12b and c). Therefore,
this material has potential use as a controlled-release fertilizer in
agricultural.

7. Conclusions

Prolamins can be obtained from the by-products of cereals such as
wheat, corn, and sorghum. The industries that generate these by-pro-
ducts are producers starch, edible ethanol, and bioethanol. The main
by-products are derived from wet-milling, such as Gluten Meals (GM),
and from dry-milling, such as Distillers Dried Grains with Soluble
(DDGS). The advantages of obtaining these from by-products is to
provide added value and aid in mitigating environmental pollution. In
addition, the conformational structure of prolamins render them fea-
sible for producing various micro- and nanomaterials with application
in protection of bioactive compounds, pickering emulsions stabilized,
drug delivery system and controlled release fertilizer. Future prolamin
research in micro- and nanotechnology from the by-products of cereals
is necessary.
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CAPITULO Il

Identification by UPLC-DAD-MS and
antioxidant activity of phenolic compounds
from safflower (Carthamus tinctorius L.)
by-product
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Abstract

Nowadays, agro-industrial by-products are an important source of obtaining phenolic
compounds with application in reduce the prevalence of chronic degenerative diseases. The
objective of this study was to identify the phenolic compounds present in methanolic and
ethanolic extracts of leaf-stem by-product of Safflower (Carthamus tinctorius L.) by UPLC-
DAD-MS and evaluate their antioxidant capacity. The determinations for each extract were
antioxidant capacity, 1C50, total phenols and flavonoids. The highest antioxidant activity and
IC50 was for leaf methanolic extract by DPPHe and ABTSe-+ methods (9.65 amd 8.46 ug
mL1). Antioxidant activity by protective effect in human erythrocytes was stem methanolic
extract (91.86 £ 0.72 %) and stem ethanolic extract (87.55 + 0.61 %). Total phenols and
flavonoids were also higher in leaf followed by mixture and stem. The major compounds
identified and that contribute the antioxidant capacity in both extracts were two phenolic
compounds of flavonoid type (luteolin 7-O-B-D-glucoside and Quercetin-3-galactoside) and
a pigment (hydroxysafflor yellow A) in both solvents. Therefore, the agroindustrial residues
of safflower are an alternative source of obtaining antioxidant phenolic compounds being a

sustainable alternative with application in chronic degenerative diseases.

Keywords: safflower by-product, phenolic compounds, UPLC-DAD-MS, antioxidant,

protective effect on human erythrocytes,



1. INTRODUCTION

Currently the trend is to reduce global warming through novel strategies. In the area of
agriculture and food research is aimed at taking advantage of agroindustrial waste to give
them an added value, thus avoiding burning or excessive accumulation, reducing pollution
to the environment and damage to human health (Yusuf, 2017; de los Angeles Fernandez et
al., 2018). In addition, agroindustrial waste is a source of numerous compounds that can be
extracted for different applications such as food (Arun et al., 2017; Marin et al., 2018), health
(Vodnar et al, 2017; de Francisco et al., 2018) and cosmetics (Medina et al., 217; Vuong,

2017; Squillaci et al., 2018).

Safflower (Carthamus tinctorius L.) is a crop of Northwest of Mexico, that grows and
achieves high production by arid and semiarid conditions (Ulloa et al, 2011; Avila et al.,
2017). It is an attractive crop for the farmers of the region mainly to obtain edible oil from
the seed and for the obtaining of different processed foods (Buitimea-Cantta et al., 2017). In
other countries as China is used as a medicinal plant mainly flower petals and oil, (Liu et al.,
2017; Yanetal., 2017; Wang et al., 2017). In India flower pigments are used as food colorant
(Bhogaita et al. 2016). In Alemania oil of seed is used as active principle of cosmetic
formulations (Bielfeldt et al., 2017). However, in Mexico and other countries leaf and stem

are considered by-products of the oil industry (> 80% of the total plant).

Safflower research has focused on identifying bioactive compounds in flower, seed and oil,
elucidating more than 200 structures. Phenolic compounds are the majority in safflower and
are secondary metabolites found in plants, whose function is provide good development and

growth and, in turn, be a defense mechanism (Perez-Perez et al., 2018). Safflower bioactive



compounds are classified into five groups. Group 1 (pigments): carthamine, hydroxysafflor
yellow A, safflor yellow B, safflomin A, safflomin C and cartormin and derivates (Ibrahim
et al., 2016; Ohama et al., 2016; Li et al., 2017; Liao et al., 2018). Group 2 (flavonoids) as
quercetin, naringenin, kaemperol, lutein, catechins, acacetin and derivatives (Hiramatsu et
al.,, 2017; Kim et al., 2017; Yao et al., 2017). Group 3 (lignans): matairesinol and its
derivatives (Park et al., 2017; Solyomvary et al., 2017). Group 4 (phenolic acids): gallic
acid, trans-ferulic acid, chlorogenic acid, syringic acid, p-coumaric acid, Vanillic acid,
synapicm acid and Salicylic acid (Khalid et al., 2017; Namdjoyan et al., 2017). Group 5:
phenolic acids bound to serotonin (Karimkhani et al., 2016; Lazari et al., 2017; Peng et al.,

2017).

In spite of this wide range of molecules, there is no research in the literature identifying the
profile of molecules and used of safflower by-products (leaf-stem) and their relationship to
antioxidant activity and protective effect on human erythrocytes. Therefore, the present study
establishes the bases for the identification of the phenolic compounds of safflower by-product
(Carthamus tinctorius L.) by UPLC-DAD-MS and their relation with the antioxidant

activity.



2. MATERIALS AND METHODS

Plant Material

Safflower (Carthamus Tintorious L.) by-product was used for the present investigation. The
by-product consists in leaf-stem mixture (Aprox. 1:3 w/w) after the process of obtaining oil
from the seed. The sample was collected at 150 days of growth in the northwest region of
Mexico in 2018. The location was Ejido San Miguel of Horcasitas, Hermosillo, Sonora,

Mexico with coordinates: 29° 29' 00" N 110° 45' 00" W.

Chemicals

2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,2-
Diphenyl-1-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox), 2,2’-azobis (2-amidinopropane) dihydrochloride (AAPH), Folin ciocalteu's
phenol 2 N, Quercetin, Gallic Acid and all HPLC grade standars were from Sigma-Aldrich
(St. Louis, MO, United States). All other chemicals and solvents were of the highest

commercial grade.

Preparation of Raw Material

Samples of dry safflower were cleaned to remove weeds from crops zone. Then seeds,
flowers, and damaged parts were removed. The by-product of safflower was divided into
three samples as leaf, stem and leaf-stem mixture (1:3 w/w). The samples obtained were
reduced in particle size in a mill (Krups Gris mark model GX410011). Then they were placed
in a sieveof mesh #40 (Newark mark, model TS8323S77) for obtaing uniform particles (425

um). The samples were collected in airtight bags and stored at -20 °C until its use.



Extraction

Methodology described by Morales-Del Rio et al. (2015) was followed. Methanol and
ethanol were evaluated as extraction solvents. Firstly, 3 g of each sample were weighed on
an OHAUS Pioneer analytical balance and 20 mL of solvents were added. The sample were
mixed for 1 min at 25 °C ina VWR Vortex 2, G-560. Then they were sonicated for 15 minutes
(Branson sonicator, M3800H, frequency of 40 kHz). Finally, thye were centrifuged at 7000
rpm, 4 °C for 15 min (Eppendorf centrifuge 5804 R). The supernatants were obtained and
filtered on Whatman #4 paper. Extractions were made by triplicate. The supernatants were
evaporated to dryness using a rotavapor (Heidolph Rotava- por, 4003 VAC Senso T) at 45—
50 °C. The dry extracts were weighed to obtain the yield of the extracts. Later, all samples
were adjusted to a final concentration of 0.4 mg/mL using methanol and ethanol respectively

to determine all the assays.
Quantifiction of Total Phenols

Folin-Ciocalteu technique was used according to del Pilar Garcia-Mendoza et al., (2017) with
some modifications. The determination was performing for methanolic and ethanolic extract.
Firstly, 10 uL of extract and 25 pL of Folin 1 N solution were added in a 96-well microplate.
Then, the samples were reposed during 5 minutes at 25 °C in dark. Subsequently, 25 uL of
20% Na2COs and 140 pL of distilled water were added. These samples were incubated for
30 minutes in the dark. The absorbance was measured at 760 nm using a microplate reader
(Multiskan GO, Thermo Scientific, Waltham, MA, USA). Measurements were made by
triplicate. A standard curve of gallic acid (0.02-2 mg mL*) was otained and the results were

expressed as mg of galic acid equivalent (GAE)/g dry sample.



Quantifiction of Total Flavonoids

This colorimetric method was determined in triplicate according to Jiménez-Aguilar et al.,
(2017) with modifications. The reaction was made mixing 80 pL of extract and 80 pL of
ethanolic solution of aluminum trichloride (20 g L™). The samples were reposed 10 min in
the dark at 25 °C. The absorbance was measured at 415 nm using a microplate reader
(Multiskan GO, Thermo Scientific, Waltham, MA, USA). A standard curve was constructed
using quercetin (0.02-3 mg mL™). The results were expressed as mg of quercentin egivalent

(QE)/ g dry sample.

Radical Scavenging Capacity Using the DPPH Method
Free radical-scavenging capacity of each sample was determined using the DPPH assay as

described by Yahia et al., (2017). An aliquot of 20 uL of sample solutions were mixed with

200 puL of a free radical DPPH methanolic solution (6 x 107 mol/L). The mixture reactions
were incubated for 30 minutes in the darkness and measured at a wavelength of 515 nm using
a microplate reader (Multiskan GO, Thermo Scientific, Waltham, MA, USA) against controls
prepared with each solvent (methanol or ethanol). Standar curve Trolox from 0.005 to 1 mg
mL? was obtained and results were reported as pmol of Trolox equivalents (TE)/g dry

sample, % inhibition (Eq. 1), and by inhibitory concentration at 50 % (ICxso).

o absorbance control - absorbance sample
% inhibition = ~bsorbance control x 100 (Eq. 1)




ABTS Radical Scavenging Assay

The ABTS assay was performed using the procedure of Valdez-Carmona et al., (2017) with
modifications. First the radical formation (ABTS*®") was preparing from a stock solution of
ABTS (7.4 mM) and potassium persulfate (2.6 mM) in water. The solution reacted overnight
(12-16 h) at room temeperature in the dark. The ABTS*®" radical solution was diluted with
ethanol to reach an absorbance of 0.7 £ 0.02 at 734 nm using a microplate reader (Multiskan
GO, Thermo Scientific, Waltham, MA, USA). The measurements were assessed placing 270
ML of the prepared cationic radical solution and 20 pL of sample in a 96-well microplate.
The free radical scavenging activity was evaluated by measuring the aborbance at 734 nm
after 30 min. Calibration curve of Trolox from 0.005 to 1 mg mL™ was prepared and the
results were reported as pmol of Trolox equivalents (TE)/g dry simple, % inhibition (Eq. 1)

and as inhibitory concentration at 50 % (ICso).

Ferric reducing antioxidant power (FRAP) assay

The antioxidant power by reduction of the ferric ion was determined using the methodology
described by Parit et al., (2018) with modifications. FRAP reagent was formed by
assimilation of the acetate buffer (300 mmol/L, pH 3.6), 10 mM 2,4,6-tripyridyl-s- triazine
(TPTZ) in HCL (40 mM) and FeCls3,6H20 (20 mM) in 10:1:1 ratio. To determine the
antioxidant power, 20 uL of extract was added in 280 pL of working solution. The samples
were read at 638 nm in a microplate reader (Thermo Fisher Scientific Inc. Multiskan GO,
NY, USA) at 10, 20 and 30 min. A standard Trolox curve from 0.008 to 2 mg mL™? was
performed and the results were expressed as pmol of Trolox equivalents (TE)/g dry sample.

The determinations were made in triplicate.

Evaluation of the Protective Effect on Human Erythrocytes



To evaluate the protective effect on human erythrocytes, hemolysis was induced by AAPH
radical as described by Herndndez-Ruiz et al., (2018). Human erythrocytes were washed
three times with phosphate-buffered saline solution (PBS) at pH 7, and then a suspension of
erythrocytes was prepared with PBS (5:95 v/v). An erythrocyte control (300 uL erythrocyte
suspension), hemolysis control (150 pL erythrocyte suspension + 150 pL AAPH) and work
solution (100 pL erythrocyte suspension + 100 pL extract + 100 uL AAPH) were prepared.
Controls and samples were incubated with shaking (100 rpm) for 3 hours at 37 °C. After this
time, 1 mL of PBS was added and centrifuged at 1500 rpm for 10 minutes. Finally, 300 pL
of the supernatant was taken and the absorbance was measured at 540 nm using a microplate
reader (Thermo Fisher Scientific Inc. Multiskan GO, NY, USA). The percentage of
haemolysis inhibition (PHI) and the inhibitory concentration at 50 % (ICso) was calculated

by equation 2.

AHI — ASE
PHI(%) = T x 100 (eq. 2)

Where AHI=absorbance of hemolysis induced by AAPH; ASE = absorbance of the

safflower by-product extracts.

Identification of Phenolic Compounds by UPLC-DAD-MS

The identification of phenolic compounds was carried out at 280 nm in an Ultra Performance
Liquid Chromatography (UPLC) (Waters, ACQUITY LC, IRL), using a diode array detector
(DAD) coupled to a mass spectrometer (MS). For the analysis a C18 column (2.1 x 50 mm,
1.7 um particle size; ACQUITY, UPLC BEH) was used. The phenolic compounds were

identified according to the method proposed by Huang and Liaw, (2017) with slight



modifications. In this study, three mobile phases were used to achieve compound separation:
(A) 0.1% acetic acid, (B) methanol and (C) HPLC-grade acetonitrile. The flow rate for
analysis was 0.3 mL/min; the column and sample temperatures were maintained at 35 °C and
20 °C, respectively; the injection volume was 5 pL; and the absorbance was monitored at
280 nm. The following gradient was used during the 14 min of run: 5 min, 90% A, 5% B and
5% C; 5 min, 78% A, 11% B and 11% C; 11 min, 36% A, 31% B and 31% C; and 12 min,

90% A, 5% B and 5% C. The initial conditions were held for 15 min before each analysis.

The electrospray ionization (ESI) was operated in positive and negative mode, and spectra
were acquired over a mass range of 100-750 m/z using a capillary voltage of of 0.08 to 3 kV
and a cone voltage of 1 to 20 V. The other optimum values of ESI-MS parameters were a

desolvation temperature of 53 to 400 °C and a desolvation gas flow of 650 L/h.

Statistic analysis

The experimental data were subjected to analysis of variance (ANOVA) for each analysis.
All determinations were performed for triplicate. Tukey’s test was used with a confidence
level of 95% with the software Infostat 2008 to analayze significant differences. The results

are expressed as the mean value * standard deviation (SD).

3. RESULTS AND DISCUSSIONS

Safflower by-product extract yield

With the addition of methanol and ethanol as solvents, different extract yields were obtained
from safflower byproduct (Table 1). All the extracts presented significant differences (p
<0.5). Leaf extract obtained the highest yield, followed by mixture and stem. These results

were similar for both solvents. However, leaf extract in methanol was approximately 2 times



greater than leaf extract in ethanol. This suggests that the extracted compounds are more
related to methanol than to ethanol because of the polar character. The main compounds that
have been isolated from different anatomical parts of safflower are phenolic compounds this

reported by Cho et al., (2004), Golkar et al., (2018).

Table 1. Extracts yield of safflower (Carthamus tinctorius L.) by-product

Extract Initial dry weight ~ Extract weight Extract yield Extract yield
(9)** (9)** (9/g dry weight)** (%0)**

Methanol

Leaf 3+0.04 0.52 +0.015 0.17 + 0.005 17.22 + 0.51°
Stem 3+0.04 0.06 +0.021 0.02 + 0.007 02.03+0.72f
Mixture* 3+0.04 0.21 +0.007 0.07 £ 0.002 07.08 £ 0.24°
Ethanol

Leaf 3+0.04 0.28 + 0.040 0.09 +0.013 09.30 + 1.34°
Stem 3+0.04 0.07 £ 0.006 0.02 + 0.002 02.30 £ 0.20°
Mixture* 3+0.04 0.11 + 0.008 0.04 £ 0.003 03.74 +0.27¢

*Mixture = leaf + stem. **Meands + standard deviation (SD) of three independient experiments. Different
letters in the last column indicate significant differences (p <0.05) between leaf, stem and mixture from two
solvents metanol and ethanol.

Total Phenols

The total phenolic compounds present in safflower by-products are shown in Figure 1.
Significant differences were presented in methanol leaf with respect to ethanol leaf.
However, stem and mixture not show significant differences between both solvents. In
methanolic extract the concentration was higher in leaf with 6.44 + 0.18 mg GAE/g dry
sample, followed by mixture extract with a difference of half of leaf extract. In addition, stem
extract was lower in 74.2 % compared to leaf extract. Similarly, in ethanolic extract the
concentration was higher in leaf 5.85 + 0.01 mg GAE /g dry sample and a difference 77.4%

with respect to stem. There are studies that show that in leaf of plants is where most of the



phenolic compounds are concentrated, is the aerial part that is more in contact with the
environment and that produces them in defense to factors such as microorganisms, insects

and climatic conditions (Shikamo et al., 2017).
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Figure 1. Total phenols of safflower (Carthamus tinctorius L.) by-products. The values
represent the means with significant differences by Tukey (ANOVA, p <0.05), means of 3 repetitions
(n = 3). The different letters mark statistically significant differences.

