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RESUMEN

Los compuestos fendlicos extraidos de orégano mexicano (Lippia graveolens), han
presentado diferentes propiedades bioldgicas, entre las que destacan capacidad antioxidante,
antiinflamatoria y anticancerigena. No obstante, estos compuestos tienden a ser inestables y poco
solubles en medio acuoso, ademas de disminuir o perder sus propiedades biologicas cuando se
encuentran a expuestos a la luz o bien a cambios en el pH del medio. Es por ello que en la presente
investigacion se desarrollaron diferentes matrices catidnicas a base de quitosano (QS) y poli(N,N-
diaminoetil metacrilato) (PDEAEAM). Se utilizaron 3 diferentes matrices, QS, QS modificado con
poli(etilenglicol) metacrilato (PEGMA) (QS-b-PPEGMA) y bloques de poli(etilenglicol) con
PDEAEM (PEG-b-PDEAEM). El tamafio de particula obtenido de las matrices cargadas fue de
955 nm, 458 nm y 122.4 nm, respectivamente. El contenido cargado de compuestos fendlicos de
los tres sistemas no sobrepaso el 70%. En los perfiles de liberacion se observd que el sistema que
libero poco mas del 80% de los compuestos fendlicos contenidos fue QS-b-PPEGMA debido a la
alta solubilidad que presentaron en medio acuoso. Se determiné el contenido de compuestos
fendlicos mediante UPLC/MS, teniendo como compuestos mayoritarios naringenina, floridzina y
cirsimaristina, compuestos que han presentado propiedades antiinflamatorias y antitumorales.
Después del ensayo gastrointestinal (Gl) in vitro, se observo que la actividad antioxidante de los
compuestos encapsulados aumento, caso contrario en los compuestos fendlicos sin encapsular, con
lo cual estas matrices le estarian confiriendo proteccion al pasar por la fase Gl. Se determind que
una concentracion <500 pg mL™ de compuestos fendlicos en bloques PEGilados no presentaron
citotoxicidad en fibroblastos CCD18, mientras que en células Caco-2 inhibieron la proliferacién
de estas, después de 72 h se pudo observar que el efecto de los compuestos cargados fue muy
similar al del farmaco modelo (5FU) utilizado. Por Gltimo, también se determind la estabilidad de
estos cargados la cual no se afectd después de 4 meses de almacenamiento. Por lo que las matrices
cargadas con extractos fenolicos de orégano mexicano (Lippia graveolens) podrian utilizarse como

posible tratamiento coadyuvante contra el cancer de colon.

Palabras claves: Nanoemulsiones, Compuestos fendlicos, matrices PEGiladas, Caco-2, CCD18-

co.



ABSTRACT

The phenolic compounds extracted from Mexican oregano (Lippia graveolens) have
presented different biological properties, among which antioxidant, anti-inflammatory, and anti-
cancer. However, these compounds tend to be unstable and poorly soluble in aqueous medium, in
addition to decreasing or losing their biological properties when exposed to light or changes in the
pH of the medium. That is why in the present investigation different cationic matrices based on
chitosan (QS) and poly(N,N-diaminoethyl methacrylate) (PDEAEAM) were developed. Three
different matrices were used, QS, QS modified with poly(ethylene glycol) methacrylate (PEGMA)
(QS-b-PPEGMA), and poly(ethylene glycol) blocks with PDEAEM (PEG-b-PDEAEM). The
particle size obtained from the loaded matrices was 955 nm, 458 nm, and 122.4 nm, respectively.
Regarding the content of phenolic compounds in the three systems, it did not exceeded 70%. In the
release profiles, it was observed that the system with a higher percentage was the QS-b-PPEGMA
block, releasing just over 80% of the phenolic compounds contained, due to the high solubility
these blocks presented in aqueous medium. The content of phenolic compounds was determined
by UPLC/MS, with naringenin, phloridzin, and cirsimaristin being the main compounds, that have
shown anti-inflammatory and anti-tumor properties. After the in vitro gastrointestinal (GI) tests, it
was observed that the antioxidant activity of the encapsulated compounds was increased, the
opposite of the free phenolic compounds, so it that these matrices confer protection when passing
through the Gl phase. It was determined that the PEGylated blocks containing 500 pug mL™ or less
of phenolic compounds did not present cytotoxicity in CCD18 fibroblasts, While in Caco-2 cells,
they showed inhibition of the proliferation, it was observed that the loaded compounds had an
activity very similar to the model drug (5FU) after 72 hours. Finally, the stability of these loads
was also determined, which was not affected after 4 months of storage. Phenolic extract from
Mexican oregano (Lippia graveolens) loaded in cationic matrices may be a good coadjutant to

colon cancer treatment.

Key words: Nanoemulsions, Phenolic compounds, PEGylated matrixes, Caco-2, CCD18-co
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1. SIPNOSIS

1.1. Justificacion

El cancer es una enfermedad cronico-degenerativa caracterizada por un crecimiento descontrolado
y anormal de células, las cuales pueden diseminarse a otras partes del cuerpo. La quimioterapia es
uno de los tratamientos mas utilizados y a pesar de que existen un sinfin de farmacos comerciales
para los diferentes tipos de céncer, estos no son completamente efectivos, son extremadamente
invasivos y dafan tejido sano provocando efectos adversos a los pacientes que los consumen, por
ello se han investigado alternativas de dichos farmacos. Las plantas medicinales han atraido la
atencion en los Gltimos afos ya que estas presentan una amplia gama de productos naturales con
actividad bioldgica y propiedades terapéuticas. En la actualidad se han encontrado varios agentes
anticancerigenos de origen vegetal como lo son el taxol, vincristina, derivados de la camptotecina,
topotecan e irinotecan, asi como epipodofilotoxinas. Estos han sido utilizados de manera sinérgica
con otros farmacos que ayudan a controlar la proliferacion células cancerigenas. Este mecanismo
esta estrechamente relacionado con el proceso de inflamacion celular, ya que estas células
cancerigenas producen citogquinas que son capaces de activar diferentes rutas de sefializacion que
ayudan a que estas obtengan los nutrientes necesarios para seguir reproduciéndose. En los Gltimos
afios se ha descubierto que una gran cantidad de metabolitos secundarios vegetales presentan
propiedades antinflamatorias, dentro de estos se encuentran los compuestos fendlicos que se
producen en diferentes plantas y hierbas como el orégano mexicano (Lippia graveolens). También
se sabe que este tipo de compuestos tienen baja biodisponibilidad y pueden perder su actividad
cuando entran en contacto con diferentes estimulos presentes en el ambiente (luz, pH, etc.). Es por
ello que en el presente trabajo se encapsularon estos compuestos fendlicos en nanogeles y micelas
de poli(etilenglicol)-poli(metacrilato  de  N,N-dimetilaminoetilo) (PEG-PDEAEM) vy
poli(etilenglicol)-quitosano (PEG-QS), los cuales pueden presentar cambios en su fase a bajo la
influencia de diferentes estimulos como cambios en el pH y temperatura del medio, asi como

realizar estudios de liberacion controlada in vitro y en la linea celular Caco-2.
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1.2. Antecedentes

1.2.1 Cancer como Problema de Salud Publica

El cancer es una de las enfermedades que ataca a millones de personas alrededor del mundo, en un
estudio estadistico realizado en Estados Unidos publicado en el 2024, se presentan un estimado del
namero de personas que podrian contraer cancer (Figura 1-a), asi como el porcentaje de muertes

posible a causa de lo mismo (Figura 1-b)(Siegel et al., 2024).

a) Prostata 299,010, Mama 310,720
Pulmén 116,310 Pulmén 118,270
Colon 81,540 Colon 71,270
Leucemia 36,450 Tiroides 31,520

Total de personas: 1,029,080 hombres y 972,060 mujeres
b) Pulmon 65,790 Pulmon 59,280
Prostata 35,250 Mama 42,250
Colon 28,700 Colon 24,310
Leucemia 13,640 Leucemia 10,030

Total de personas: 322,800 hombres y 288,920 mujeres

Figura 1. Casos de a) Incidencia y b) Muerte de hombres y mujeres a causa de los principales tipos
de cancer en USA, 2024.