The difference of phenols compared to other studies is due to the climatological conditions
of the region where they are cultivated. In northwest Mexico, safflower cultivation is
favorable due to the prevailing arid and semi-arid climate. The total phenols and flavonoids
of safflower leaf samples were similar to reported by Abdallah et al. (2013). They reported
Total Phenols of 3 geographic regions in Tunisia: Northeast: 2.1 £ 0.29, center: 7.4 + 0.31

and southeast: 3.6 + 0.11 mg GAE/g dry sample. The samples from the center were closer to



those obtained in this study with 6.16 mg GAE/g dry simple. Ivanova, (2017) reported the
content of flavonoids in safflower leaves obtaining a result of 0.2 to 0.25 mg mL* for two
different seasons, being much smaller than what was reported for safflower by-product. Taha
and Matthaus, (2018) reported the content of phenols in methanol-water extract (60% v / v) of
flowers and seeds for different varieties of safflower from Egypt obtaining between 6.4 and
13 mg GAE/qg for flowers and between 3.17 mg g™ and 4.89 mg g for seed, similar to that
reported in methanolic and ethanolic extract of safflower b-product, due to the similar semi-

arid regions between India and northwestern Mexico.

Total flavonoids

The total flavonoids determined by the AICI; method for the different safflower by-products
are shown in Figure 2. Significant differences were presented in methanol leaf with respect
to ethanol leaf. However, stem and mixture not show significant differences between both
solvents. Total flavonoids present in methanolic extract were higher in leaf extract with a
concentration of 11.22 + 0.023 mg QE/g dry sample. Mixture extract presented 1.41 mg QE/g
dry sample less than leaf extract, while stem extract was reduced up to 66%, obtaining the
lowest concentration of flavonoids. The mixture can vary depending on the leaf concentration
present, which is the one that contributes the highest concentration of flavonoids. On the
other hand, ethanolic extract of safflower presented lower concentration of flavonoids than
methanolic extract, being in the same way majority for leaf with a 10.83 £ 0.12 mg QE /g
dry sample, followed by mixing with 1.26 mg QE/g dry sample minor and stem with 67.13%

lower with respect to the concentration of total flavonoids present in the leaf.

Other studies that have reported the flavonoid content in different anatomical parts of

safflower have been reported. Abdallah et al., (2013) reproted the flavonoid content in young



(green) and old (dry) leaves of safflower, observing significant variations between both
phenological stages and different regions of Tunisia. Cultivation of the Kairouan region with
2.0 £0.02 for old leaf and 3.9 + 0.06 mg CE g~ DW for young leaf, in the Gabes region with
6.1 + 0.08 for old leaf and 6.9 + 0.24 mg CE g DW for young leaf, in the Tazarka region
6.1 + 0.18 for OId leaf and 3.1 + 0.07 mg CE g* DW for young leaf. Karimkhani, et al.,
(2016) reported the content of flavonoids in methanol extract of safflower, obtaining a
content of 46.2 to 62.3 mg gallic acid equivalent/g dry sample. Shaki et al., (2018) reported
the content of flavonoids for samples of safflower leaf at different salt concentrations, noting
that at 0 mM NaCl the flavonoid content is around 150 ug mL* and as the salt content
increases, the flavonoid content increases, this due to the oxidative stress which the plant is
subjected. Also, the leaf methanolic extract of our study presented a similar flavonoid content
to those reported for extract of Plumbago auriculata LAM with 11.35 mg QE/g dry sample

(Rivera et al., 2018).
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Figure 2. Total flavonoids of safflower (Carthamus tinctorius L.) by-products. The values
represent the means with significant differences by Tukey (ANOVA, p <0.05), means of 3 repetitions
(n = 3). The different letters mark statistically significant differences.

Total Antioxdant Activity
Inhibition of DPPH"* radical.

The total antioxidant activity was measured for the three safflower samples in methanolic
and ethanolic extracts and reported in % inhibition and pumol TE/g dry sample. To inhibit the
DPPH" radical (Table 2) with 0.2 mg mL™* of extract. The antioxidant activity was different
in all the samples varying from a inhibition (%) of 72.47 £ 0.29 to 91.24 = 0.95 and inhibition
(umol TE/g dry sample) of 15.02 £ 0.05 to 17.95 + 0.16 being in both cases greater in leaf
and smaller in stem. The difference in antioxidant activity (umol TE/g dry sample) between
methanolic and ethanolic extract were of 0.29 for leaf, 0.5 for stem and 0.07 for mixture. The
variation of the antioxidant activity in micromol that were needed was minimal, however,
that difference makes the antioxidant activity in percentage of inhibition is observed with
more amplitude, concluding that the micromoles per minimo that vary they influence
significantly. In the mixture extract (leaf-stem) the concentration will depend on the ratio of

leaf and stem present, since the collection of this by-product varies in proportion.

In a previous study by Yu et al., (2013) evaluated antioxidant activity of safflower seeds by
DPPH methods, they reported that at a concentration of 1 mg mL™ an inhibition percentage
of 36.2 + 0.5 was obtained. These results are different from those reported in this study, where
an inhibition percentage of 72.47 + 0.29 to 91.24 £+ 0.95 was obtained in leaf, stem and
mixture. Although the dietary matrices are different, it suggests that safflower agroindustrial

residue (leaf-stem) is an alternative to obtaining compounds with good antioxidant activity.



Studies of antioxidant activity of leaf and stem were similar trend to those reported by other

researchers, where the leaf has a higher antioxidant capacity than stem. Kubola et al., 2008

evaluated the total antioxidant capacity at the same concentration (0.2 mg mL?) of this study

by the DPPH method. The results shown by Kubola were that leaf inhibited the DPPH radical

was 56.8 + 2.18 % and stem was 28.9 + 2.43 %.

Table 2. Antioxidant activity by inhibition of ABTS® and DPPH*" radicals of safflower
(Carthamus tinctorius L) by-product.

DPPH* ABTS**
Sample umol TE/g dry mol TE/g dr
% Inhibition sample % Inhibition H Sampé y
Methanolic extract
Leaf 91.24 +0.952 18.02 £ 0.162 93.16 +1.172 18.20+0.192
Stem 83.60 +£1.114 15.52+0.11¢ 86.70 + 0.50¢ 16.30 £ 0.07¢
Mixture* 88.86 £ 1.17% 17.18 £0.20% 91.77 £ 0.44° 17.88 £0.11°
Ethanolic extract
Leaf 88.16 + 0.60b 17.66 £ 0.10b¢ 90.00 + (0.22b¢ 18.16 £ 0.042>
Stem 72.47 +0.29¢ 15.02 £ 0.05¢ 78.33 £ 0.86°¢ 16.24 + 0.14¢
Mixture* 86.95 £ 0.45°¢ 17.11 £ 0.20¢ 87.95 + (.34 17.92 £ 0.102°

*Mixture = leaf and stem of safflower (Carthamus tinctorius L.) by-product. **Meands + standard deviation
(SD) of three independient experiments. Different letters in each column indicate significant differences (p
<0.05) in antioxidant activity by DPPH and ABTS between leaf, stem and mixture from two solvents metanol

and ethanol.



Inhibition of ABTS** radical

The antioxidant activity by radical ABTS®" was similar to the trend between the 3 samples
in methanolic and ethanolic extracts and reported in % inhibition and pmol TE/g dry sample
(Table 2). The antioxidant activity was different in all the samples varying for inhibition (%)
of 78.33 £ 0.86 t0 93.16 + 1.17 and inhibition (umol TE/g dry sample) of 16.24 + 0.14 to
18.20 + 0.19 being in both cases greater in leaf and smaller in stem. The difference in
antioxidant activity (umol TE/g dry sample) between methanolic and ethanolic extract were
of 0.04 for leaf, 0.06 for stem and 0.04 for mixture. In the mixture extract (leaf-stem) the
concentration will depend on the ratio of leaf and stem present, since the collection of this
by-product varies in proportion. The same way as in the DPPH® radical inhibition, the
variation of the antioxidant activity in micromol that were needed was minimal and even less

than the DPPH* radical.

The difference between the DPPH® and ABTS*" methods is due to the specificity that each
one has to be inhibited, since being chemical reactions that happen between the antioxidant
and the radical. It will depend on the chemical structure of each one to be able to interact, as
well as the hydrophobic and hydrophilic character that show. In the case of the DPPH*®
method, it interacts more feasibly with hydrophobic entities, whereas ABTS*" method with
hydrophobic and hydrophilic (de Camargo et al., 2017). Due to the chemical structure of
phenolic compounds, mainly of type flavonoids, they tend to be more hydrophobic due to the
aromatic A and B rings present, although they also have a hydrophilic part by the hydroxyl
groups (-OH) (Masek et al., 2017). Although is demonstrated that not all the hydroxyl

molecules present in the estructure interact with ease to donate the electron or hydrogen atom,



this due to the masking that occurs in the molecule (Farhoosh et al., 2016). In alcoholic

extracts, the donation of hydrogen atoms predominates (Tohama et al., 2017).
Determinacién of 1Cso

The IC50 refers to the concentration of antioxidant to inhibit 50% free radicals. The IC50 is
considered a parameter to determine the efficacy of the extracts of inhibiting 50% of the
DPPH* and ABTS*" radicals. For methanolic and ethanolic safflower by-products different
IC50 were obtained. Both solvents presented the same tendency as the total antioxidant
activity, but showed significant differences between them (Table 3). In methanol solvent,
the leaf extract presented lower 1C50, followed by mixture extract and stem extract with 9.65,
12.45 and 64.88 ug mL* for DPPH® and 8.46, 18.63 and 46.01 ug mL™ for the ABTS**
radical. When the IC50 is calculated in the extracts it is expected to be lower, since it is
predicted that less concentration of the extract is taken to inhibit 50% of the radical.
Comparing the radicals evaluated, ABTS*" presented lower IC50 in all three samples than

DPPH®.

Souri et al., (2008) obtained a classification based on his research on different plant extracts,
where he related the 1C50 concentration. Its Classification mentions that an IC50 <20 ug mL"
Lis considered High Antioxidant Capacity (HAC), 20 ug mL*> 1C50 <75 ug mL? is
Moderate Antioxidant Capacity (MAC) and 1C50> 75 ug mL? is Low Antioxidant Capacity
(LAC). Comparing the classification of Souri with the 1C50 of this study, moderate (stem) to
high antioxidant capacity (leaf and mixture) was obtained, being the agroindustrial residues

of safflower an alternative compound with high antioxidant capacity.



Table 3. Estimation of the ICso by DPPHe and ABTSe+ and their classification according
to Souri et al. (2008) of safflower (Carthamus tinctorius L.) by-product.

DPPH* ABTS*"
Sample ICso
P pg mL? Classification ué(r;st)_l Classification

Methanolic extract

Leaf 9.65 HAC 8.46 HAC

Stem 64.88 MAC 46.01 MAC

Mixture* 12.45 HAC 18.63 HAC
Ethanolic extract

Leaf 13.61 HAC 12.03 HAC

Stem 73.04 MAC 56.46 MAC

Mixture* 25.35 MAC 14.06 HAC

*Mixture = leaf and stem of safflower (Carthamus tinctorius L.) by-product. ICso < 20 ug mL* = High Antioxidant
Capacity (HAC); 20 pg mL*> ICso < 75 pug mL* = Moderate Antioxidant Capacity (MAC); ICso > 75 pg mL™ = Low
Antioxidant Capacity (LAC)

FRAP assay

FRAP assay was realized for methanolic and ethanolic extracts of leaf, stem and mixture
(leaf-stem) of safflower (Carthamus tinctorius L.) by-product at different reaction times and
it is shown in Table 4. First, significant differences (p <0.5) were observed for all the extracts
at 10, 20 and 30 minutes of reaction. After of 30 minutes, the extracts not show changes in
reducing power by FRAP assay. Likewise, all the extracts at the same time of reaction not
show significant differences (p <0.5) in the three times studied. The leaf was the anatomical
part that presented the greatest reducing power, followed by the mixture and stem, both for
methanolic and ethanolic extracts, observing that the phenolic compounds present in leaf of

safflower (Carthamus tinctorius L.) by-product have greater reducing power to reduce the



ferric ion. This tendencies were similar to that reported by the radicals ABTS®*" and DPPH®,

where the leaf was the one with the highest total antioxidant activity.

Table 4. Ferric reducing antioxidant power (FRAP) assay of safflower (Carthamus tinctorius
L.) by-product.

Sample FRAP (umol TE/g dry sample)

Value at different times (min)
10 20 30

Methanolic extract

Leaf 1.76 £ 0.036"" 2.29 + 0.330Bf 2.67+0.715%

Stem 0.33 + 0.060%° 0.42 + 0.052B° 0.50 + 0.080¢"

Mixture* 0.88 + 0.2464 1.29 + 0.0508¢ 1.35 + 0.023%¢
Ethanolic extract

Leaf 1.67 £ 0.315%¢ 1.91 + 0.1328¢ 2.32+0.056%°

Stem 0.26 + 0.0364 0.31 + 0.0455 0.38£0.112¢

Mixture* 0.67 + 0.247%° 1.12+0.117% 1.25 +0.027¢¢

*Mixture = leaf and stem of safflower (Carthamus tinctorius L.) by-product. The values represent the means + DS
with significant differences by Tukey (ANOVA, p <0.05), means of 3 repetitions (n = 3). The different
majuscule letters mark statistically significant differences between the three reaction times for methanolioc and
ethanolic extracts of leaf, stem and mixture of safflower (Carthamus tinctorius L.) by porduct. The different
minuscule letters mark statistically significant differences between all the extracts in a same reaction time.

FRAP assay is based on the reducing power of an antioxidant as phenplic compounds. A
potential antioxidant will reduce the ferric ion (Fe*) to the ferrous ion (Fe?*); the latter forms
a blue complex (Fe?*/TPTZ) (Wojdylo et al., 2007; Benzie & Devaki 2018). For phenolic
compounds, the reducing power may depend on the degree of hydroxylation and degree of
conjugation of the compounds (Pulido et al., 2000). In addition, the reducing power will
depend on the type of extract and the concentration of the same. Yao et al., (2016) reported

the FRAP assay for petal safflower (Carthamus tinctorius L.) extract at three concentrations



(5, 2.5y 1.25 mg mL™), observing that the reducing power was less than 35 mMol. On the
other hand, Qu et al., 2017 evaluated by FRAP assay 11 different individual compounds
extracted from 300 mg mL ! of petals safflower (Carthamus tinctorius L.) extract and
reported that all presented reducing power less than 25 mMol and that the most influential
were hydroxysafflor yellow A, 6-hydroxykaempferol 3-O-B-rutinoside and anhydrosafflor
yellow B. Therefore, concluded that unlike the two previously described studies, the current
study reported the FRAP assay at a concentration of 0.2 mg mL™* of safflower (Carthamus

tinctorius L.) by-products.
Protective effect on human erythrocyte

The protective effect of leaf extracts, stem and mixture in human erythrocytes and induced
hemolysis by radical AAPH were evaluated and shown in the Figure 3. The three samples
showed high inhibition in methanolic and ethanolic extract. Unlike the antioxidant activity
by DPPH*® and ABTS*", where the leaf presented greater antioxidant activity, while in the
protective effect of human heritrocytes the stem was the one that presented the highest %
inhibition of hemolysis in methanolic and ethanolic extract. In methanolic extract the
percentage of inhibition of hemolysis were 91.9, 90 and 88.3% for stem, mixture and leaf,
respectively. On the other hand, the percentage of inhibition of hemolysis for ethanolic
extract was lower than methanolic with 87.5, 85.8 and 84.2 for leaf, stem and mixture,
respectively. All samples were at a maximum concentration of 0.40 mg mL. The difference
between the two solvents was a variation of 4 to 5% with respect to each sample. La IC50

Para las muestras fue alrededor de 0.01 mg mL™.
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Figure 3. Antioxidant activity by protective effect in human erythrocytes of safflower
(Carthamus tinctorius L.) by-product. a) methanolic extract and b) ethanolic extract.

Currently there is no evidence to measure the protective effect in human erythrocytes of
safflower extracts. Therefore, this research is the first article to report this technique with
safflower samples from northwestern Mexico. Other studies that report the % of hemolysis

in the protective effect of human erythrocytes from methanolic and ethanolic extracts of



different plants containing phenolic compounds are reported in the literature. Garcia-Becerra
et al, 2016 reported the protective effect of methanolic extracts of grape pomace Mexican.
They obtained a percentage of inhibition of hemolysis of 85 to 95% and an 1C50 of 0.1 pg
mL. In conclusion, methanol extracts obtained by maceration present a higher total phenolic
content and antioxidant capacity against damage induced by AAPH. Bento et al., (2018)
reported the protective effect of ethanolic extract of peaches. In thus study, the peach extract
inhibited hemolysis in a concentration-dependent manner with an IC50 value at
109.9+4.5 ug mL™. In conclusion, phenolic compound of ethanolic extract of peaches
induce the protective effect in human erythrocytes. Comparing these two studies with that
reported for safflower by-product extract, grape pomace Mexican presents lower IC50 while

peach extract presents higher 1C50.

The principle of the technique of protective effect of human erythrocytes, is that the radical
AAPH, first undergoes a chemical decomposition at physiological temperature in aqueous
solution to generate alkyl radicals, which in the presence of oxygen are converted into the
corresponding peroxyl radicals; then these peroxyl radicals induce the oxidation of
polyunsaturated lipids in the erythrocyte membrane, which causes a spread known as lipid
peroxidation (Baccarin et al., 2015). This lipid peroxidation can be reduced or not occur in
the erythrocyte by the protection of antioxidants such as phenolic compounds. Suwalsky et
al., (2015) demonstrated from of micrographs of SEM, that erythrocytes in the presence of
0.5 mM to 2 mM resveratrol promotes the formation of echinocytosis. In addition,
erythrocytes incubated with 0.5 mM HCIO induce the formation of stomatocytes, therefore,
when erythrocytes incubate with HCIO and resveratrol the formation of stomatocytes

decreases and the formation of normocytes and echinocytosis increases.