Comparando los resultados con los de afios anteriores se puede observar que hay una disminucion
de la mortalidad prevista y esto se asocia a la disminucion en el consumo de tabaco, asi como en
la deteccion temprana de algunos tipos de cancer, ademés de la mejora en los tratamientos de
eleccion, asi como el uso de tratamientos coadyuvantes (Siegel et al., 2024). Por otra parte, en
México hasta el afio 2022 del total de defunciones registradas ante la INEGI el 10.6% de casos fue
debido a tumores malignos, teniendo un aumento del 4.86% de defunciones entre el 2012 y el 2022
(INEGI, 2024).
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La incidencia de los diferentes tipos de cancer en México incrementa con la edad, tanto en hombres
como en mujeres; sin embargo, es superior en mujeres, y se ha asociado con riesgos conductuales
y metabolicos. En el censo realizado hasta el afio 2022 en pacientes de 0 a 29 afios el principal tipo
de cancer que causo la muerte de los pacientes fue leucemia, mientras que para pacientes de 30
afios en adelante el cancer con mayores defunciones fue el de prostata y de mama, para hombres y
mujeres, respectivamente, siendo el cancer colo-rectal encontrandose entre el tercer y cuarto
puesto, respectivamente (INEGI, 2024). En cuanto la incidencia de casos hasta el afio 2022 la
Organizacién Mundial de la Salud (Figura 2) mostrd los primeros tres principales tipos de cancer
presentados en la poblacion mexicana son cancer de mama, prostata y colo-rectal (GLOBOCAN,
2022).

Prostata 26,565 Mama 31,043
Colo-rectal 8,359 Cérvico uterino 10,348
Linfoma de Hodgkin 5,173 Tiroides 9,057
Pulmon 5,062 Colo-rectal 7,723

Total de personas: 95,954 (hombres), 111,200 (mujeres)
Figura 2. Casos de Incidencia de cancer en hombre y mujeres en México en el afio 2022
(GLOBOCAN 2022)

1.2.2 El Cancer y la Inflamacion

La inflamacion (Figura 3a) es una respuesta que el sistema inmune activa después de recibir un
dafio o encontrar algin agente extrafio, inicialmente se activan sefiales quimicas para iniciar y
mantener la respuesta del hospedero designado a sanar el tejido dafiado. Esto provoca la activacion
y la migracién de leucocitos (neutréfilos, monocitos y eosinéfilos) provenientes de sistema
circulatorio hacia el sitio donde se encuentra el dafio. Se cree que los neutrofilos coordinan la
migracion de células endoteliales y fibroblastos con un mecanismo de cuatro pasos, en el cual se
forma un andamio con matriz extracelular provisional donde estas células proliferan, esta especie

de nido formado ayuda reconstituir al microambiente. Estos pasos involucran la activacién de
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moléculas de adhesion de la familia de las selectinas (L-, P- y E-selectina), las cuales facilitan la
vascularizacion del endotelio, desencadenando una activacion y sobreexpresion de integrinas
leucocitarias mediadas por citoquinas y moléculas activadores de leucocitos; la inmovilizacion de
neutrofilos en la superficie de endotelio vascular por medio de una fuerte adhesion de integrinas
asP1y osP7 que se unen a la molécula de adhesion celular endotelial vascular-1 (VCAM-1) y
MadCAM-1, respectivamente; y transmigracion a través del endotelio a sitios de lesion,
presumiblemente facilitados por proteasas extracelulares, como las metaloproteasas de matriz
(MMPs) (Coussent y Werb, 2002).

Una familia de citocinas quimiotécticas (quimiocinas), poseen un alto grado de especificidad para
el quimioatrayente de leucocitos especificos (Balkwil y Mantovani, 2001; Rossi y Zlotnik, 2000,
Muller et al., 2002), dictan la evolucion natural de la respuesta inflamatoria. El desarrollo de
enfermedades croénicas se debe a expresion regular de estas citocinas. La citocina pro-inflamatoria
TNF-a (factor de necrosis tumoral-a)) controla las poblaciones de células inflamatorias, ademas de
mediar otros aspectos de los procesos inflamatorios. TGF-f1 también es importante, influyendo
tanto positiva como negativamente en los procesos de inflamacion y reparacion (Moustakas et al.,
2002). La inflamacion normal asociada con la cicatrizacion de heridas, generalmente es
autolimitada; sin embargo, la desregulacién de cualquier factor de convergencia puede conducir a
anomalias y, en Ultima instancia, la patogénesis, este parece ser el caso durante la progresion

neoplasica (Figura 3b).
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Células epitelialesy membrana basal ﬂ Células epitelialesy células de soporte == Coagulo de

capilar (pericitos, células del musculo liso) “ 8™,  plaquetasy fibrinas

(@ Neutréfilos Q‘o\ Linfocito a Mastositos/eosinofilos/basofilos @ % Citoquinas/Quimiocinas

Macréfago/monocito Fibroblasto? y coldgenos Células epiteliales
fibrilares malignas

FigUra 3. Proceso de inflamacidon a) normal y b) en proliferacion celular (Coussent y Werb, |
2002).

Las células tumorales por su parte producen algunas citoquinas y quimiocinas que atraen leucocitos
(neutrofilos, células dendriticas, macrdfagos, eosinéfilos, mastocitos y/o linfocitos), los cuales son
capaces de producir citoquinas, mediadores citotoxicos como las especies reactivas de oxigeno
(ROS), proteasas de serina y cisteina, MMPs y agentes de perforacion de membrana, asi como
mediadores solubles de muerte celular, TNF-a, interleucinas (IL) e interferones (IFNs) (Kuper et
al., 2000; Wahl y Kleinman, 1998). Dependiendo de la cantidad de citocinas y quimiocinas que se

produzcan se ve comprometido el crecimiento de estas células (Figura 4).
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Ty citoquinas Th; citoquinas
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Algunas quimioquinas Abundantes quimiocinas Alteracién del balance de quimiocinas

(ejem. ELR(+)CXC) pro-inflamatorias pro- y anti-inflamatorias
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L ¥
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L 4
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crecimiento del tumor

4
Regresién del tumor

Crecimiento rapido del tumor

Figura 4. Regulacién de la proliferacion celular mediante citoquinas y quimiocinas (Coussent y
Werb, 2002).

1.2.3 Tratamientos contra el Cancer

En la actualidad la existencia de diferentes tipos de cancer hace que también existan diferentes
tratamientos, dentro de los tratamientos convencionales se encentran: la quimioterapia, la cirugia

y la radiacién (Figura 5):

e Quimioterapia: Es el tratamiento de primera opcion y que por eleccion se le da a la mayoria de los
pacientes que padecen de algln tipo de cancer, pero este al ser sistémico, ataca no solamente a
células cancerigenas, si no también células normales.

e Cirugia: Este tratamiento se utiliza solamente en algunos tipos de cancer, donde se forman tumores
localizados, lo cuales puedes ser extirpados total o parcialmente, del sitio en el que se encuentre.
Ayuda de igual manera a mitigar los sintomas contra el cancer (NIC, 2015).

e Radiacion: La terapia por radiacion es uno de los tratamientos mas comunes contra el cancer, y en

este se utilizan particulas u ondas de alta energia que ayudan a eliminar o dafiar células cancerosas.
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Esta radiacion actua directamente sobre el ADN de estas células produciendo roturas que evitan que
la célula se siga dividiendo (NIC, 2018)

Radiacion Cirugia Quimioterapia
Figura 5. Tipos de tratamientos convencionales contra el cancer.

1.2.4 Agentes Fitoquimicos

Desde la antigliedad se han utilizado extractos de plantas como medicamentos por sus propiedades
bactericidas, fungicida, antiparasitarios y otras propiedades medicinales tales como analgésicos,
sedantes, espasmadicos, anestésicos locales y antiinflamatorios (Adorjan y Buchbauer, 2010;
Bakkali et al., 2008; Buchbaer et al., 1993) y se han desarrollado un gran nimero de medicamentos
modernos a partir de ellos (Kharb et al., 2012). Dentro de los productos naturales, los metabolitos
secundarios (Figura 6) de origen vegetal han sido ampliamente utilizados en todo el mundo, para
el tratamiento de diversas enfermedades cronicas. Las hierbas medicinales han jugado un papel
importante en la prevencion y el tratamiento del cancer que ejecutan sus multiples efectos
terapéuticos al inhibir el cAncer activando enzimas y hormonas, estimulando la reparacion del ADN
mecanismo, promoviendo la produccion de enzimas protectoras, induciendo la accion antioxidante

y mejorando la inmunidad, por lo tanto mostrando efecto anticancerigeno (Thakore et al. 2012).
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Figura 6. Metabolitos secundarios a) Camptotecina, b) Homoharringtonina, c) Taxol, d) Acido
flavona-8-acético y €) Vinorelbina