Correlation of phenolic compounds and flavonoids with antioxidant activity

To observe if the antioxidant activity is given by the phenolic compounds and flavonoids,
the correlation coefficient (R?) was obtained. Researchers have reported that there is a strong
correlation of phenolic compounds with the antioxidant activity of extracts (Montafio-Leyva
etal., 2019). In this study the correlation was determined for the three samples for methanolic
and ethanolic extract and resume in the Table 5. The correlations from R? were obtained for
antioxidant activity in percentage inhibition and pmol TE/g dry sample. For phenolic
compounds, all samples presented an R? since 0.896 to 0.999 in percentage, being the lowest
for stem ethanolic extract by DPPH® radical inhibition, while the highest R’ was for leaf
methanolic extract with 0.999 by means of ABTS®" radical inhibition. The same tendency
was for the inhibition expressed in umol TE/g dry sample. Moreover, Table 6 shows the
correlation of flavonoids and antioxidant activity. High correlation was observed for leaf,
stem and mixture in both solvents. In DPPH® the R’ varied from 0.783 to 0.97 in percent
inhibition and from 0.828 to 0.97 in pmol TE/g dry simple. For ABTS®" the R’ varied from
0.904 to 0.991 in percent inhibition and from 0.8 to 0.991 in umol TE/g dry simple. Being
stem in methanol the one that presented the lowest correlation of the flavonoids and

antioxidant activity in both solvents.

Some comparative studies between the correlation of antioxidant activity and phenolic
compounds have been published. The different authors mention that phenolic compounds are
responsible for the highest antioxidant activity in methanolic extracts. Karimi ef al., (2015)
obtained crude methanolic extracts of Quercus brantii L. acorn and mentioned with a R? of
0.768 that the phenolic compounds are the main responsible for the total antioxidant activity.

Teixeira et al., (2017) reported a correlation coefficient of R? 0f0.912 for the radical ABTS®**



and R’ = 0.848 for the DDPH® for different methanolic extracts. Bujor et al., (2018)
determined the correlation coefficient for antioxidant activity and phenolic compounds of
methanol extracts of lingonberry (Vaccinium vitis-idaea L.) leaf and determined R’ of 0.91.
Hamdi et al., (2018) obtained a correlation coefficient of R’ of 0.563 for the DPPH® radical
and R’ of 0.256 for the ABTS®" radical of of Haplophyllum tuberculatum A. Juss leaves,
observing a correlation between phenolic compounds and activity antioxidant by DPPH*® but
not by ABTS®". Therefore, comparing previous studies with safflower extracts, it can be
mentioned that the phenolic compounds of safflower (Carthamus tinctorius L.) by-product

present a higher correlation with the antioxidant activity.

Table 5. Correlation of phenolic compounds and antioxidant activity of methanolic and
ethanolic extract of safflower (Carthamus tinctorius L.) by-product.

DPPH* ABTS**
umol TE/g dry
Sample % Inhibition simple 9% Tnhibition ~ mol TE/g dry
simple
R2 R2 R2 R?
Methanolic extract
Leaf 0.973 0.976 0.999 0.999
Stem 0.949 0.974 0.986 0.996
Mixture* 0.958 0.988 0.99 0.986
Ethanolic extract
Leaf 0.951 0.980 0.976 0.976
Stem 0.896 0.896 0.950 0.968

Mixture* 0.99 0.99 0.985 0.985




Table 6. Correlation of flavonoids and antioxidant activity of methanolic and ethanolic
extract of safflower (Carthamus tinctorius L.) by-product.

DPPHe ABTSe+
umol TE/g dry
Sample % Inhibition simple o Tnhibition Mol TE/g dry
simple
R? R? R? R?

Methanolic extract

Leaf 0.954 0.923 0.991 0.991

Stem 0.783 0.828 0.938 0.80

Mixture* 0.961 0.94 0.986 0.957
Ethanolic extract

Leaf 0.97 0.97 0.969 0.969

Stem 0.925 0.926 0.904 0.935

Mixture* 0.952 0.926 0.977 0.961

Identification of phenolic compounds

For identify the molecules responsible of the antioxidant activity, a UPLC-DAD-MS
equipment was used, besides an investigation in the literature. Also, 25 peaks were shown of
which 22 were identified corresponding compounds identifid in methanolic and ethanolic
extracts of leaf, stem and mixture of safflower (Carthamus tinctorius L.) by-product are
shown in Table 7 and principal compounds of respective chromatograms are shown in Figure
4. The compounds were identified as phenolic compounds of flavonoid type and pigments.
There were no differences in the peaks identified in methanolic and ethanolic extract of the
three anatomical parts. The safflower leaf extract presented a principal peak at retention time

of 6.93 minutes which was identified as a glycosylated flavonoid named luteolin 7-O-§-D-



glucoside, and with a common name of Cinaroside. Other studies that have identified this

compound in different anatomical parts of safflower were Kim et al., (2006) in ethanolic seed

extract, Peirreti et al., in extract methanolic-water (80 % v/v), Han et al., (2010) in extract of

safflowers.

Table 7. Identification of phenolic compounds by UPLC-DAD-MS of methanolic and
ethanolic extract safflower (Carthamus tinctorius L) by-product.

Methanol (Rt)

Ethanol(Rt)

Peak L S M L S M [M-H]+ [M-H]- Compounds

1 0.36 038 038 036 037 0.38 111 NP Resorcinol

2 038 036 036 037 036 0.36 181 NP Caffeic acid

3 057 057 057 NP NP NP 171 NP Gallic acid

4 0.76 0.77 0.76 0.78 0.77 0.77 166 NP NI

5 1.05 1.04 104 103 10.02 1.04 155 153  Protocatechuic acid

6 NP NP NP NP NP NP NP 445  acatecin-7-O-B-D-
glucoside (tilianin)

7 433 437 434 433 NP 435 209 NP T-chalcone

446 450 449 445 449 448 642 NP 4, 4"-bis (N-p-

coumaroyl)
serotonin

9 509 NP 510 510 NP 5.09 195 NP T-ferulic acid

10 6.08 6.10 6.12 NP NP NP 461 NP Acacetin 7-O-p-
glucuronide

11 6.47 650 654 646 6.49 6.49 465 463  Quercetin-3-
galactoside
(Hyperoside)

12 6.76 6.78 6.76 6.75 6.78 6.77 611 NP Kaempferol 3-
sophoroside

13 693 701 6.99 696 699 7.01 449 447  Luteolin 7-O-B-D-
glucoside
(Cynaroside)

14 72 722 723 719 719 7.23 581 579  Naringenin




15 814 805 806 812 816 8.15 613 NP Hydroxysafflor

yellow A

16 858 858 8.60 NP NP NP 702 NP 4, 4 "-bis (N-
feruloyl) serotonin

17 874 NP 876 876 NP 874 459 457 NI

18 NP NP NP NP NP NP NP 305  Gallocatechin

19 921 922 922 923 921 924 359 NP Matairesinol

20 925 926 924 925 925 9.25 339 337  Quercetin
dehydrate

21 929 928 929 925 929 930 303 301  Quercetin

22 937 937 937 930 937 9.38 287 285 Kaempferol

23 NP NP NP NP NP NP NP 457 Epigallocatechin
gallate

24 1098 NP 1101 11.0 NP 10.99 285 NP NI

25 1228 1227 12.27 12.27 12.28 12.26 285 NP Acacetin

L= leaf; S= stem; M= mixture; NI = not identified; NP= not present

In safflower stems extracts, two maximum peaks corresponding to a glycosylated flavonoid
and a pigment were identified. The first identified peak was a retention time of 6.47 minutes
and named as Quercetin-3-galactoside and with a common name of Hyperoside. Other
studies in the literature that have identified this compound in safflower (Carthamus tinctorius
L.) were Salem et al., (2011) in flower extracts with three solvents (methanol, ethanol and
acetone) and three stages of the plant, Salem et al., (2014) in methanolic extract of flowers
of in two flowering stages safflowers cultivated in Tunisian. The second peak identified in
stem corresponds to a pigment with a retention time of 8.15 minutes and named
hydroxysafflor yellow A, being one of the principals compounds that gives the color to the
petals of safflower. Several studies have identified this compound as Yoon et al., (2003)
extracted this compound from dried safflower petals, Wei et al., (2005) and Chu et al., (2006)
extracted this pigment of safflowers petals as a neuroprotective agent in rats. Feng et al.,

(2013) identified and studied the structure of this pigment from safflower by NMR. He et al.,



(2018) identified hydroxysafflor yellow A form methanol extract of safflower by high-

performance thin-layer chromatography (HPTLC) method.
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Figure 4. UPLC-DAD-MS of safflower (Carthamus tinctorius L.) by-products. The principal
compounds are shown for leaf, stem and mixture.
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Figure 5. Structures of phenolic compounds identified in safflower (Carthamus tinctorius
L.) by-products.



In the leaf-stem mixture were identified both the principal leaf compound (luteolin 7-O-B-D-
glucoside), as well as, the two principal stem compounds (Quercetin-3-galactoside and
hydroxysafflor yellow A). In addition, Table 7 shows all peaks identified by order in retention
time in safflower by-products and for each extract obtained. These compounds are classified
into 5 groups as mentioned in the introduction and their structures are shown in Figure 6.
Group 1 (pigments): (15) Hydroxysafflor yellow A. Group 2 (flavonoids): (6) acatecin-7-O-
B-D-glucoside, (7) T-chalcone, (10) acacetin-7-O-B-glucuronide, (11) quercetin-3-
galactoside, (12) Kaempferol 3-soforoside, (13) Luteolin 7-O-p-D-glucoside, (14)
Naringenin, (18) gallocatechin, (20) quercetin dehydrate, (21) quercetin, (22) kaempferol,
(23) epigallocatechin gallate, (259) acacetin. Group 3 (lignans): (19) matairesinol. Group 4
(phenolic acids): (2) caffeic acid, (3) gallic acid, (5) protocatechuic acid, (9) acid T-ferulic.
Group 5 (phenolic acids bound to serotonin): (8) 4, 4 "-bis (N-p-coumaroyl) serotonin, (16)
4, 4 "-bis (N-feruloyl) serotonin. (1) resorcinol was also identified. In addition, three
compounds were (4, 17 and 24). All these compounds were previously identified in
safflowers by other authors as Zhang et al., (1996), Kang et al., (1999), Takki et al., (1999),
Kazuma et al., (2000), Wei et al., (2005), Han et al., (2010), Salem et al., (2011), Yu et al.,

(2013), Asgarpanah et al., (2013), Sakamura et al, (2014), Yao, (2016).

Therefore, different compounds can be isolated from methanolic and ethanolic extracts of
safflower (Carthamus tinctorius L.) by-products, where the principals compounds are

phenolic compounds of flavonoid type.

4. CONCLUSION



The present study showe the basis for the harnessed of phenolic compounds extracted from
safflower by-products (mixture leaf-stem) using towo solvents (methanol and ethanol). Was
observed that safflower has high antioxidant capacity by the DPPH, ABTS and Protective
effect on human erythrocyte (AAPH) methods. In addition, the phenolic compounds present
in leaf and mixture have high 1C50 compared to stem with moderate 1C50 in both solvents.
In addition, phenolic compounds showed to be the responsible of the antioxidant activity in
both extracts obtained. The phenolic compounds identified of type flavonoids which luteolin
7-0O-B-D-glucoside and Quercetin-3-galactoside, highlighting as the principal. Therefore
agroindustrial residues of safflower are an alternative the phenolic compounds and to be
harnessed to prevent the occurrence of cardiovascular diseases, eliminating or reducing free

radicals in later studies.
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Abstract

Quercetin is a hydrophobic flavonoid with high antioxidant activity. However, for biological
applications, the bioavailability of quercetin is low due to physiological barriers. For this
reason, an alternative is the protection of quercetin in matrices of biopolymers as zein. The
objective of this work was to prepare and characterize quercetin-loaded zein nanoparticles
by electrospraying and its study of in vitro bioavailability. The physicochemical parameters
such as viscosity, density and electrical conductivity of zein solutions showed a dependence
of the ethanol concentration. In addition, rheological parameters demonstrated that solutions
of zein in aqueous ethanol present Newtonian behavior, rebounding in the formation of
nanoparticles by electrospraying, providing spherical, homogeneous, and compact
morphologies, mainly at a concentration of 80% (v/v) of ethanol and of 5% (w/v) of zein.
The size and shape of quercetin-loaded zein nanoparticles were studied by Transmission
Electron Microscopy (TEM), observing that it was entrapped, distributed throughout the
nanoparticle of zein. Analysis by Fourier Transform-Infrared (FT-IR) of zein nanoparticles
loaded with quercetin revealed interactions via hydrogen bonds. The efficacy of zein
nanoparticles to entrap quercetin was particularly high for all quercetin concentration
evaluated in this work (87.9 £ 1.5 to 93.0 £ 2.6%). The in vitro gastrointestinal release of
trapped quercetin after 240 min was 79.1%, while that for free quercetin was 99.2%. The in
vitro bioavailability was higher for trapped quercetin (5.9%) compared to free quercetin
(1.9%), then of gastrointestinal digestion. It is concluded, that the electrospraying technique
made possible the obtention of quercitin-loaded zein nanoparticles increasing their

bioavailability.

Keywords: zein, quercetin, nanoparticles, electrospraying, entrapment, bioavailability.



Practical Application:

This type of nanosystems can be used in the food and pharmaceutical industry. Quercetin-
loaded zein nanoparticles for its improvement compared to free quercetin can be used to
decrease the prevalence of chronic degenerative diseases by increasing of the bioavailability
of quercetin in the bloodstream. Other application can be as an antioxidant system in

functional foods or oils to increase shelf life.



1. Introduction

Quercetin is a hydrophobic polyphenol from the subfamily of flavonols that is mainly present
in the human diet (Sharma, Kashyap, Sak, Tuli, & Sharma, 2018). The chemical structure of
quercetin consists of 15 carbon atoms with two aromatic rings connected by three-carbon
bridges and three hydroxyl groups (-OH) in the position 3, 5 and 7 in hydroxychromen
structure (ring A and C) and two in the position 3 and 4 in hydroxyphenyl structure (ring B)
(Lin and Zhou, 2018). At the biological level, health benefits have been attributed to
quercetin (Kumar, Vijayalakshmi, & Nadanasabapathi, 2017), mainly to reduce the
prevalence of chronic degenerative diseases such as cardiovascular diseases (Terao, 2017;
Porcu et al., 2018), cancer (Granato et al., 2017; Wu et al., 2018), diabetes (Dhanya, Arya,
Nisha, & Jayamurthy, 2017; Peng et al., 2017), and obesity (Nabavi, Russo, Daglia, &

Nabavi, 2015; Ting et al., 2017).

However, the biological properties of quercetin could be affected by physical, chemical and
physiological factors such as temperature, pH, O2, and enzymatic activity affecting its
potential therapeutic activity (Huang et al., 2018). Other disadvantages comprise chemical
instability and high degradability when it is consumed and during its path through the
stomach due to its low pH (Nathiya, Durga, & Devasena, 2014), which affects its potential
health benefit. To preserve the biological activity of quercetin, the use of hydrophobic
matrices in form of nanoparticles has been suggested (Mirpoor, Hosseini, & Nekoei, 2017;
Ni, Hu, Sun, Zhao, & Xia, 2017). At this regard, protein matrices, such as kafirin and zein,
play an important role in the construction of nanoparticles to entrap hydrophobic compounds
(Xiao, Nian, & Huang, 2015; Yao, Chen, Song, McClements, & Hu, 2017; Tapia-Hernandez

et al., 2019). The difference between zein and Kkafirin is that the native zein structure has



fewer disulfide bonds and a higher proportion of a-helix in its secondary structure (Taylor,
Anyango, Muhiwa, Oguntoyinbo, & Taylor, 2018). Zein is soluble in 70% ethanol, and it is
a biodegradable and biocompatible biopolymer. Furthermore, it has been cataloged by the
Food and Drug Administration (FDA) as a Generally Recognized As Safe (GRAS) product
(Paliwal, & Palakurthi, 2014; Cheng, & Jones, 2017; Tapia-Hernandez et al., 2018).

Therefore, zein currently represents an ideal matrix for the formation of nanoparticles.

Recently, zein nanoparticles have been loaded with different compounds such as resveratrol
(Liang et al., 2018), curcumin (Zou et al., 2016); epigallocatechin gallate (Donsi, Voudouris,
Veen, & Velikov, 2017), rutin (Zhang and Zhao, 2017), and B-carotene (Chuacharoen &
Sabliov, 2016); these studies showed that this protein matrix possesses a high capability to
encapsulate these nutraceutical compounds. Furthermore, antioxidant activity and
bioaccessibility increases and chemical degradation decrease in the gastrointestinal tract;
therefore, its high bioactivity may be compared with unencapsulated compounds. There are
several techniques to obtain zein nanoparticles, such as liquid antisolvent precipitation,
spray-drying, and electrohydrodynamic atomization (EHDA) (Chen, Zhang, & Zhong, 2015;

Davidov-Pardo, Joye, Espinal-Ruiz, & McClements, 2015; Liu, Zhang, Yu, Wu, & Li, 2018).

EHDA processes include electrospraying, electrospinning and e-jet printing (Tapia-
Hernandez et al., 2019). Electrospraying is a very simple technique that it is used to prepare
nanoparticles, requires low-cost equipment, and generates little residues (Tapia-Hernandez
et al., 2015). This technique allows higher encapsulation efficiency with respect to other
techniques (Gomez-Mascaraque, Tordera, Fabra, Martinez-Sanz, & Lépez-Rubio, 2018). The
principle is based on that an electrostatic force generates by applied high voltage inside the

liquid, breaking the surface tension of the liquid. Then, the liquid entering in the needle forms



a cone ending in a jet through its apex. Finally, the highly charged liquid droplets disperse
radially on the collector plate, due to Coulomb's repulsion of charges (Jayaraman et al., 2015;
Alehosseini, Ghorani, Sarabi-Jamab, & Tucker, 2017). The parameters that exert an influence
on the control of particle size are equipment parameters (applied voltage, flow rate, and
distance of the collector), parameters of the polymer solution (concentration, viscosity,
density, conductivity and surface tension), and environmental parameters (humidity and
temperature) (Tapia-Hernandez et al., 2017; Jaworek, Sobczyk, & Krupa, 2018). For
instance, Liu et al., (2018) elaborated nanoparticles by coaxial electrospray using 12% zein
and 3% (w/v) tamoxifen citrate and concluded that this technique produces particles with
better quality in terms of particle size, distribution of size, and morphology. Other studies
have developed zein nanoparticles by the electrospraying technique (GOmez-Estaca,
Balaguer, Gavara, & Hernandez-Mufioz, 2012, Bhushani, Kurrey, & Anandharamakrishnan,
2017, Baspinar, Ustiindas, Bayraktar, & Sezgin, 2018; Tapia-Hernandez et al., 2019), and
coincide that at 5% zein, nanoparticles are obtained with a spherical, monodispersed,
compact structure, with size ranging between 157 and 500 nm, and encapsulation efficiency

ranging from 80 up to 97.44% for curcumin and catechins.