Ademas de las alteraciones mutagénicas de las células cancerigenas, estas secretan cascadas de
sefializaciones que inducen el proceso de inflamacion para asi poder obtener los nutrientes
necesarios para seguir reproduciéndose. Es por ello que también se han estudiado alternativas
antiinflamatorias en la medicina natural, Artemisia herba alba y Magnolia officinalis han sido
ampliamente utilizadas ya que inhiben y estimulan la produccion de IL-12 e IL-4, respectivamente,
ademas disminuyen la produccion de 6xido nitroso (NO) (Messaoudene et al., 2011). En México
es muy comun el uso de infusion de hierbas, en las que recientemente la Buddleia scordioides
(Sevilla), Chamaemelum nobile (Manzanilla) y Listea glaucescens (Laurel), mostraron respuestas
de inhibicion sobre marcadores antiinflamatorios, aliviando estrés oxidativo y una baja regulacién
de COX -2, TNF-a, NF-xB e IL-8 (Herrera-Carrera et al., 2015). La mayoria de los compuestos
que exhiben propiedades quimiopreventivas (antiproliferacion, apoptosis, prevencion de la
oxidacion y actividad antiinflamatoria, entre otras) son compuestos fendélicos (Figura 7), estos se
pueden subdividir en &cidos fendlicos, flavonoides y no flavonoides. Los flavonoides estan
conformados por dos anillos fendlicos unidos por tres carbonos, los cuales normalmente estan
oxigenados. Las propiedades antiinflamtorias y antioxidantes de estos compuestos son atribuidas
a su estructura quimica, ya que son capaces de donar electrones o hidrogeno, neutralizar radicales
libres o algunas otras especies reactivas de oxigeno (Zhang y Tsao, 2016). Los mecanismos
propuestos de estos compuestos son por su actividad estrogénica/antiestrogénica (Veeramuthu et
al., 2017).
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Figura 7. Estructura de compuestos fendlicos

1.2.5 Agentes Fitoquimicos en Orégano (Lippia graveolens)

En orégano se han encontrado diferentes tipos de fitoquimicos, los cuales se agrupan dependiendo
de sus propiedades hidrofilicas o hidrofobicas, en aceites esenciales o compuestos fendlicos,
respectivamente (Ambriz-Pérez et al., 2019). Los compuestos fendlicos son un grupo heterogéneo
de compuestos derivados del metabolismo secundario de las plantas. Estos se caracterizan
estructuralmente porque tienen al menos un anillo aromatico al que uno o mas grupos hidroxilo se

encuentran unidos a estructuras aromaticas y alifaticas.

Estos compuestos pueden clasificarse en flavonoides y no flavonoides. Los flavonoides estan
compuestos por dos anillos aromaticos unidos a través de un heterociclo, los cuales dependiendo
del grado de hidrogenacion se pueden subclasificar en flavonoles, flavonas, isoflavonas, entre

otros. Dentro de los no flavonoides se encuentran los derivados del acido hidroxibenzoico e
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hidroxicindmico y a estos se les conoce comunmente como acidos fenolicos. En los Ultimos afios
se ha incrementado el interés de la ciencia y la industria alimentaria en estos compuestos debido a
sus beneficios en la salud (Gutierrez-Grijalva et al., 2018). El aumento en la ingesta de compuestos
del tipo flavonoide ha disminuido la aparicion de algunas enfermedades crénicas como la diabetes,
enfermedades cardiovasculares, Alzheimer, Parkinson e inflamacion (Bravo, 1998; Mhamed,
2014). El aislamiento de estos compuestos se realiza con ayuda de solventes, estos se elegiran
dependiendo de la polaridad y la afinidad de los compuestos con el solvente, dentro de los

comunmente utilizados para la extraccion de estos son los de tipo metandlico.

1.2.6 Liberacion de Farmacos a partir de Nanoparticulas

Los tratamientos tradicionales contra el cancer quedan limitados en muchos de los casos solo a la
cirugia, la radiacién y la quimioterapia, lo cual lleva consigo un alto riesgo de dafio a tejido sano o
bien no erradicar por completo el cancer, por lo que la nanotecnologia ha desarrollado en las Gltimas
décadas terapias dirigidas lo cual facilitaria la administracion de farmacos en quimioterapia, ya que
ofrece un medio adecuado para la liberacion controlada de una gran variedad de farmacos y otros
agentes bioactivos (Hamidi et al. 2008; Estanqueiro et al. 2015; Benjamin et al. 2017). Desde un
punto de vista terapéutico, una liberacion controlada en respuesta a sefiales especificas puede
resultar ventajosa en un buen nimero de situaciones como en el que la inestabilidad, alta
citotoxicidad y liberacién en tejidos especificos de un principio activo se ve comprometida

(Chamundeesware, et al. 2019).