Different arrays have been used by electrospraying for the formation of nanoparticles as
coaxial electrospraying for core-shell nanoparticles (Wang, Wen, Yu, Yang, & Zhang, 2018;
Yang, Zhang, Wang, & Yu, 2018; Yu, Zheng, Yang, Li, Williams, & Zhao, 2019), coaxial
electrospraying to creating high quality monolithic particles (Li, Zheng, Yu, Liu, Qu, & Li,
2017; Liu, Z. P., Zhang, L. L., Yang, Y. Y., Wu, D., Jiang, G., & Yu, D. G. 2018; Yang,
Zhang, Liu, Wang, & Yu, 2018), and to study the influences of experimental parameters and

process characteristics on working processes (Huang et al., 2019). However, few publications



can be found to investigate the relationships between the working fluids’ properties and their
adaptability for electrospraying, which is a significant merit of the present work. Therefore,
the objective was to prepare and characterize quercetin-loaded zein nanoparticles by the

electrospraying technique and assess their in vitro bioavailability.
2. Materials and methods
2.1. Chemical reagents

Zein with 86.06% (w/w) protein content, quercetin with >95% purity, gallic acid with
>97.5% purity, Folin & Ciocalteu’s phenol reagent, hydrochloric acid with 36.5-38% purity,
sodium carbonate, and sodium bicarbonate were purchased from Sigma-Aldrich (St. Louis,

MO, USA).
2.2 Preparation of solutions
2.2.1 Zein and zein-quercetin solutions.

Zein solutions were prepared at different concentrations of aqueous ethanol (60, 70, 80 and

90% v/v) and zein (1, 5, and 10%, w/v) under stirring for 1 h at 25 °C.

Zein at 5% (w/v) in 80% (v/v) of aqueous ethanol were made. After different levels of
quercetin, (20, 10, 15, 5, and 1 mg mL™) was added in zein solution. All the solutions were

homogenized using magnetic stirring by 1 h at 25 °C.
2.2.2 Solvent evaluation

Evaluation by the solvent effect was determined following the methodology described by
Gobmez-Estaca et al. (2012) with modifications. Aqueous ethanol was utilized as a solvent at

60, 70, 80, and 90% (v/v). The zein concentration was kept constant 5% (w/v) for all solutions



obtained. The nanoparticles contained in all solutions were evaluated in morphology by
Scanning Electron Microscopy (SEM), as well as in their physicochemical properties
(viscosity, density, conductivity) and rheological parameters (shear stress and viscosity with

respect to shear rate, and viscosity with respect to time).
2.3 Physicochemical characterization of solutions of zein
2.3.1 Viscosity

The viscosity of all solutions was analyzed on a Modular Compact Rheometer (MCR-102;
Anton Paar, Germany), using concentric cylinder geometry at a constant shear rate of 50 (s
1) at 25 °C (Tapia-Hernandez et al., 2018). Measurements were performed in three

independent assays.
2.3.2 Density

Density was determined by the pycnometer method as described by Chevalier, Assezat,
Prochazka, & Oulahal (2018). First, the empty pycnometer was brought to a constant weight
(M1). A reference pattern was generated consisting of a pycnometer containing distilled
water (M2). Then, solutions of 5% (w/v) of zein containing different concentrations of
aqueous ethanol (60-90% v/v) were placed into a pycnometer (M3). Measurements were
performed in three independent assays. The density of the prepared zein solutions was

determined based on Equation 1:

- M2-M1 Equation 1

2.3.3 Electrical conductivity



Electrical conductivity was determined as described by Smeets, Clasen, & Van den Mooter
(2017). Zein solutions at different concentration ranges of aqueous ethanol (60-90% v/v)
were tested using a HANNA Instrument Conductometer, Model HI 2550 (pH, ORP, &

EC/TDS/NaCl meter). Measurements were performed in three independent assays.
2.3.4 Surface tension

Surface tension was determined by the Wilhelmy plate method (Wilhelmy sensor, NIMA
England) as described by Juérez, Taboada, Valdez, & Mosquera (2008). Zein solutions were
prepared at different concentration ranges (60-90% v/v) in ethanol-water. The surface tension
was recorded using water as a blank. Measurements were performed in three independent

assays.
2.4 Rheology behaviour of zein solution at different ethanol concentration

The rheological behavior was studied using MCR-102 equipment (Anton Paar, Germany)
with concentric cylinder geometry. For the measurements, a distance between the base and
the cylinder of 1 mm was used according to Ni et al., (2018) with modifications. The effect
of shear rate vs shear stress was performed with a continuous ramp from 0.1 to 100 s* at
25°C., with 100 points and interval of 2 s per point, with a duration of 200 s per measurement.
The data obtained were adjusted to the Power Law model to deduce the behavior of zein
solutions (Newtonian or non-Newtonian). Values equal to 1 are considered Newtonian fluids,
those of <1 are considered non-Newtonian fluids, and those of >1 are fluids with a tendency

to thicken. For determination of the type of fluid Equation 2 was used:

T=KY" Equation 2



Where 7 is the shear stress (Pa), Y is the shear rate (s 1), n is the Power Law index, and K is

the consistency parameter (Pa s").

The effect of time vs viscosity was performed using a continuous ramp from 1 to 360 s and
constant shear rate of 50 s at 25°C. For each measurement, 60 points were used with time

interval of 6 s per point.
2.5 Electrospray equipment parameters

The zein and zein-quercetin solutions were transferred into a plastic syringe with a needle of
20G (outside diameter of 0.9 mm and inside diameter of 0.6 mm). A pump for the syringe
(KD Scientific, USA) was used to regulate the flow of the polymer solution. The voltage
applied to the polymer solution was conducted using a high-voltage power source (CZE
1000R model; Spellman, USA). An aluminum plate of 10 cm x 10 cm was used for the
collection of nanoparticles. The conditions of the equipment were as follows: an electrical
potential of 15 kV; flow rate of 0.1 mL h, and a distance from the needle to the collector of
15 cm. Figure 1 shows the schematic representation of obtaining quercetin-loaded zein
nanoparticles by electrospraying technique.
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Figure 1 Schematic representation of electrospraying technique utilized for obtaining of
quercetin-loadeded zein nanoparticles.

2.6 Characterization of nanoparticles
2.6.1 Scanning electron microscopy

The morphology of the commercial zein, zein nanoparticles, and zein-quercetin nanoparticles
was analyzed by Scanning Electron Microscopy (SEM) using a JEOL Model JSM-7800F
equipment (JEOL, Pleasanton, CA, USA). Powder nanoparticles were prepared through their
immobilization on carbon-coated 400-mesh copper grids (Ted Pella, Inc., Redding, CA,

USA). An acceleration voltage of 10 kV was used.

Additionally, all quercetin concentrations in zein nanoparticles were analyzed in particle-
size distribution and average diameter employing the ImageJ software program (NIH,
Maryland, USA). Also, the polydispersity index (PDI) was obtained from the following

equation:

PDI =

o
- Equation 3
X

Where o represents the standard deviation and X represents the average diameter of the
nanoparticles. PDI closer to 0 are monodispersed particles and PDI close to 1 are

polydispersed particles.
2.6.2 Transmission electronic microscopy

The shape of quercetin-loaded zein nanoparticles was studied by Transmission Electron

Microscopy using a JEOL equipment (JEOL, Ltd., Tokyo, Japan) at 200 kV operating voltage
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and a field emission filament. An aliquot of 100 pL of a nanoparticle suspension (100 pg in

500 uL of distilled water) was placed in a copper grid and allowed to dry before its analysis.
2.6.3 Fourier Transform-Infrared spectroscopy

To observe the physical interaction between quercetin and zein Fourier Transform-Infrared
spectroscopy (FT-IR) was employed. A Spectrum GX FT-IR (Perkin-Elmer. USA) Infrared
Spectrometer equipment was used and spectrum scans were performed in the range 4,000 to
500 cm™. A small amount of the sample (1 mg) was taken and mixed with KBr (19 mg) to
form a pastille. Measurements were performed in transmittance mode. Samples were run in

triplicate.

2.7 In vitro gastrointestinal release and bioavailability

For the in vitro gastrointestinal release of free quercetin and trapped quercetin, the
methodology described by Bhushani et al., (2017) was followed to perform a gastrointestinal
simulation (SGI). SGI was divided into gastric digestion and intestinal digestion depending
on the pH and enzymes used. The quantification of the released quercetin was carried out
using the Folin-Ciocalteu reagent at 760 nm and reported as a percentage. A curve of gallic

acid was used as the reference. The measurements were made in triplicate.

For the preparation of the simulated gastric fluid (SGF) 4 mg of sample was diluted with 5
mL of distilled water. The pH was adjusted to 2 with 6 M HCI and constant agitation.
Alternatively, a solution containing 160 mg mL* of porcine pepsin (315 U/mL) in 0.6 mL of
0.1 M HCl was prepared and added to the SGF. The volume was adjusted 10 mL with distilled
water. Gastric digestion was initiated and the samples were incubated at 37 °C and agitated

at 80 rpm for 2 h in a water bath. Aliquots of 300 uL were taken every 30 min and centrifuged

12



at 10,000 rpm for 15 min. The supernatants were recovered to measure the concentration of

quercetin.

Once the simulated gastric digestion was performed, enough 0.045 M NaHCO3 was added to
the digest to adjust the pH to 5. Then, a solution containing 4 mg mL* of pancreatin in 2.5
mL of 0.1 M NaHCOs was added. The pH was increased to 7 with 0.005 M NaHCOsto obtain
the simulated intestinal fluid (SIF). The samples were incubated at 37 °C and stirred at 80
rpm for 2 h in a water bath. Aliquots of 300 pL were taken every 30 min and centrifuged at
10,000 rpm for 15 min. The supernatants were recovered to measure the concentration of

released quercetin.

To measure the bioavailability of the released quercetin, the digests obtained from the
intestinal digestion were placed in dialysis bags with a pore size of 12 kD. The dialysis bags
were then placed in a recipient containing 150 mL phosphate buffer, pH 7.4. The
bioavailability was initiated and incubated at 37 °C and 80 rpm for 2 h in a water bath. The
concentration of quercetin that passed through the dialysis bag was calculated as indicated

before.
2.8 Experimental design and statistical analysis

For determination of particle size and morphology, a factorial design was used of 4 x 3 x 5.
Independent variables included an aqueous-ethanol concentration with four levels (60, 70,
80, and 90% Vv/v), a zein concentration with three levels (1, 5, and 10 w/v), and a quercetin
concentration with five levels (1, 5, 10, 15, and 20 mg mL™!). Descriptive statistic was used

for all analyses. For comparison of means of the physicochemical properties, particle
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diameter, entrapment efficiency, and bioavailability, the Tukey test was employed at a 95%

confidence level (p <0.05) were performed using Infostat 2008 software.

3. Results and discussion

3.1 Physicochemical characterization of solutions of zein

3.1.1 Effect of ethanol

In this study, we observed that the best ethanol concentration for obtaining nanoparticles was
80% (v/v), followed by 70% (v/v) and 60% (v/v). The concentration that exhibited very
different nanoparticle characteristics was 90% (v/v). These results were corroborated by
analysis of viscosity, density, electrical conductivity, surface tension and morphology by
SEM. Zein is a water-insoluble protein, but soluble in binary solutions of alcohol and water
due to its amphiphilic characteristics predicted by the amino acid sequence, which contains
more than 50% of hydrophobic residues (leucine, proline, and alanine) (Wang & Padua,
2010; Chen, Yen & Liu, 2013). It has been known that, due to these = amphiphilic
characteristics, zein tends to form micellar-like structures that are dependent on the ethanol
concentration. In the zein micelle structure, the hydrophilic part is aligned to the outside in
each aggregate when the ethanol concentration is lower than 90% (v/v), but the hydrophobic
domain is exposed to the surface of each aggregate at an ethanol concentration higher than
90% (v/v) (Chen, Ye, Liu, 2014; Ni et al., 2018). Also, Bisharat et al., (2018) studied the
effect of ethanol concentration (70, 80, and 90% v/v) and temperature (10-70 °C) on
aggregation state in a zein solution (5%, wi/v). These researchers observed that, at

concentrations of 70 and 80% of zein, the values of transmittance decrease, while at 90% the
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values of transmittance were high. For this reason, the effect of zein at different ethanol-

water solutions must be studied.

Table 1. Physicochemical properties of zein solutions at different concentrations of
aqueous ethanol

Zein  Ethanol Viscosity Density Conductivity Surface tension
Sample (% p/v) (% Vviv) (Pa-s) (g cm) (us cm™) (mN cm™)
1 5 60 0.0056 + 0.0001% 0.916 +£0.0008% 531 + 3.62 26.0 £ 0.72
2 5 70 0.0054 +0.0000° 0.895 +0.0004°> 457 +1.1° 23.3 +0.6°
3 5 80 0.0049 + 0.0000¢ 0.867 £0.001¢ 397 £2.0° 22.1 +0.4°
4 5 90 0.0040 +0.0001¢ 0.856 +0.005¢ 327 +1.5¢ 21.2 +0.1¢

Different letters (a, b, c, d) represent significant statistically differences by Tukey test (p<0.05)

Figure 2 shows the SEM micrographs of zein nanoparticles prepared by the electrospraying
technique at different concentrations of agueous ethanol and 5% (w/v) of zein. The 60, 70
and 80% (v/v) ethanol revealed the formation of spherical particles, attributed to the
physicochemical properties of the solutions (Table 1). However, 60 and 70% (v/v) of ethanol
presented particles of different size (Figures 2a and 2b) and 80% (v/v) of ethanol with
homogeneous size (Figure 2c¢). The solution of 90% (v/v) was that which presented irregular
morphology (non-spherical) (Figure 2d), this being observed in the polymer solution formed,
which was different from the other three. Therefore, comparing the polymer solution formed
and the micrographs by SEM, the best concentration of aqueous ethanol was that of 80%
(v/v). In the electrospraying technique, one of the conditions for its use is that the polymer
matrix forms a solution or, in this case, a homogeneous suspension with the ideal solvent for

the formation of nanoparticles with desirable sphere morphology and nanometric size.
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Figure 2 Micrography by SEM of zein nanoparticles at different concentrations of ethanol
(60-90% v/v) and zein 5% (w/v). Conditions: voltage of 15 kV, flow rate of 0.1 mL h-* and
collector distance of 15 cm. Magnification, 10, 000X.

Similar results were reported by Zhong & Jin (2009) when studied the effect of an aqueous
ethanol concentration on the formation of nanoparticles. Concentrations from 55 to 90% (v/v)
aqueous ethanol were used. It was observed, by DLS and SEM, that the particle size varied
as the ethanol concentration varied, where the smallest diameters were 70% and 80% by
DLS. Also, the highest ethanol concentration allowed obtaining the smallest particle diameter
by SEM, and similar results were obtained in this study. Other studies demonstrated the
formation of spherical zein nanoparticles at a concentration of 80% aqueous ethanol (Wang,
Su, Schulmerich, & Padua, 2013; Xue et al, 2018). Gomez-Estaca et al., (2012) studied the
formation of nanoparticles by electrospraying technique in aqueous ethanol. The results
showed that spherical nanoparticles were formed at a concentration of 80% (v/v) ethanol and
5% zein (w/v). In contrast, Olenskyj, Feng, & Lee, (2017) reported the effect of the ethanol
concentration in obtaining zein nanoparticles. The results demonstrated that the nanoparticle
diameter produced was significantly lower with an ethanol concentration of 65% (v/v) and
higher nanoparticle diameter was yielded with higher ethanol concentrations, with a
significance value of p <0.01. The results obtained by Olenskyj et al., (2017) (65% v/v of

ethanol) are different from those reported by Zhong & Jin (2009) and by Gdémez-Estaca et
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al., (2012) (80% v/v of ethanol). This may be due to the type of processing employed for

obtaining zein nanoparticles or to the type of zein used.

3.1.2 Effect of the viscosity

Table 1 lists the physicochemical properties (viscosity, density, electrical conductivity, and
surface tension) of the zein solutions at different concentrations of aqueous ethanol and 5%
(w/v) of zein. In terms of viscosity, all the solutions exhibited significant differences (p
<0.05), decreasing as the ethanol concentration increased. Viscosity is a parameter that is
dependent on the concentration and molecular weight of the polymer, as well as on the
solvent used. For nanoparticle formation, the adequate viscosity of protein solution is
necessary to obtain more spherical, smaller, and monodispersed particles. In this study, the
solution with the highest viscosity was 60% ethanol (v/v) followed by 70% (v/v) zein
solution, with a difference of 0.0002 Pa-s with respect to 60% (v/v). Although there was a
significant difference between the 60% and 70% (v/v) zein solutions, SEM micrographs
revealed nanoparticles obtained by electrospraying that were very similar in morphology and
size (Figures 2a and 2b), because the viscosity values were very close to each other. The
solution of 80% (v/v) zein solution showed lower viscosity than the 70% (v/v) zein solution,
representing the optimal viscosity for the formation of spherical aggregates with few
polydispersed particles. That was corroborated by micrography by SEM (Figures 2b and 2c¢).
The 90% (v/v) ethanol solution showed the lowest value of viscosity (Table 1) being not

adequated for the formation of nanoparticles (Figure 2d).

This effect of the viscosity with respect to the ethanol concentration is mainly due to apparent
molecular weight, which decreases at higher ethanol contents (Kim & Xu, 2008).
Furhermore, the viscosity is a parameter to consider in the formation of the Taylor cone
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where high viscosity unstable cone-jet mode is obtained, however, a low viscosity is related
to stable cone-jet mode. Gomez-Estaca et al., (2012) reported that the viscosity plays a
significant role during the break-up and atomization of the liquid jet, and thus influencing
the droplet size. Also, report that at a viscosity of 0.0050 Pa s smaller particle size is obtained.
This result is similar to that reported in this investigation with a viscosity of 0.0049 Pa s
deducting a stable cone-jet mode. Similarly, Neo et al., (2012) reported that, at 80% (v/v)

ethanol and 5% (w/v) zein, the viscosity obtained was 0.0043 Pa s.
3.1.3 Effect of the density

In terms of density, this parameter showed a behavior similar to that of the viscosity in which,
as the ethanol concentration increases, the density decreases (Table 1). Statistical analysis
showed significant differences (p <0.05) in the density among zein solutions at different
concentrations of aqueous ethanol. Density comprises a parameter that is related to the
formation of the Taylor cone. An optimal density can form a Taylor cone of the jet-cone type,
resulting in the formation of nanoparticles that are smaller in diameter, more spherical, and
monodispersed, whereas an unsuitable density can form a Taylor cone of the dripping-cone
type, forming nanoparticles that are irregular, very polydispersed, and with very large
diameters. First, the 60% (v/v) zein solution showed the highest density followed by 70, 80
and 90% (v/v), respectively. Although there were no significant differences, the density
difference among solutions was evident, where the difference between the zein solutions of
60 and 70% (v/v) was 0.021 g cm3. That situation can be attributed to a Taylor-cone
formation of the jet-cone type, but with one not so finely sprayed, forming more
polydispersed particles as observed in the SEM micrographs (Figures 2a and 2b). The 70%

(v/v) zein solution showed a density difference of 0.028 g cm greater than the 80% (V/v)
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zein solution, giving as a results particle size disparity (Figure 2c). Density at 90% (v/v) was
the least adequate as that the SEM micrograph (Figure 2d) suggests that the Taylor cone was

not in jet-cone mode.

However, the Taylor-cone form determines the morphology and particle diameter. Light
density tends to form drops (60% and 70% and 90% v/v) while, at a lower density (80% v/v),
Taylor jetting or the multijet mode is formed. This behavior is due to the relationship between
the mass and the inertial force (Fp) of zein solutions. The concept of inertial force is defined
as the fluid resistance to changes in conditions either at rest or in motion (Jaworek &

Sobczyk, 2008; Tapia-Hernandez et al., 2018).
3.1.4 Effect of the electrical conductivity

Electrical conductivity, as well as the viscosity and the density, was a parameter that was
measured at different solutions of aqueous ethanol (Table 1). Electrical conductivity is a
parameter that measures the capacity of a polymer to pass through the electrical current. In
electrospraying equipment, this parameter is important since it is related to the electrical
potential applied to the polymer solution. That is, if the polymers used in the electrospraying
equipment have high electrical conductivity, a low electric potential is necessary, but if the
polymer has low electrical conductivity, a high electrical potential is required. In solutions
of zein at different concentrations of aqueous ethanol, significant differences were
demonstrated (p <0.05). Electrical conductivity decreased as the concentration of ethanol
increased. In point of fact, the 60% (v/v) zein solution was the one with the highest
conductivity followed by 70, 80 y 90 (v/v), with lower density respectively. The difference
between solutions from 60% to 70% (v/v) was 74 ps cm™ and from 70 to 80% (v/v) was 60
us cm?, revealing that these differences did not influence the formation of nanoparticles, in
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that both concentrations of aqueous ethanol formed similar nanoparticles, as observed in
micrographs by SEM (Figure 2a and 2b). Optimal electrical conductivity, together with the
electrical power applied to the formation of nanoparticles, was reached at 80% ethanol (v/v),
as illustrated in the micrograph by SEM (Figure 2c), while electrical conductivity at 90%
(v/v) was not necessary, along with the electrical potential for the formation of nanoparticles

(Figure 2d).

For nanoparticle formation, high electrical conductivity of polymeric solutions is required
while, at low electrical conductivity, low yields are obtained, because correct electrical
conductivity forms a stable cone-jet mode (Smeets et. al., 2017). Zhang & Kawakami (2010)
elaborated chitosan solutions for the formation of nanoparticles by the electrospraying
technique. These authors reported that as the ethanol concentration increases, the electrical
conductivity decreases. Bhushani et al., (2017) developed zein solutions at different
concentrations of this protein and 80% (v/v) ethanol was used. The results showed that 5%
of zein showed an electrical conductivity of 700.05 + 0.21 ps cm?, a value higher than that

reported in the present study of 397 + 2.0 us cm™,
3.1.5 Effect of the Surface tension

Table 1 shows the surface tension values at different concentrations of aqueous ethanol. This
parameter corresponds to the force necessary to fissure a drop and form smaller drops. In
zein solutions at different concentrations of ethanol, the surface tension decreased as the
concentration of ethanol is increased and were statistically different (p <0.05). The surface
tension varied of 26.0 £ 0.7 mN c¢cm for 60% (v/v) to 21.2 + 0.1 mN cm for 90% (v/v) of

zein solution. The surface tension plays an important role together with viscosity to form
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particles with the morphology of spheres or fibers, in consequence, lower surface tension

tend to form spherical particles of smaller diameter (Neo et al., 2012).
3.2 Rheological behavior of zein solution at different ethanol concentrations

The result obtained of shear rate vs shear stress was inversely proportional to the
concentration of ethanol, that is, as the ethanol concentration increased, maximal shear stress
decreased at 100 s (Figure 3a). For ethanol concentrations at 60, 70, 80, and 90% (v/v),
maximal shear stress was 0.532, 0.491, 0.469, and 0.373 Pa, respectively, at 100 s. The
shear rate ramp from 0.1 to 100 s showed that, as the shear rate ramp increased in all zein
solutions, shear stress increased. The 60% (v/v) zein solution demonstrated the greatest
increase in shear stress from 0.00038 Pa at 0.1 s** to 0.532 Pa at 100 s*. The 70% (v/v) zein
solution showed a shear stress of 0.00296 Pa at 0.1 s until reaching 0.491 Pa at 100 s. The
80% (v/v) zein solution showed a range very near to that of 70% (v/v), with 0.00332 Pa at
0.1 st and from 0.0469 Pa at 100 s™. Finally, the solution that showed the greatest change
was that of 90% (v/v), especially at 100 s in comparison to the remaining three solutions,
showing shear stress of 0.00173 at 0.1 s** up to 0.373 Pa at 100 s*. These results suggest that

there is a dependency on the concentration of ethanol in the rheology of zein solutions.

Fu & Weller (1999) studied the effect of shear rate vs shear stress of 60, 70, 80, and 90%
(v/v) of ethanol at different concentrations of zein. The results showed that there was no
change in viscosity as shear stress increased. Therefore, the solutions were classified as
Newtonian fluids due to their constant viscosity. Soltani & Madadlou (2015) prepared zein
nanoparticles for the stabilization of pectin gels. Zein nanoparticles prepared from a 80%
(v/v) ethanol solution and 0.2 % w/v zein concentration of were used as a control. Afterward,
the rheological behavior of shear stress, with respect to the shear rate, was measured in terms
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of zein-nanoparticle dispersity. The results revealed that the dispersity showed a linear
upward trend in shear stress as the shear rate increased. This rheological behavior includes
Newtonian fluids, which the authors confirmed by means of the flow behavior index (n) of
1.0. Although in the current study there were differences among the samples due to the
concentration of ethanol, all exhibited Newtonian behavior and were in agreement with

previously described studies.
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Figure 3 Rheograms of a) effect of shear rate vs shear stress and b) effect of time vs viscosity
of zein solutions at different concentrations of ethanol (60-90%); 5% (w/v) of zein was used.

To observe the rheological behavior of the solutions, the corresponding fluid type was
calculated by means of the Power Law model (Table 2). This model predicts whether a fluid
is considered Newtonian, not Newtonian, or viscous, depending on the parameter n.
Newtonian fluids are preferable for the formation of nanoparticles with more similar
morphologies and more monodispersed particles by the electrospraying technique, than
viscous or non-Newtonian fluids. Zein solutions of 60, 70, 80, and 90% (v/v) showed a value
of parameter n of around 1, revealing a Newtonian behavior. Also, a variable K value, defined

as the consistency parameter (Pa s"), showed a decreasing behavior as the ethanol
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concentration increased, with a K of 0.1002 £+ 0.0030 for a 60% (v/v) zein solution to 0.0886
+ 0.0020 for a 90% (Vv/v) zein solution. All of the solutions presented an R? = 0.99, with data
n and K showing a good fit. Although all of the zein solutions showed a Newtonian behavior,
there were differences among them depending on their viscosity, observing different
scenarios in morphology and particle dispersity as depicted in Figure 2, and verified by the
parameters of shear stress with respect to shear rate and of viscosity with respect to shear-

rate parameters.

Table 2. Power-Law parameters of zein solution at different concentrations of aqueous
ethanol.

Smple Ethanol Zein  Power law parameters
[0) [0)
(/0 V/V) (/0 p/V) K (Pa sn) n RZ
1 60 5 0.1002 +0.0030 1.037 +0.012 0.99
2 70 5 0.1019 + 0.0005 0.992 +0.001 0.99
3 80 5 0.0898 + 0.0026 1.026 + 0.005 0.99
4 90 5 0.0886 + 0.0020 0.994 +0.003 0.99

Nonthanum, Lee & Padua, (2013) prepared zein solutions (1 mg mL*and 5 mg mL™?) at
different ratios of ethanol-water (65-90% v/v). Results showed that all of the samples by
means of Power Law model behaved as a Newtonian fluid and obtained indices of K
consistency between 0.08 and 0.14 Pa s" at different pH (2, 6, and 12). These K results are
similar to those reported in the present investigation for zein solutions with different ethanol
concentrations. Soltani & Madadlou (2016) reported the behavior of zein with a

concentration of 2 mg mL™ in 80% (v/v) aqueous ethanol solution. The results showed
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Newtonian behavior with a flow behavior index of n = 1 and a consistent index K = 0.03 at
a 99% confidence interval of fit. These results agree with those reported in this study for the
80% (v/v) ethanol solution. Uzun, llavsky, Padua (2017) reported the flow-behavior-index
median of the Power Law model for solutions with high concentrations of zein and for
ethanol concentrations of 70, 80, and 90% (v/v). The results showed that for 30% zein, the
flow behavior indexes were 0.93, 0.97, and 0.64 for 70, 80, and 90% (v/v), respectively,
concluding that solutions of zein with 30% (w/v) and with solvents of 70% and 80% (v/v)

behave as Newtonian fluids.

Viscosity vs time was also measured for all zein solutions (Figure 3a). This parameter
determines the variation of the zein solutions at different periods of time, which is important
for the formation of stable or unstable nanoparticles during the electrospraying technique.
The stability measurement was performed at a time ramp from 1 to 360 s and at a constant
shear rate of 50 s**. The solutions showed a behavior dependent on the ethanol concentration.
It was observed that the higher ethanol concentration, the lower the viscosity with respect to
time. However, all solutions were stable with respect to time with very small SD among the
60 points taken with values of 0.000013, 0.00001, 0.000009, and 0.00001 Pa s for 60, 70, 80,
and 90% (v/v), respectively. Therefore, these small variations in viscosity of zein solutions
indicated a Newtonian behavior, thus confirming the results obtained by means of the Power

Law model.
3.3 Characterization of nanoparticles
3.3.1 Nanoparticle morphology by SEM

3.3.1.1 Effect of zein concentration
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The SEM micrographs are presented in Figure 4 and, for the three evaluated concentrations,
we can observe significant differences in the physical characteristics in particle size and
morphology. For instance, zein solution at 10% (w/v) formed non-spherical zein
nanoparticles. The morphology of nanoparticle formed at this concentration of zein was
biconcave discs due to collapse and shrinkage of the nanoparticle. On the other hand, zein
solutions at the concentrations of 5% and 1% (w/v) formed spherical nanoparticles (Figures
4b and 4c). These results suggest that there is a relationship between the increase in the
concentration and its physicochemical properties (viscosity, density, and electrical
conductivity) in the morphology of the nanoparticles obtained by means of electrospraying

equipment.

Figure 4 Micrography by SEM of nanoparticles at different concentrations of zein (1-10 %
w/v) and ethanol at 80% (v/v). Conditions: voltage of 15 kV, flow rate of 0.1 mL h* and
collector distance of 15 cm. Magnification, 10,000X.

Gomez-Estaca et al., (2012) evaluated the effect of the zein concentration on the nanoparticle
size and morphology by means of the electrospraying technique. That research group
reported that 1% (w/v), zein did not form nanoparticles due to the low concentration and
molecular weight of zein in comparison to other polymers. Also, at 5% (w/v) zein it was
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observed a spherical morphology and a compact structure with a particle size between 200
and 350 nm. However, at 10 % (w/v) zein, a morphology was reported that was similar to
that obtained in this study, where nanoparticles formed biconcave discs, collapsing the
particle due to increase in droplet size along with a rapid evaporation of the solvent, forming
a zein concentration gradient along the droplet and the creation of a semi-solid layer of zein
at the surface, therefore collapsed and shrunken particles were obtained and not the formation
of compact particles. In other studies, obtention of zein nanoparticles with spherical
morphology have been reported. Dai et al., (2017) obtained espherical zein-lecithin
nanoparticles from of 1.0 g of zein was dissolved in 100 mL of 70% (v/v) of ethanol with an
average diameter of 177.90 + 2.55 nm. This process allowed the obtaintion of spherical
nanoparticles an average diameter of 134.6 nm. Zou, van Baalen, Yang, & Scholten, (2018)
reported spherical nanoparticles at a concentration of 2.5% (w/v) with an average diameter
of 85 nm, while Wei, Sun, Dai, Zhan, & Gao, (2018) prepared a zein solution control with
0.2 g zein that was dissolved in 200 mL 70% (v/v) of aqueous ethanol under magnetic stirring
at 600 rpm for 2 h. The results exhibited spherical nanoparticles and average diameters of

zein colloidal particles of 361.90 £2.87 nm.

Therefore, for the encapsulation of quercetin in zein nanoparticles, a solution of 5% (w/v) of

zein and a concentration of 80% (v/v) of ethanol was used.

3.3.1.2 Effect of the encapsulation of quercetin

Figure 5 shows the micrograph recorded by SEM, at a magnification of 20,000X, for each
treatment of quercetin-loaded zein nanoparticles. The control treatment without quercetin
demonstrated a smaller diameter (67.9 = 11.2 nm) compared with nanoparticles with
quercetin, observing that as the concentration of quercetin increased, the diameter of the
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particle increased (data confirmed by the particle-size distribution). All treatments showed
quercetin-loaded zein nanoparticles with homogeneous populations that were spherical, with
a smooth surface. Currently, to our knowledge, there have been no previous studies that
demonstrate the formation of quercetin-loaded zein nanoparticles by the electrospraying
technique, but rather, by other methods, such as the solvent-antisolvent method and the

desolvation method.

Figure 5 Micrography by SEM of a) zein nanoparticles. Zein at different quercetin
concentrations, b) 1 mg mL™, ¢) 5mg mL™*d)10 mg mL™, €) 15 mg mL™?, and f) 20 mg mL-
!, Conditions: voltage of 15 kV, flow rate of 0.1 mL h-* and collector distance of 15 cm.
Magnification, 20,000X.
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Patel, Heussen, Hazekamp, Drost & Velikov, (2012) elaborated quercetin-loaded zein
nanoparticles, by means of the solvent-antisolvent (co-precipitating) method to improve the
molecular stability of quercetin due to degradation by light and pH. The results were
nanoparticles with an average diameter of between 130 and 161 nm. The authors observed
that quercetin was trapped in the zein matrix, protecting quercetin from degradation due to

the effect of pH and light.

Penalva, Gonzélez-Navarro, Gamazo, Esparza & Irache, (2017) synthesized zein
nanoparticles to entrap quercetin by the desolvation process. These authors evaluated the
absorption, bioavailability, and anti-inflammatory effect of quercetin-loaded zein
nanoparticles. Processing conditions included the elaboration of a hydroalcoholic solution
containing zein, 2-HydroxyPropyl-B-CycloDextrin (HP-B-CD) and quercetin. The results
revealed homogenous populations of spherical nanoparticles with a smooth surface and
similar apparent size. The sizes ranged from 222-324 nm for the treatments and controls

obtained and were greater than the obtained in the current study.

The difference between the studies of Patel et al., (2012) and Penalva et al., (2017) and those
of this current study is that the method of obtaining nanoparticles does indeed exert an
influence on the diameter of the particle, this being smaller by electrospraying, as shown

later.