1.2.7 Sistemas de Liberacion Controlada

Con el fin de mejorar la calidad de vida de los pacientes con cancer se han propuesto nuevos
tratamientos y el desarrollo de nuevas tecnologias biomeédicas para disminuir los efectos adversos

presentados por los farmacos utilizados en quimioterapia. La nanomedicina es una rama de la

20



ciencia que se dedica al disefio, construccion y utilizacion de estructuras funcionales a escala
nanométricas para ayudar al tratamiento, diagndstico y control de sistemas bioldgicos. En la terapia
contra el cancer, uno de los sistemas mas prometedores son las nanocapsulas, que poseen
propiedades fisicoquimicas unicas tales como estabilidad en un amplio intervalo de valores de pH
y temperaturas, buen grado de flexibilidad y alta relacion superficie/volumen con capacidad para
almacenar farmacos (Sanna et al. 2014; Kang et al., 2015). Todas estas caracteristicas hacen que

estas particulas sean idéneas para su utilizacion en el suministro controlado de antineoplasicos.

El uso de nanoparticulas para el transporte de farmaco dentro del cuerpo humano permite que el
farmaco tenga una mayor probabilidad de llegar a su sitio de accidn, por lo que hoy en dia se han
preparado diferentes tipos de nanocapsulas para ayudar a que esto sea posible. Como
nanoacarreadores tradicionales, tenemos aquellos que estan basados en los sistemas liposomales,
estos han tenido un gran éxito como transportadores de farmacos, asi como co-administradores de
farmacos quimioterapéuticos y agentes génicos, muchos investigadores han informado de sus
logros utilizando liposomas catiénicos modificados (Chen et al., 2008; Fulton y Najahi-Missaoui,
2023) Dentro de los nanoacarreadores no tradicionales se encuentran los dendrimeros que son
macromoléculas hiperramificadas y monodispersas las cuales presentan pesos moleculares
definidos. Estos pueden interactuar con moléculas de farmacos y genes por encapsulaciones
simples, interacciones electrostaticas y conjugaciones covalentes ya que poseen cavidades internas
vacias donde es posible hospedar una molécula huésped y una densidad alta de superficie
(Gonzélez-Ayon et al., 2015).

También existe una clase de nanoacarreadores a base de polimeros reticulados como los
nanohidrogeles que son redes poliméricas que tienden a hincharse y a su vez poseen propiedades
fisicoquimicas Unicas en el entorno acuoso, presentan una buena estabilidad en una amplia gama
de valores de pH y temperaturas, buen grado de flexibilidad y alto volumen para la encapsulacién
de farmacos bioactivos (Kakizawa y Kataoka, 2002). Asi mismo, existen estrellas poliméricas, que
son similares a las micelas las cuales tienen alrededor brazos que ayudan a la estabilidad de la
misma (Licea-Claverie et al., 2009). Las micelas son nanoacarreadores capaces de proteger el
contenido, evitando su degradacion asi como de evitar su liberacion prematura. La mayoria de los

complejos micelares se basan en un autoensamblaje de bloques hidrofobicos para formar el interior
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y bloques hidroéfilicos para formar la cubierta de la micela (Van der Meel et al., 2014). Por otra
parte, las vesiculas son agregados que cuentan con una doble capa. Estas se auto-ensamblan como
resultado del efecto hidréfobo cuando las moléculas anfipaticas, normalmente fosfolipidos, son
presentadas en un entorno acuoso (Chen et al., 2010). En la Figura 8 se muestran algunos de los

tipos diferentes de nanocépsulas mencionados anteriormente.

Figura 8. llustracion esquematica de cuatro tipos principales de nanoacarreadores: a) Nanogel, b)
Estrellas, c) Micelas y d) Vesiculas.

1.2.8 Monomeros Utilizados para la Sintesis de Nanocapsulas Catiénicas

Para que los nanoacarreadores mencionados anteriormente sean capaces de responder a ciertos
estimulos como el pH o a la temperatura, deben de contener polimeros que respondan de igual
manera a esos estimulos. Estos polimeros presentan un cambio de volumen reversible como
respuesta a una variacion pequefia de un parametro del medio acuoso donde se encuentren (Picos-
Corrales et al., 2012)

Cuando la variable es la temperatura, la respuesta se origina en la llamada temperatura critica
inferior de solucion (LCST) de las cadenas de polimeros que forman las nanocapsulas. Esta debe
estar optimizada dentro del intervalo en el que se quiere trabajar. Algunos de estos polimeros
también pueden presentar respuestas a otros estimulos externos del medio como los cambios de
pH, alterando la conformacion de la nanocépsula y su estructura quimica, dejando salir el o los
principios activos que se encuentren dentro de la nanocéapsula (Figura 9), dependiendo de los

grupos contenidos en los polimeros estos pueden ser anidnicos o catidnicos, estas caracteristicas

22



hace que estas nanocapsula sean catalogadas como polimeros inteligentes, ya que cuando el
estimulo cesa estas vuelven a su forma original (Khan et al., 2023; Singh y Nayak, 2023).