3.3.1.3 Average diameter and particle-size distribution of quercetin-loaded zein nanoparticles

Table 3 and Figure 6 depict the particle-size distribution and average diameter for zein

control nanoparticles without quercetin and quercetin-loaded zein nanoparticles. The results
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obtained were dependent on the concentration of quercetin, that is, the higher the
encapsulated quercetin concentration, the greater the particle diameter obtained. In addition,
the dispersity (mono- or polydispersity) of nanoparticles is related to particle size distribution
and the standard deviation. The average diameter obtained for zein control nanoparticles was
67.9 £ 11.2 nm (Table 3), while for the entrapment of quercetin in the zein nanoparticle,
average diameters were 70.4 + 14.4,84.5 + 14,6, 91.8 £13.5,99.6 + 16.2, and 100.0 £ 17.9
nm for concentrations of quercetin of 20, 15, 10, 5, and 1 mg mL", respectively, showing
statistically significant differences among them (p <0.05) (Table 3). Penalva et al., (2017)
obtained quercetin-loaded zein nanoparticles by the desolvation process, with an average
diameter of 222 nm, larger than those reported by the current study. Therefore, the method
for the nanoparticle synthesis is important to be considered in order to obtain small diameters
of nanoparticles. Electrospraying technique allows us to obtain particles with sizes less than
100 nm. An advantage of the electrospraying technique is the application of voltage, which
charges the polymer solution, breaking the surface tension of the same, forming smaller
diameters and more spherical particles (Jaworek & Sobczyk, 2008; Tapia-Hernandez et al.,
2015; Boda, Li, & Xie, 2018). When the concentration of a bioactive compound increases in
zein nanoparticles, the particle size increases. For instance, particle size of procyanidins has
been reported in the range of 392 to 447 nm (Zou, Li, Percival, Bonard, & Gu, 2012), for
retinol from 300.93 to 318.73 (Park, Park, & Kim, 2015), and for quercetin from 88.9 to 164

nm (Sun et al., 2015).
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Table 3. Diameter, polydispersity index and efficiency of entrapment of quercetin-loaded
zein nanoparticles nanoparticles at different concentrations of quercetin

Sample Diameter (nm) PDI Entrapment
efficiency (%0)

Znp 67.9 +11.22 0.165

ZQnp-1 70.4 +14.4° 0.205 93.0 +2.62
ZQnp-5 84.5 +14.6° 0.173 91.7 +1.7°
ZQnp-10 91.8 +13.5¢ 0.147 90.8 £ 1.7¢
ZQnp-15 99.6 +16.2° 0.163 88.7 +1.0¢
ZQnp-20 100.0 £17.9¢ 0.179 87.9 +1.5°

Different letters (a, b, c, d, €) represent significant statistically differences by Tukey test (p<0.05)

Particle-size distribution (PSD) varied in all of the concentrations obtained (Figure 6). The
control nanoparticle of zein showed the lowest distribution in a range of 35-85 nm, with the
greatest accumulation between 55 and 75 nm (Figure 6a). Zein with 1 mg mL™* of quercetin
had a range distribution of 45-95 nm, but with a higher accumulation of between 55 and 85
nm, behaved like the control zein (Figure 6b). On the other hand, the concentration of zein
with 5 mg mL* at a distribution within the range of 55-105 nm, with a greater accumulation
between 75 and 95 nm, presents a more symmetrical distribution (Gaussian type) (Figure 6¢).
However, concentrations of 10, 15, and 20 mg mL™* presented more asymmetrical and very
broad distributions compared to the previous ones, with ranges between 55 and 125, 55 and
145, and 55 and 145, respectively (Figures 6d-6f). The amplitudes of PSD of quercetin-

loaded zein nanoparticles were checked by means of the standard deviation (SD) and PDI.
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The zein control presented an SD of 11. 2 nm, its distance lower than the mean, were

considered as monodispersed particles, while for quercetin-loaded zein nanoparticles with 1,

5, 10, 15, and 20 mg mL™ of quercetin, this was 14.4, 14.6, 13.5, 16.2, and 17.39 nm,

respectively, observing at concentration of 15 and 20 mg mL ™, different particle sizes, while

for 1,5, and 10 mg mL™%, the particles were more homogeneous in size. Despite the dispersion

in particle size was attributed to the SD, Table 3 shows the PDI of zein control and quercetin-

loaded zein nanoparticles with values < 0.2. Danaei et al., (2018) mention that for polymeric

nanoparticles a PDI value < 0.2 corresponds to monodisperse particles, therefore the particles

in our study can be classified as monodisperse.
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Figure 6 Particle size distribution of a) zein nanoparticles. Zein at different quercetin
concentrations, b) 1 mg mL™, ¢) 5mg mL*d)10 mg mL™, €) 15 mg mL™?, and f) 20 mg mL-
1
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3.3.2 Distribution mode of quercetin in the zein nanoparticle

Figure 7 shows micrographs by TEM of quercetin-loaded zein nanoparticles. Figure 7a and
7b present the micrograph of zein control nanoparticles, and in these, we are able to observe
transparent nanoparticles, defined in the form of spheres and smooth. Figure 7c-7f depict the
quercetin-loaded zein nanoparticles at 20 mg mL* of quercetin with spherical morphology
but, unlike the control nanoparticles, they are not transparent and exhibit relief. In addition,
in the quercetin-loaded zein nanoparticles, darkness areas throughout the particle can be
observed and are attributed to the presence of quercetin. Therefore, the form in which
quercetin is found in the zein nanoparticle is by entrapment. The electrospraying technique
promotes the formation of nanoparticles by entrapment; when an active compound is
dissolved in the same solution as that of the polymer as shown in Figure 1, interactions
between both parties are promoted (as those observed in FT-IR). Chuacharoen & Sabliov
(2017) encapsulated folic acid in zein nanoparticles by liquid-liquid dispersion and observed
that one of the proposed mechanisms of the manner in which it interacted was by the

entrapment of folic acid inside and around the particle.
3.3.3 Interaction of quercetin-loaded zein nanoparticle by FT-IR

To observe the interaction between quercetin and the zein matrix Fourier Transform-Infrared
spectroscopy was used. Figure 8 shows the infrared spectra for zein powder, quercetin
powder, zein nanoparticle and the quercetin-loaded zein nanoparticle at a concentration of
20 mg mL™* of quercetin. Figure 8a shows the infrared spectrums for raw materials (zein and
quercetin powder), where it is observed three characteristic bands corresponding to a protein.
The amide | band corresponds to the vibrational stretch of -C=0 at 1,666 cm™. The amide II
band corresponds to the flexion vibration of the -N-H bond and the vibration of the -C-N at
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1,537 cmt, whereas the -OH and -NH. bands correspond to the vibrational stretching bond
at 3,323 cm?. The Infrared spectrum of quercetin powder (red line) shows the bands
corresponding to the flexion and stretching bonds present in aromatic rings A and B and
observed from 1,100 to 1,600 cm, and where the -OH groups (hydroxyl groups) attached to
the aromatic rings appear around of 1,200 to 1,400 cm™ and 3,383 cm.. Figure 8b shows the
infrared spectrum of zein nanoparticle (blue line) where the amide | band at 1,659 cm, the
amide Il band at 1,537 cm™, and the -OH and -NH; bands at 3,316 cm™. These results suggest
that there is a significant change in the secondary structure of zein powder to zein
nanoparticle due to the effect of the solvent and the electrospray technique, mainly in the
amide I and the -OH bands. Also, Figure 8b shows the infrared spectrum of quercetin-loaded
zein nanoparticles (green line), where the characteristic bands are masked from 1,100 to
1,600 cm™ in the zein nanoparticle, mainly in the bands corresponding to the —OH groups.
The band at 3,316 cm™ of zein nanoparticle decreases to 3,309 cm™ in the quercetin-loaded
nanoparticle, suggesting an interaction between zein and the hydroxyl of the quercetin,
forming hydrogen bonds. Due to the hydrophobic nature of both molecules, hydrophobic
interactions take place with the aromatic rings of quercetin and amino acids with R groups

ending in alkyl groups, such as for alanine and proline present in zein.

Patel et al., (2012) observed that the phenolic stretch band of the -OH characteristic of
quercetin was decreased, suggesting that hydrogen bonding is one of the main interactions.
Li, Shi, Yu, Liao, & Wang, (2014) noted that the interaction of zein and quercetin occurs
through of -N-H and -C=0 groups, suggesting that these could act as both as proton donors
and proton acceptor for the formation of hydrogen bonding. Aytac, Ipek, Durgun, & Uyar,

(2018) reported some characteristic bands of quercetin similar to those found in this study,
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other bands associated with aromatic rings at 3,429-3,238 cm™ (OH), 1,674 cm? (C=0),
1,616 cm? (C = C), 1,359 cm™* (C-OH), and 1,245 cm™ (COC), and for zein, 1,656 cm™
(Amide 1) and 1,540 cm™ (Amide 11). These authors concluded that when zein and quercetin
interact, it was not possible to visualize the characteristic bands of quercetin due to the

intensity of the zein bands.

Figure 7 Micrography by TEM of a) and b) zein nanoparticles and c), d), €) f) zein-quercetin
nanoparticles (quercetin concentration of 20 mg mL™).
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Figure 8 Infrared spectra of raw material and nanoparticles. a) zein powder in black line and
quercetin powder in red line, b) zein nanoparticles in blue line and quercetin-loaded zein
nanoparticles in green line (concentration of 20 mg mL™).

3.4 Efficiency entrapment

Table 3 discloses the entrapment efficiency for all of the quercetin concentrations. This
parameter is defined as the amount of quercetin distributed into the zein nanoparticle (Hu,

Lin, Liu, Li, & Zhao, 2012). In quercetin-loaded zein nanoparticles, the increases of the
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concentration of quercetin in the process of zein nanoparticle formation the entrapment
efficacy of quercetin decreases. This behavior was similar to that reported in the zein
nanoparticle by Hu et al., (2012) and Liang et al., (2017). For 1, 5, 10, 15, and 20 mg mL™,
entrapment efficiency was 93.0 £ 2.6, 91.7 £ 1.7, 90.8 £ 1.7, 88.7 £ 1.0, and 87.9 £ 1.5,
respectively, showing statistically significant differences between them (p <0.05).
Entrapment is dependent on solid-state drug solubility in the matrix material or polymer
(solid dissolution or dispersion), which is related to a polymer composition, molecular
weight, drug-polymer interaction, and the presence of functional groups (Mohanraj & Chen,
2006). Liang et al., (2017) elaborated epigallocatechin gallate in zein nanoparticles coated
with chitosan and observed that, as the concentration of epigallocatechin gallate increased
from 2 to 5 mg, entrapment efficiency decreased from 80 to 78.5% and, when increased to 8
mg, entrapment efficiency decreased up to 70%. The difference in entrapment efficiency of
quercetin and epiigallocatechin gallate in zein nanoparticles is due to the high hydrophobicity
of quercetin where, apart from hydrogen bonding interactions, it interacts through

hydrophobic interactions, and in epigallocatechin gallate the hydrophobicity is lower.

Therefore, quercetin may be interacting by hydrogen bonds and hydrophobic interactions in
zein nanoparticles with spherical and compact morphology by entrapment, and encapsulation
efficiency demonstrated a dependence on the concentration of quercetin. Therefore, zein-

quercetin nanoparticles are feasible for their application as a therapeutic treatment.
3.5 In vitro gastrointestinal release and bioavailability

Figure 9 shows the gastrointestinal release and bioavailability of free quercetin and quercetin-
loaded zein nanoparticles (trapped quercetin) at quercetin concentration of 1 mg mL. Figure
9a shows the gastric digestion phase at 30 min that gave the highest release of free quercetin
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(83.9%), while that for trapped quercetin was much lower (47.6%) being the most external
quercetin in the nanoparticle of zein, which was released faster. At 120 min of gastric

digestion phase, this percentage increased for free quercetin to 90.4% and for trapped

quercetin to 62.9%.
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Figure 9 In vitro study de quercetin-loaded zein nanoparticles with a concentration of 1 mg

mL? of quercetin a) gastrointestinal release and b)  bioavailability.
Different letters (a, b) in bioavailability represent significant statistically differences by Tukey test (p<0.05)

In intestinal digestion phase (after 120 min) the release of free quercetin was only 8.7%, but
together with gastric digestion, 99.2% of release was achieved at 240 min. In contrast,
trapped quercetin showed a greater release in intestinal digestion phase with 16.2%, and
along with with the gastric digestion, reached 79.1% at 240 min being able to still released
the remaining 20% at later times. Therefore, trapped quercetin in zein nanoparticles promotes

that quercetin to be more bioaccessible in the intestine part compared to free quercetin.

Figure 9b shows the bioavailability of free quercetin and trapped from the digests obtained
from the intestine phase. Bioavailability is defined as the fraction of an orally administered

substance that is absorbed and available for physiologic activity or storage (Guo & Bruno,
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2015). For free quercetin, the bioavailability was 1.9% corresponding to 5.4 pg of the initial
free quercetin used for SGI. On the other hand, the bioavailability of trapped quercetin was
5.9%, corresponding to 16.7 pg. Therefore, the entrapment promotes that quercetin to be

three times more bioavailable than its free form.

4. Conclusions

The rheological behavior of zein solutions at different concentrations of ethanol was
observed as a Newtonian fluid by the Power Law model. Also, viscosity with respect to time
and shear rate predicted stability in nanoparticle morphology. The 80% solution (v/v) of
ethanol and that of 5% (w/v) of zein were the best conditions evaluated for the formation of
nanoparticles. The electrospraying method provided entrapment of quercetin in the
nanoparticle, obtaining quercetin-loaded zein nanoparticles with spherical and compact
morphologies. Main interactions between zein and quercetin were by hydrogen bonds. For
all quercitin concentrations, high entrapment efficiency was provided. Also, quercetin-loaded
zein nanoparticle provides stability to quercetin during gastrointestinal digestion, promoting
greater bioavailability than free quercetin. Based on the present study, and combined with
the most recent reports about coaxial electrospraying and method studying the working
processes more active ingredients and macromolecules extracted from foods and crops can
find their ways for new potential functional applications in the form of electrosprayed

particles.
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and Francisco Rodriguez-Félix

Abstract:
ticles have been obtained by this method and used to protect both hydrophilic and hydrophobic antioxidant molecules

Currently, electrospraying is a novel process for obtaining the nanoparticles from biopolymers. Zein nanopar-

from environmental factors. The objective of this work was to prepare and characterize gallic acid-loaded zein nanoparti-
cles obtained by the electrospraying process to provide protection to gallic acid from environmental factors. Thus, it was
related to the concentration of gallic acid in physicochemical and rheological properties of the electrosprayed solution,
and also to equipment parameters, such as voltage, flow rate, and distance of the collector in morphology, and particle size.
The physicochemical properties showed a relationship in the formation of a Taylor cone, in which at a low concentration
of gallic acid (1% w/v), low viscosity (0.00464 4 0.00001 Pa-s), and density (0.886 £ 0.00002 g/cm?), as well as high
electrical conductivity (369 £ 4.3 ps/cm), forms a stable cone-jet mode. The rheological properties and the Power Law
model of the gallic acid-zein electrosprayed solution demonstrated Newtonian behavior (n = 1). The morphology and
size of the particle were dependent on the concentration of gallic acid. Electrosprayed parameters with high voltage
(15 kV), low flow rate (0.1 mL/hr), and short distance (10 cm) exhibited a smaller diameter and spherical morphology.
FT-IR showed interaction in the gallic acid-loaded zein nanoparticle by hydrogen bonds. Therefore, the electrospraying
process is a feasible technique for obtaining gallic acid-loaded zein nanoparticles and providing potential protection to

gallic acid from environmental factors.

Keywords: biopolymer, electrospraying, gallic acid, nanoparticles, zein

Introduction

Nanotechnology is considered a multidisciplinary science that
aids in solving current problems (de Francisco & Garcia-Estepa,
2018; Prakash et al., 2018). It is defined as the control of mat-
ter at the atomic and molecular levels (Kargozar & Mozafari,
2018). Some fields where nanotechnology has been applied are
the food industry, (Karimi, Sadeghi, & Kokini, 2017), food safety
(Krishna et al., 2018), the cosmeceutical industry (Kaul, Gulati,
Verma, Mukherjee, & Nagaich, 2018), water treatment (Mauter
et al., 2018), and health (Tapia-Hernandez et al., 2018). Within
nanotechnology, nanoencapsulation is a strategy in recent years for
the protection of food ingredients and nutraceuticals (Assadpour &
Jafari 2018; Liang et al., 2018). Multiple technologies have been
utilized to elaborate nanoencapsulates; however, some of these
used heat, such as spray drying, microemulsion, microwave heat-
ing, and hot-melt extrusion (Hanada, Jermain, Lu, Su, & Williams
111, 2018; Lintingre, Lequeux, Talini, & Tsapis, 2016; Montalban
et al.,, 2018; Shah, Malherbe, Eldridge, Palombo, & Harding,
2014). Therefore, no-heat technologies are currently found in
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a boom, with the electrohydrodynamic atomization (EHDA) as
one of the most studied of these at present (Paximada, Echegoyen,
Koutinas, Mandala, & Lagaron, 2017; Smeets, Clasen, & Van den
Mooter, 2017; Tapia-Hernandez et al., 2015).

Although EHDA processes (including e-jet printing, elec-
trospraying, and electrospinning) are fast developing to the
multiple-fluids ones, such as coaxial (Hai et al., 2019; Yu
et al., 2019), triaxial (Liu et al., 2019; Yang et al., 2019), their
microformation mechanisms are still unclear (Yang, Zhang, Liu,
Wang, & Yu, 2018; Yu, Li, Williams, & Zhao, 2018). Thus, on
one hand, the single-fluid electrospraying and electrospinning
are still the mainstreams of these fabrication methods. On the
other hand, the fundamental investigations about the influences
of operational parameters on the processes and also the quality of
resultant products are high desired (Wang et al., 2017; Boda, Li, &
Xie, 2018; Li, Yang, Yu, Du, & Yang, 2018). Specifically, in elec-
trospraying process, different biopolymers have been utilized for
the elaboration of nanoparticles, such as polysaccharides (Eltayeb,
Stride, & Edirisinghe, 2015; Sreekumar, Lemke, Moerschbacher,
Torres-Giner, & Lagaron, 2017), lipids (Liu, Li, Williams,
Wu, & Zhu, 2018), and proteins (Gémez-Estaca, Gavara, &
Hernandez-Muifioz, 2015; G6émez-Mascaraque, Tordera, Fabra,
Martinez-Sanz, & Lopez-Rubio, 2018).

A biopolymer widely used for its ability to form nanomaterials
is zein (Chen et al., 2018; Gaona-Sinchez et al., 2015; Liu, Zhang,
Yu, Wu, & Li, 2018). Zein is defined as the major storage prolamin
of the corn-grain endosperm (Xue et al., 2018). Zein is considered
a hydrophobic protein due to its high content of amino acids, such
as alanine (10%), leucine (20%), and proline (10%), it is insoluble
in water (Lucio et al., 2017) and is generally recognized as safe by
the US Food Drug Administration (Chen & Jones, 2017). Zein
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consists of three polypeptides: az-zein of 19 to 24 kDa (75 to 80%);
B-zein of 17 to 18 kDa (10 to 15%), and y-zein, of 27 kDa (5 to
10%) (Thapa et al., 2017). The structural model of zein consists in
an elongated, rectangular, prism-like shape with three dimensions
that are 16, 4.6, and 1.2 nm, respectively, and that render it possible
to obtain aggregates in aqueous ethanol (Luo & Wang, 2014).