Figura 9. Variacion del tamafio en funcion de la temperatura o del pH.

Los mondmeros utilizados para la sintesis de estos sistemas nanoacarreadores sensibles a estimulos
(por ejemplo, a la temperatura y/o pH) son de gran importancia ya que, dependiendo de ellos, los
nanoacarreadores pueden presentar un cierto porcentaje o nula toxicidad y por supuesto

biocompatibilidad al entrar en contacto con las células vivas.

1.2.8.1 Poli(etilenglicol) (PEG). El poli(etilenglicol) (PEG) ha sido uno de los polimeros que en
los ultimos afios ha ido ganando importancia debido a la biocompatibilidad alta que presenta,
aumentar el tiempo en circulacion de nanoacarreadores, disminuir el reconocimiento y eliminacién
por parte del sistema fagocitico mononuclear (Shi et al., 2021; Shi et al., 2022). Otro factor
relevante para las caracteristicas del PEG es la longitud de cadenas que este contenga, porque
dependiendo del tamafio estos polimeros son solubles en agua y también presentan LCST (Molina
y Bergueiro, 2015). Esta tltima puede verse modificada por los grupos terminales que el PEG tenga
ya sean del tipo acido, amino o hidroxilo (Kataoka et al., 2003).

Por ello el metacrilato de poli(etilenglicol) metil éter (PEGMA) (Figura 10), ha sido ampliamente
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utilizado. Cuando este comienza a degradarse, algunas de sus propiedades cambian, esto permite
un cambio en el tamafio de los subproductos degradados, lo cual es muy favorable para la aplicacion

médica, ya que estos subproductos pueden ser facilmente excretados por filtracion renal (Chen et

al., 2017).
e o‘(\/\o):\/ o\n)‘\
o

Figura 10. Estructura del metacrilato de poli(etilenglicol) metil éter (PEGMA).

ElI PEG como el PEGMA son polimeros hidrofilicos, normalmente se copolimerizan con polimeros
hidrofébicos, los cuales ayudan a mantener por mas tiempo una mayor cantidad del farmaco o

agente que se quiere transportar a un sitio especifico.

1.2.8.2 Metacrilato de (N,N-dimetilamino)etilo (DEAEM). Otro de los monémeros que ha sido
ampliamente utilizado en los Gltimos afos es el metracrilato de (N,N-dietilamino) etilo (DEAEM)
(Figura 11), el cual forma polimeros que presentan cambios en su conformacion con variaciones

del pH del medio, en otras palabras son sensibles a cambios de pH (Manzanares-Guevara et al.,

2017).
SN /\/O\HJ\
P 0

Figura 11. Estructura del metracrilato de (N,N-dietilamino) etilo (DEAEM).

La combinacion del DEAEM y el PEG da como resultado copolimeros que son sensibles a
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estimulos del medio que los rodea, como se puede observar en la estructura del PDEAEM este
posee una amina terciaria, que puede ser facilmente cuaternizada para producir un polimero
catidnico, esto hace que los grupos amino terciarios actden como ligandos para muchos metales
(Amalvy et al., 2004). También se ha confirmado que este polimero es sensible al pH con un pKa

cercano a /.

1.2.8.3 Quitosano (QS). El quitosano (QS) se deriva de fuentes de origen natural, como lo son el
exoesqueleto de los insectos, crustaceos y hongos (Dash et al., 2011). EI QS (Figura 12) es un
copolimero lineal compuesto de B-(1-4) D-glucosamina ligada y N-acetil-D-glucosamina al azar,
obtenido a partir de la desacetilacion de la quitina, se describe asi como un polielectrolito catidnico.
La naturaleza cationica del quitosano es especial ya que la mayoria de los polisacaridos son neutros
0 presentan carga negativa cuando se encuentran a pH bajos. Esta propiedad ayuda la formacién
de complejos electrostaticos o estructuras multicapa con otros polimeros sintéticos o naturales con

carga negativa (Venkatesan y Kim, 2010).