Due to its ability to form nanoparticles, zein has been used to
provide protection, stability, and as a delivery system to bioactive
compounds (Wang et al., 2018). Among the bioactive compounds
that have been encapsulated in zein nanoparticles and their respec-
tive obtention methods of obtaining are the following: resveratrol
by antisolvent precipitation (Huang et al., 2017); rutin by antisol-
vent precipitation (Zhang, & Han, 2018); quercetagetin by antisol-
vent coprecipitation (Chen et al., 2018); curcumin by antisolvent
precipitation and liquid-liquid dispersion (Hu, Wang, Fernandez,
& Luo, 2016; Xue et al., 2018; Zou et al., 2016); vitamin A by
phase separation (Park, Park, & Kim, 2015); vitamin D3 by phase
separation (Luo, Teng, & Wang, 2012); procyanidins by liquid—
liquid dispersion (Zou, Li, Percival, Bonard, & Gu, 2012), Tan-
geretin by liquid-liquid dispersion (Chen, Zheng, McClements,
& Xiao, 2014); lutein by liquid-liquid dispersion (Chuacharoen
& Sabliov, 2016), and quercetin by the desolvation procedure of
an hydroalcoholic solution (Penalva, Gonzilez-Navarro, Gamazo,
Esparza, & Irache, 2017). However, the previously noted meth-
ods by which zein nanoparticles with bioactive compounds have
been obtained do not ensure that the entire solvent is removed
from the nanoparticles, and an additional process is used, such as
lyophilization, to obtain them in the form of powder, for which
electrospraying comprises a technique that eliminates the entirety
of the solvent and it can be obtained in powder in a single step.

Also, a bioactive compound related to health benefits is Gallic
Acid (GA) (3,4,5-trihydroxybenzoic acid), which is considered
a naturally occurring low-molecular weight triphenolic known
as bioactive phenolic acid (Asfaram, Ghaedi, & Dashtian, 2017;
Badhani, Sharma, & Kakkar, 2015), which is found in green tea,
vegetables, and fruits (Shahamirifard, Ghaedi, Razmi, & Hajati,
2018). GA has been attributed a wide range of biological effects,
including antioxidant, anti-inflammatory, antimicrobial, and
antitumor (Farhoosh & Nystrom, 2018; Rajan & Muraleedharan,
2017; Yao et al., 2017). In addition, the effect of GA on the
reduction of chronic degenerative diseases such as diabetes (Abdel-
Moneim, El-Twab, Yousef, Reheim, & Ashour, 2018; Abdel-
Moneim, Yousef, El-Twab, Reheim, & Ashour, 2017), obesity
(Huang, Chang, Yang, Wu, & Shen, 2018), heart disease (Jin, Piao
etal., 2017; Jin, Sun et al., 2018), and cancer (Liao, Chen, Huang,
& Wang, 2018; Sales et al., 2018) has been studied. However, GA
exhibits poor stability at high temperatures, in oxygen, in light,
and in alkaline pH, in addition to its low absorption after oral
administration (Acevedo et al., 2018). Therefore, the bioactivity
of GA is affected and strategies to maintain it must be applied.

Therefore, nanotechnology applied to the encapsulation of GA
in biopolymer matrices, such as zein, is necessary. The objective of
this work was to study the eftect of the electrosprayed solution and
equipment parameters on the morphology and particle size of GA-
loaded zein nanoparticles obtained by means of the electrospraying
process.

Materials and Methods

Chemical reagents
Zein, with a protein content of 86.06% w/w (Sigma Z 3625)
and GA with a purity of >298.5% (Sigma G 7384) were pur-

chased from Sigma—Aldrich (St. Louis, MO, USA), Ethanol was
purchased from Fagalab (Mexico) and distilled water was also used.

Preparation of electrosprayed solutions

Zein solutions containing GA in aqueous ethanol were
prepared from the methodology proposed by Bhushani, Kurrey,
and Anandharamakrishnan (2017); 5% w/v zein solutions were
prepared in 80% v/v aqueous ethanol with different concentra-
tions of GA (1 to 5% w/v). In addition, a control zein solution
was prepared. All solutions were homogenized using magnetic
stirring for 1 hr at 25 °C.

Physicochemical characterization of electrosprayed
solutions

Viscosity. Viscosity was carried out based on the methodol-
ogy proposed by Bhushani et al. (2017) with modifications. Mea-
surements were taken on Modular Compact Rheometer (MCR)
equipment (Anton Paar, Germany) utilizing concentric cylinder
geometry. Analysis was performed for zein nanoparticles at differ-
ent concentrations of GA (1 to 5% w/v). Conditions included a
constant shear rate of 50 s~ at 25 °C. Determinations were made
in triplicates.

Density. Density was calculated by pycnometer methods as
described by Tapia-Hernandez et al. (2018). First, the empty pyc-
nometer was brought to constant weight and the measurement was
denominated M1. A reference pattern was generated that consisted
of a pycnometer containing water, named M2. Then, solutions of
5% w/v of zein in 80% v/v ethanol and different concentrations
of GA (1 to 5% w/v) were placed in the pycnometer and weighed,
this measure named M3. The density of the prepared zein solutions
was determined based on Eq. (1). Determinations were conducted
in triplicate.

1)

Electrical conductivity. Electrical conductivity was deter-
mined from the methodology described by Prietto et al. (2018).
Electrical conductivity was determined for all zein solutions at
different concentrations of GA (1 to 5% w/v). A HANNA
Instruments conductometer, model HI 2550 (pH, ORP &
EC/TDS/NaCl meter) was used. Determinations were made in
triplicates.

Rheological behavior of GA-zein electrosprayed solutions

Determination of the rheological behavior of the GA-zein
electrosprayed solution was from the methodology described by
Martin-Alfonso, Cuadri, Berta, and Stading (2018), with modifi-
cation. MCR-102 equipment (Anton Paar, Germany) with con-
centric cylinder geometry was used and a distance between the
base and the cylinder was 1 mm. The conditions of shear rate
versus shear stress included a continuous ramp of 0.1 to 100 (s~')
at 25 °C with 100 points, and an interval of 2 s per point, and
with a duration of 200 s per measurement. Determinations were
performed in triplicate.

The data obtained in shear stress measurements were adjusted to
the Power Law model and obtained rheological behavior of GA-
zein electrosprayed solutions was obtained. For determination of
the type of fluid (Newtonian or non-Newtonian), the following
Eq. (2) was employed:

T=KY" (2)
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where T is the shear stress (Pa), Y is the shear rate (s™'), # is the
Power Law index, and K is the consistency parameter (Pa s").
Values = 1 are considered Newtonian fluids, values <1 are con-
sidered non-Newtonian fluids, and values of >1 are fluids with a
tendency to thicken.

First, the stability of the viscosity of the zein solution was deter-
mined with respect to time at different shear rates (50, 100, 150,
and 200 s~!). Then, with the GA-zein electrosprayed solutions,
the stability of the viscosity with respect to time was measured
with best shear rate evaluated in zein solutions. The conditions
for all solutions were 300 s and a temperature of 25 °C. For this
measurement, 50 points were used with an interval of 6 s per
point.

Electrospraying process

First, 5 mL of control zein and GA-zein electrosprayed solutions
were transferred into a plastic syringe with a needle of 0.8-mm
diameter. Then, the syringe was set in a pump (KD Scientific, Hol-
liston, MA, USA) to regulate the flow of the polymer solution.
The voltage was applied using a high-voltage power source (model
CZE 1000R, Spellman, Hauppauge, NY, USA). A 10 cm x
10 cm aluminum plate was utilized for nanoparticle collection.
For this experiment, a factorial design with four variables was em-
ployed (GA concentration, applied voltage, flow rate, and collector
distance).

All of the GA-zein electrosprayed solutions were applied at two
voltages (10 and 15 kV), at two flow rates (0.5 and 0.1 mL/hr), and
at two collector distances (5 and 15 c¢cm). Table 1 presents the runs
that were evaluated in the electrospray process. Figure 1 depicts
schematically the obtention of the GA-loaded zein nanoparticles
through the electrospraying process.

Characterization of nanoparticles

Scanning electron microscopy (SEM). The morphological
characterization of the material obtained was conducted using
Scanning Electron Microscopy (SEM). AJEOL model 5410LV
microscope was used. The samples were coated with gold and an

Table 1-Electrospray process conditions utilized to obtain GA-
loaded zein nanoparticles.

GA Voltage Flow rate Distance

Sample (% w/v) (kV) (mL/hr) (cm)
1 1 10 0.1 10
2 1 15 0.1 10
3 2 10 0.1 10
4 2 15 0.1 10
5 3 10 0.1 10
6 3 15 0.1 10
7 4 10 0.1 10
8 4 15 0.1 10
9 5 10 0.1 10
10 5 15 0.1 10
11 1 15 0.5 10
12 2 15 0.5 10
13 3 15 0.5 10
14 4 15 0.5 10
15 5 15 0.5 10
16 1 15 0.1 15
17 2 15 0.1 15
18 3 15 0.1 15
19 4 15 0.1 15
20 5 15 0.1 15
Control 0 15 0.1 15

acceleration voltage of 25 kV and a magnification of 10000 x were
utilized.

From the micrographs by SEM, particle size was measured for
all of the formulations of GA-loaded zein nanoparticles using
the Image] software program. One hundred nanoparticles were
counted and their average diameter was obtained.

Fourier transform—infrared spectroscopy (FT-IR). To
observe the interactions among the components of the material
obtained, FT-IR was performed using a PerkinElmer Frontier
spectrometer. For the analysis, a potassium bromide (kBr) pellet
was fabricated with a nanoparticle powder sample. The measure-
ment derived from a spectrum scan ranges from 4000 to 500 cm ™!
in transmittance mode.

Electrospayed
solution formation

' Food source

Gallic acid
(Antioxidant) 5

» Low viscosity

+ Low density

+ High conductivity
High voltaje

Low flow rate
Short distance

; mode -
Optimal parameters o4, Gallic acid-loaded
:i'-'.'.-:‘. zein nanoparticle
o @ e @
\\Hydrogen bond K Ol

v Interaction
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Figure 1-Schematic representation of the obtention of the GA-loaded zein nanoparticles by the electrospraying process.
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Figure 2—Effect of the physicochemical properties in the GA-zein electrosprayed solution on different concentrations of GA, (A) viscosity, (B) density,

and (C) electrical conductivity.

Experimental design and statistical analysis

For the encapsulation of GA in zein nanoparticles by the electro-
spraying process, a factorial design of 5 X 2 X 2 x 2 was employed.
The variables included GA concentration with five levels (1, 2, 3,
4, and 5%), applied voltage with two levels (10 and 15 kV), flow
rate with two levels (0.1 and 0.5 mL/hr), and collector distance
with two levels (10 and 15 cm). Also, descriptive statistics was
employed for the determination of means and standard deviations
(SDs) from the triplicates.

Results and Discussion

Effect of the physicochemical parameters of GA-zein
electrosprayed solutions in the Taylor cone formation

Effect of viscosity. The physicochemical parameters of the
GA-zein electrosprayed solution, such as viscosity, density, and
electrical conductivity, are shown in Figure 2 and were depen-
dent on the concentration of GA at 5% w/v of zein and 80%
v/v aqueous ethanol. Viscosity exhibited upward behavior as the
concentration of GA increased from 1 to 5% w/v; however, the
increase was minimal between the concentrations. Viscosity for
the solution of 1% w/v was 0.00464 £ 0.00001 Pa-s, while that
of the 2% solution w/v) was of 0.00473 £ 0.00001 Pa-s. The dif-
ference between the viscosity of 1 and 2% w/v was minimal with
0.00009 Pa-s; on the other hand, the 3% solution (w/v) revealed
a viscosity of 0.00482 Pa-s and a difference compared with the
2% solution of 0.00009 Pa-s. However, the solutions that showed
the greatest variation were those of 4 and 5% (w/v) of zein with
0.0051 £ 0.00001 and 0.00523 £ 0.00001 Pa-s, where the 4%
solution obtained a variation of 0.00028 £ 0.00001 with respect
to the viscosity of 3% (w/v) and a variation of 0.00013 Pa-s with
respect to the viscosity of 5% w/v. Viscosity is related with the
cone-jet mode; for example, an appropriate viscosity forms a stable
cone-jet mode with controlled deposition (controlled morphology
and particle size) (Luo, Loh, Stride, & Edirisinghe, 2012; Smeets,
Clasen, & Van den Mooter, 2017). Figure 3 presents the effect of
the viscosity on the formation of a stable or unstable Taylor cone
mode. A stable cone-jet mode is considered when the liquid is
discharged from the tip of the nozzle in the form of a regular,
axisymmetric cone with a thin jet at its apex, stretching along the
nozzle’s axis (Jaworek & Krupa, 1999).

In the electrospraying process, if it increases the concentration
of the components, larger particles are obtained, while on
increasing the voltage, the viscosity decreases and smaller particles
are obtained (Ghayempour & Mortazavi, 2013; Tapia-Hernindez,
Rodriguez-Félix, & Katouzian, 2017). Figure 4 depicts the impact

of particle size due to the increase in viscosity by the increase in the
concentration of GA where, at a lower concentration (1% w/v)
of GA, there was lower viscosity with stable cone-jet mode and
smaller particle diameter. On the other hand, the morphology did
not present variation in all GA concentrations, where spherical
particles were obtained. Similar results were reported by Neo
et al. (2013), where the authors studied the eftect of the addition
of GA on the viscosity of fiber-forming GA-zein electrosprayed
solutions. The solutions contained between 5 and 20% w/v of GA
and, as the concentration increased, the viscosity increased from
204.67 £ 44.9 mPa-s for 5% to 263.08 £ 56.8 mPa-s for 20% w/v.
Effect of density. The density of the GA-zein electrosprayed
solution at different concentrations of GA is illustrated in Figure 2.
The density demonstrated same behavior as the viscosity wherein,
as the concentration of GA increases, the density increases.
The concentration of 1% w/v of GA showed a density of
0.886 % 0.00002 g/cm?, while the concentration of 2, 3, and
4% w/v exhibited a concentration of 0.888 £ 0.0002, 0.889 =+
0.00004, and 0.892 £ 0.0001 g/cm®. The difference among
the electrosprayed solutions was 0.002 g/cm?, this is a minimal
increase. However, the electrosprayed solution with the highest
increase of density was 5% w/v with 0.896 % 0.0002 g/cm® and
a difference of 0.004 g/cm® with respect to the electrosprayed
solution of 4% w/v. The density is proportional to the polymer
concentration and viscosity and possesses a crucial impact on the
development of the Taylor cone. At a higher density, the Taylor
cone tends to form big particles, while at a lower density, Taylor
cone shifts to a stable cone-jet mode or cone-multijjet mode
with smaller particles (Jaworek & Sobczyk, 2008) (Figure 3). In
GA-zein electrosprayed solution, at a lower concentration of GA,
a lower density (<0.886 £ 0.00002 g/cm?), and a stable cone jet
are obtained, resulting in smaller particle sizes with spherical and
monodisperse morphology, as depicted in Figure 3.
Effect of electrical conductivity. Another
parameter in the formation of nanoparticles from GA-zein
electrosprayed solutions is the electrical conductivity and, unlike
the viscosity and density, this was inversely proportional to the
concentration of GA. Figure 2 presents the results of electrical
conductivity for different concentrations of GA. Electrical
conductivities were 369 + 4.3, 344 + 4,319 £+ 1, 309.7 & 3, and
293.3 2.1 pus/cm for the GA-zein electrosprayed solution with 1,
2,3, 4, and 5% w/v of GA, respectively. The differences among all
of the concentrations ranged from 25 to 10 ps/cm. Electrical con-
ductivity is defined as the ability a material possesses to allow the
electric charge to pass through it, in this case, a polymeric material
(Tapia-Hernandez et al., 2015). The electrical conductivity of the

important
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Figure 3-Schematic representation of the influence of the physicochemical parameters of the GA-zein electrosprayed solution in the Taylor cone

formation.

electrosprayed solution is the parameter that determines the
amount of the charge that a liquid may acquire while passing
through the nozzle. Figure 3 shows that a electrosprayed solution
is charged quickly, resulting in a stable cone-jet mode with
smaller and uniform-size particles, but an insulator electrosprayed
solution receives a very small amount of charge or no charge,
resulting in unstable cone-jet mode formation, bigger particles
with a large variation, and deposition of uneven particles (Faraji,
Sadri, Hokmabad, Jadidoleslam, & Esmaeilzadeh, 2017; Khan,
Nazir, & Maan, 2017). In this study, the electrosprayed solution
with a lower concentration of GA (1% w/v) had high electrical
conductivity (369 £ 4.3 ps/cm), which is related to the smaller
particle size and to the similar morphology obtained and is
demonstrated in Figure 4. The electrical conductivity of the
GA-zein electrosprayed solution is influenced by the type and
concentration of the components, the solvent, and the availability
of ionizable compounds (do Evangelho et al., 2018).

Effect of the GA concentration. GA-loaded zein nanopar-
ticles with different concentrations of GA (1 to 5% w/v) were
obtained and are illustrated in Figure 4. Significant differences
were revealed in the particle size: as the concentration of GA in-
creased, the particle diameter increased. With concentration of
1% w/v, the smallest particle diameter with 126.5 £ 17.12 nm
was obtained, which was very similar to that of the zein control,

822 Journal of Food Science « Vol. 84, Iss. 4,2019

that is, 123.9 £ 16.5 nm. The concentration of 2% w/v showed a
particle diameter of 131.8 & 32.7 nm with a spherical morphol-
ogy but with a high polydispersity. The concentration of 3% w/v
demonstrated a particle diameter of 132.4 £ 22.9 nm but, unlike,
the previous two solutions, it presented morphology with bicon-
cave structures due to the rapid evaporation of the solvent. On
the other hand, concentrations of 4 and 5% w/v showed higher
average diameters with 168.4 & 34.7 and 186 £ 30.3 nm, with
spherical morphology, but they presented high polydispersity. The
polydispersity can be observed as reflected in the Standard Devia-
tions (SDs), where the concentration of 1% w/v was that with the
lowest polydispersity among particle sizes, very similar to control
nanoparticles.

For an electrosprayed solution, the particle size can be controlled
in two ways: either by varying the concentration of the polymer
in solution or by changing the liquid flow rate, since the particle
diameter increases monotonically with both parameters (Almeria
& Gomez 2014). This effect of the concentration is due to the fact
that a higher polymer concentration has a higher viscosity; there-
fore, larger particles will be formed (increased GA concentration),
while solutions with a lower polymer concentration (decreased
GA concentration) have a lower viscosity and particles with
smaller diameters are obtained (Bhushani et al., 2017). Also, chain
entanglements are related to the GA-zein concentration, where
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Figure 4—Effect of the GA concentration on the particle
size and morphology of GA-loaded zein nanoparticles.
Conditions: voltage of 15 kV; flow rate of 0.1 mL/hr, and
collector distance of 10 cm.

low concentrations (5% zein and 1% GA), there are fewer entan-
glement possibilities for the polymer chains, where the operating
regime is known as the semidilute unentangled regime. In this
state, the concentration is sufficiently large for chains to overlap,
but not sufficient to obtain a significant degree of entanglement
at higher concentrations; the same available hydrodynamic
volume is occupied by more polymer chains, introducing chain
entanglements (Bock, Woodruft, Hutmacher, & Dargaville, 2011).

Effect of rheological behavior

Figure 5 shows the rheogram of the GA-zein electrosprayed
solution at different GA concentrations (1 to 5% w/v). First, the
total change shear stress can be observed from the shear rate ramp
of 0.1 to 100 s~! where, as the concentration of GA increases,
the shear stress increases at 100 s™' with 0.491 £ 0.012, 0.472 £+
0.005, 0.493 £ 0.005, 0.504 £ 0.005, 0.534 £ 0.009, and
0.541 £ 0.018 Pa for 1, 2, 3, 4, and 5% w/v of GA incorporated
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Figure 5-Rheogram of shear rate versus shear stress of GA-zein electro-
sprayed solution at different concentrations of GA with a continuous ramp
of 0.1t0 100s~".

Table 2-Power Law parameter of the GA-zein electrosprayed
solution at different concentrations of GA.

Ethanol Zein GA

(% v/v) (Y% w/v) (%% w/v) Power law parameter
Sample N R?
1 80 5 1 1.04 £ 0.003 0.99
2 80 5 2 1.05 £ 0.004 0.99
3 80 5 3 1.06 £ 0.002 0.99
4 80 5 4 1.04 £ 0.003 0.99
5 80 5 5 1.05 £ 0.006 0.99

into 5% of zein in 80% v/v of ethanol. From the data obtained
of shear rate versus shear stress, the Power Law model was applied
and the results are shown in Table 2. All of the electrosprayed
solutions at different concentrations of GA and at 5% w/v of zein
showed a Power Law index (1) of around 1 and an R? = 0.99, with
data ranging from 0.1 to 100 s~!. This result is characteristic of
Newtonian fluids, that is to say, the viscosity remains constant with
respect to the change of shear rate increase. Similar results were
reported by Soltani and Madadlou (2015), where for a solution
of zein at 0.2% w/v in 80% v/v of ethanol demonstrated a Power
Law index of n = 1, behaving as Newtonian fluids. Bhushani
et al. (2017) reported a zein electrosprayed solution at 5% w/v of
zein in aqueous ethanol that behaved as Newtonian fluids.

Figure 6 shows the rheogram of time versus viscosity of zein
and the GA-zein electrosprayed solution. Figure 6A illustrates the
viscosity behavior of zein solutions with 5% w/v at a shear rate
of 25, 50, 100, 150, and 200 s~ !, observing that a shear rate of
50 s~! showed the smallest change in viscosity in a ramp of 0 to
300 s, while the other shear rates obtained great amplitude among
the viscosities. Figure 6B reported the viscosity for the different
GA-zein electrosprayed solutions at a shear rate of 50 s~!, ob-
serving that this was dependent on the GA concentration within
a range of 0.0046 to 0.0052 Pa s. On analyzing the SD obtained
from the viscosities (50 points analyzed) in a ramp of 0 to 300 s, it
is concluded that with 1% w/v of GA, it obtained the least change
with 0.004641 £ 0.000012 Pa s, while others obtained a major
change with 0.0047336 £ 0.000015, 0.0048208 £ 0.000015,
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0.0051038 £ 0.000018, and 0.0052334 £ 0.000015 Pa s for
2, 3, 4, and 5% w/v, respectively. With these results, it may be
concluded that 1% w/v of GA is more stable for the formation
of nanoparticles with a similar morphology and monodisperse
particles during the electrospray process and as corroborated in
Figure 4. When an electrosprayed solution possesses less viscosity
and less change in viscosity with respect to time, thus, better
stability, it remains constant during the electrospray technique and
tends to form more uniform and monodispersed particles (Jain,
Sood, Bora, Vasita, & Katti, 2014; Tapia-Hernindez et al., 2018).

Effect of equipment parameters on morphology and
particle size

Effect of voltage. Figure 7 depicts the effect of the voltage at
10 and 15 kV and its influence on particle diameter and morphol-
ogy. First, at a voltage of 10 kV, diameters of 150 & 31.5, 188.3 &
30.8, 244.2 £ 26.2, 295.5 £ 32.3, and 306.3 & 35.8 nm and a
voltage of 15 kV, there were 134.2 £ 11.5, 171.9 £ 15.5, 195.4 +
21.2,226.2 & 20.5, and 253.2 £ 31.5 nm for concentrations of 1,
2,3, 4, and 5% w/v of GA in zein nanoparticles, observing that as
the voltage is increased, smaller diameters of particles are obtained
in each GA. Voltage is a parameter that represents the driving
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Figure 7-Effect of voltage (10 and 15 kV) on the particle size and morphology of GA-loaded zein nanoparticles at different concentrations of GA (1 to
5% p/v). Conditions: flow rate of 0.1 mL/hr and a collector distance of 10 cm. Error bars correspond to the standard deviation and different letters (a,
b, c, d, e) represent significant statistically differences by Tukey test (P < 0.05).

force and it is determined by the electrical conductivity of the
polymer matrix in solution, that is, a polymer matrix with high
electrical conductivity occupies less voltage to break the surface
tension of the solution and form particles smaller in diameter
(Tapia-Hernandez et al., 2015). Figure 8 presents GA-loaded zein
nanoparticles obtained at high (15 kV) and low (10 kV) voltage. At
high voltage values, it aids in obtaining a smaller particle diameter
with spherical morphology and one that is more monodispersed,
unlike low voltage, with irregular morphology and polydispersity
(Boda et al., 2018). A similar study was carried out by Baspinar,
Ustiindas, Bayraktar, and Sezgin (2018), who elaborated zein and
curcumin-loaded zein nanoparticles and evaluated the effect of
voltage on morphology and particle size. The voltages used were
15, 17.5, 20, and 22.5 kV. These authors reported that in zein
nanoparticles when the voltage is increased, the morphology was
not affected compared with nanoparticles that are obtained at
15 kV. However, with curcumin-loaded zein nanoparticles at a ra-
tio of 1:10, the particle diameter decreased from 339 nm (17.5 kV),
to 328 nm (20 kV), and further to 322 nm (22.5 kV) with similar
morphology and particle-size distribution. The voltage effect of
the current study with GA-loaded zein nanoparticles is similar

to that reported for curcumin-loaded zein nanoparticles by
Baspinar.

Effect of flow rate. Figure 9 depicts the effect of flow rate on
the morphology and particle size of GA-loaded zein nanoparticles
at different concentrations of GA. Two flow rates, 0.1 and
0.5 mL/hr, were used. The flow rate was the parameter that
most influenced the diameter of the particles and polydispersity,
corroborated in the SD. First, at a flow rate of 0.1 mL/hr, average
diameters were 134.2 £11.5,171.9 £ 15.5,195.4 £21.2,226.2 +
20.5, and 253.2 £+ 31.5 nm, while for a flow rate of 0.5 mL/hr,
average diameters were 1225.1 & 53.2, 1292.6 £ 65.6, 1326.4 +
78.6, 1358.6 &= 81.3, and 1459.2 &+ 83.4 nm. The increase in flow
rate reflects a considerable particle-size increase and vice versa
(Figure 8). When high flow rates are utilized, it can lead to the
nonrupture of surface tension and unstable particle fission because
the solvent is not completely volatilized, in addition, to that the
formation of large drops in the Taylor cone is provided, producing
high polydispersity with high voltage additionally is required
(Castillo, Martin, Rodriguez-Perez, Higuera, & Garcia-Ybarra,
2018; Smeets et al., 2017). However, when a low flow rate is
utilized, stable particle fission is obtained. In addition, the solvent
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Figure 8-Schematic representation of the
influence of equipment parameters of
GA-loaded zein nanoparticles on particle size
and morphology.

is volatilized and the Taylor cone with jet mode is obtained,
producing low polydispersity, spherical morphology, and smaller
particle size (Ganan-Calvo, Lopez-Herrera, Herrada, Ramos, &
Montanero, 2018; Smeets et al., 2017).

Other researchers reported the influence of flow rate on mor-
phology and the size of nanoparticles from biopolymers by the
electrospraying process and reveal two behaviors: (1) high flow
rate and (2) low flow rate. High flow rate is considered in an
electrosprayed solution at 0.5 mL/hr or higher, with broad and
biconcave morphology particles with high particle size, and rapid
solvent evaporation. However, low flow rate is considered at less
than 0.5 mL/hr, where uniform particles, round in morphology
and apparently compact, with a very smooth surface with smaller

826 Journal of Food Science « Vol. 84, Iss. 4,2019

particle size and low solvent evaporation, are found (Gémez-Estaca
et al., 2015; Mai et al., 2017, Tapia-Hernindez et al., 2018).
Effect of collector distance. Figure 10 illustrates the effect
of collector distance on particle size at two different distances:
10 and 15 cm. At a distance of 10 cm, average diameters were
150 £ 31.5, 188.3 £ 30.8, 244.2 £ 26.2, 295.5 £ 32.3, and
306.3 £ 35.8 nm, and at a distance of 15 cm, these were
174.2 &+ 23.5, 203.8 £ 18.2, 265.1 £ 27.3, 312.7 & 33.2, and
332.9 4 30.1 nm for concentrations of 1, 2, 3, 4, and 5% w/v,
respectively. Studies report that needle distance of the collector
and solvent evaporation exert a significant impact on particle size
and distribution with three behaviors as follows: the first behavior,
were at short distance (<10 c¢m) and high solvent evaporation, a
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Figure 9-Effect of the flow rate (0.1 and 0.5 mL/hr) on the particle size and morphology of GA-loaded zein nanoparticles at different concentrations of
GA (1 to 5% p/v). Conditions: voltage of 15 kV and collector distance of 10 cm. Error bars correspond to the standard deviation and different letters
(a, b, c, d, e) represent significant statistically differences by Tukey test (P < 0.05).

smaller diameter is obtained; the second, if the collector distance
is very short (5 cm), it will not be possible to evaporate all of
the solvent; thus, the particle will be unstable and the size will
be larger (Costamagna et al., 2017; Ghayempour, & Mortazavi,
2013), and, in the third behavior, if the collector distance is
long (>10 cm) with low solvent evaporation, it can volatilize the
solvent and the polymer particle encourages fission (Chen et al.,
2017; Tapia-Hernindez et al., 2017). Similar studies that have
reported distances of 10 cm for zein nanoparticles were those of
do Evangelho et al. (2018) and Gémez-Mascaraque et al. (2018).

Interaction of GA-loaded zein nanoparticles by FT-IR
Figure 11 and Table 3 reveal the infrared spectra and main
functional groups of the raw material, the zein nanoparticle, and
the GA-loaded zein nanoparticle. First, the main bands of GA
are presented in Figure 11A, where bands at 3500 and 3280 cm ™'
correspond to the vibrational stretching bond of OH, the hydroxyl
groups present in positions 3, 4, and 5 of the aromatic ring. In
addition, three bands are presented at 1613, 1537, and 1428 cm™!,
due to the stretching and bending bonds of -C=C and C-H of the
aromatic ring. Four bands are also presented at 1318, 1263, 1222,
and 1037 cm™!, corresponding to the flexion bond of the -C-H of
aromatic ring and the -O-H of the phenol alcohol. Finally, three

bands are presented at 1023, 899, and 866 cm ™" of the stretching
and flexion bonds of carboxyl -C-O. Figure 11B presents the
infrared spectrum for zein powder, where the characteristic bands
corresponding to a protein are observed, amide band I corresponds
to the vibratory stretching of -C=0 at 1668 cm ™!, amide band I
corresponds to the vibration of flexion of the -NH bond and the
vibration of the CN at 1537 cm ™', amide band III corresponds to
a complex mixture of displacement at 1455 cm™! and the band
of -OH and -NH corresponds to the vibrational stretch bond at
3.328 cm~!. Also, bands are presented at 2964 and 2875 cm™!,
corresponding to the vibrational stretching of the C-H of the
aliphatic groups.

Figure 11C demonstrates the infrared spectrum for zein
nanoparticles with the four characteristic bands that were
exhibited in zein powder, but with rightward shifts: amide band
I at 1661 cm™!, amide band II at 1537 cm™', amide band III at
1455 cm™!, and the -OH band and N-H at 3321 cm™'. These
differences are due to the conformational rearrangement of zein
when it passes from raw material into a nanoparticle, due to
the solvent and the electrospraying process, increasing mainly
hydrogen-bonding interactions. Figure 11D presents the infrared
spectrum of the GA-loaded zein nanoparticle, with an amide band
I at 1654 cm™', an amide II band at 1537 cm ™', an amide band
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Figure 10-Effect of the collector distance (10 and 15 cm) on the particle size and morphology of GA-loaded zein nanoparticles at different concentrations
of GA (1 to 5% p/v). Conditions: voltage of 10 kV and flow rate of 0.1 mL/hr. Error bars correspond to the standard deviation and different letters (a,
b, c, d, e) represent significant statistically differences by Tukey test (P < 0.05).

Table 3-Principal functional groups of the materials under study.

Wavenumber (cm™)

Functional groups Type of vibration GA Zein powder Zein nanoparticle GA-L-Zein-np*
O-H Stretching 3500

O-H/N-H Stretching 3328 3321 3314
O-H Stretching 3280

C-H Stretching 2964 2964 2964
C-H Stretching 2875 2875 2875
Amide I C=0 Stretching 1668 1661 1654
C-C/C-H Stretching and flexion 1613

Amide II N-H/C-N Flexion 1537 1537 1537
C-C/C-H Stretching and flexion 1537

Amide III 1455 1455 1448
C-C/C-H Stretching and flexion 1428

C-C/C-H Stretching and flexion 1386

C-H/O-H Flexion 1318

C-H/O-H Flexion 1263

C-H/O-H Flexion 1222 1222
C-O Stretching and flexion 1037 1037
Cc-O0 Stretching and flexion 899

C-O Stretching and flexion 866

*GA-L-Zein-np = gallic acid-loaded zein nanoparticle.

III at 1448 cm™', and the band of -OH and -NH at 1314 cm™'.  Another study that reports the interaction of GA with zein by
In addition, two new bands presented at 1222 and 1037 cm~!, FT-IR was that of Neo et al. (2013), these authors elaborated
corresponding to -CH and -OH of the aromatic ring of GA. GA-loaded zein fibers. First, the authors reported that the amide
Similarly, bands at 2964 and 2875 cm ™" presented for zein particle band I present in zein nanofibers at 1644 cm™' was traversed at
and GA-loaded zein nanoparticles. Displacements of zein bands 1646 and 1649 cm™', when the fibers from the GA-loaded zein
are due to the formation of hydrogen-bond interactions with GA. interaction were formed at 10 and 20% w/v of GA. In addition,
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Figure 11-Infrared spectra of (A) GA powder, (B) zein powder, (C) zein
nanoparticle, and (D) GA-loaded zein nanoparticle.

the majority of GA bands are not shown, due to the intensity
of the zein bands. The band of GA disappears at 3491 cm™!,
corresponding to the vibrational stretching of the O-H of
the hydroxyl groups. The authors reported that the synthesis
of GA-loaded zein fiber exhibited structural changes in both
components. Therefore, interactions between both components
at the molecular level have shown promising results, favoring the
stability of the fibers.

Conclusions

Electrospraying is a feasible technique for the elaboration of
GA-loaded zein nanoparticles. In addition, the physicochemical
and rheological parameters comprise are important and comple-
mentary ones during the electrospinning process for predicting
Taylor cone and fluid type. Low viscosity, density, and high
electrical conductivity were necessary to obtain stable cone-jet
mode, and Newtonian behavior is required to predict the stability
of the electrosprayed solution and to obtain the desired mor-
phology. Equipment parameters, such as high voltage, low flow
rate, and short collector distance, are necessary to obtain particles
with spherical morphology and a smaller size in GA-loaded zein
nanoparticles. FT-IR revealed conformational changes from zein
powder into nanoparticle and GA-loaded zein nanoparticle; also,
the main interactions formed were hydrogen bonds. Therefore,
the electrospraying process can be used for obtaining biopolymeric

nanoparticles, such as matrices, and provides potential protection
to antioxidant compounds from environmental factors.
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CONCLUSIONES

Los residuos del cartamo, en especial la mezcla hoja-tallo, son una fuente de CF que
confieren alta actividad antioxidante. Las propiedades fisicoquimicas y reoldgicas de las
soluciones poliméricas de zeina-CF son atributos que predicen el comportamiento del cono
de Taylor, obteniendo un cono estable, de tipo chorro. La distribucién del tamafio de
particula, diametro promedio e indice de polidispersidad de los nanoencapsulados, es
dependiente de la concentracion del extracto de cartamo encapsulado. Finalmente, se puede
concluir que la nanoencapsulacion de los CF del cartamo en matrices de zeina, promueve la
proteccion a cambios de pH y enzimas, simulando su paso durante el tracto gastrointestinal,
aumentado su biodisponibilidad en un sistema in vitro, lo que abre nuevas lineas de
investigacion para que en estudios posteriores se analicen las diversas formas de aplicacion,

ya sean en la industria alimentaria y/o farmacéutica.
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