Este biopolimero presenta una variedad de propiedades fisicas, quimicas y biolégicas como
biodegradable, biocompatible, bioadhesivo y no toxico (Kumar et al., 2004). Dichas propiedades
le confieren numerosas aplicaciones en campos tales como cosméticos, productos farmacéuticos,
ingenieria biomédica, la oftalmologia, la biotecnologia, la agricultura, los textiles, la enologia, la
elaboracion de alimentos y nutricion; también es Gtil en el tratamiento de aguas para eliminar
particulas y contaminantes disueltos (Dash et al., 2011). Los principales parametros que influyen
en las caracteristicas y propiedades de quitosano son su peso molecular, el grado de desacetilacion,

lo que represeta la fraccion molar de unidades desacetilada, y su cristalinidad (Renault et al., 2009).
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Figura 12. Estructura del Quitosano

1.2.9 Sintesis de Polimeros

1.2.9.1 Polimerizacion por radicales libres. Para la obtencion de los diferentes tipos de morfologias
de los nanoacarreadores existen diferentes tipos de polimerizacion, para la obtencion de
nanoacarreadores tipo micela se utiliza de convencionalmente la polimerizacion por radicales
libres, la cual consiste agregar una gran cantidad de iniciador el cual va a producir una gran cantidad
de radicales lo cual ayudara a la obtencion en primera instancia de un homopolimero. Después de
obtener el primer homopolimero, en la siguiente etapa de polimerizacién se adiciona un monémero
diferente que se activara con radicales libres del iniciador y se ird adicionando al homopolimero
previamente obtenida, teniendo como resultado un copolimero el blogue (Odian,1991) (Figura 13).
Con ello estos polimeros pueden obtener diferentes propiedades dependiendo de la relacion entre
ambos polimeros, entre las que se encuentran variaciones en la solubilidad, sensibilidad al pH y/o

a la temperatura, entre otras.
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Figura 13. Esquema de la polimerizacion por radicales libres.

1.2.9.2 Polimerizacion por Transferencia de Cadena Reversible Adicion-Fragmentacion (RAFT).

Para la obtencién de bloques copoliméricos se utilizé la polimerizacion RAFT, la cual es muy
similar a la de radicales libres, con la diferencia que en esta se puede controlar el crecimiento de
las cadenas de polimero y esto es posible con la ayuda de un agente de transferencia de cadena
(CTA) como se muestra en la Figura 14. Los compuestos insaturados de estructura general 1 o0 4
pueden actuar como agentes de transferencia de cadena mediante un mecanismo de fragmentacion
por adicion de dos pasos. En estos compuestos, C=X debe ser un doble enlace que sea reactivo a
la adicidn de radicales. X es méas a menudo CH> 0 S. Z es un grupo elegido para dar al agente de
transferencia una reactividad apropiada hacia los radicales de propagacion y transmitir la

estabilidad apropiada a los radicales intermedios (2 o0 5, respectivamente).

CTA-1 .
X. AR Fagd R A{F:_\ Fp RX._A 4R

R + Y k_aa \T/J o \f

R® + X ABR Kogg ~ R-X_, Aaﬂ: kg R-x\~/a +R
Y k—add \IEU 7

z

6

Figura 14. Mecanismo de transferencia de cadena reversible de adicion-fragmentacion.
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Algunos ejemplos de A son CHz, CH,=CHCHz, O 0 S. R es un grupo saliente homolitico y Re
debe ser capaz de reiniciar la polimerizacién de manera eficiente. En todos los ejemplos conocidos
de transferencia los agentes, B son O. Dado su funcionalidad se puede introducir en los productos
en los pasos de transferencia (tipicamente desde Z) y reiniciacion (desde R), estos reactivos ofrecen

una ruta a una variedad de polimeros de funcion terminal, incluidos los telequélicos (Moad et al.,
2008).

En 1995 se informd que las polimerizaciones de mondmeros metacrilicos en presencia de
macromondmeros metacrilicos (X=CH., Z=CO,-R) en condiciones en las que el monémero es muy
activo muestran muchas de las caracteristicas de la polimerizacion viviente (Krstina et al., 1995;

Krstina et al., 1996). Estos sistemas involucran el mecanismo RAFT (Figura 15).
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Figura 15. Mecanismo de la polimerizacion RAFT.

1.2.9.2.1 Polimerizacion RAFT para formar Bloques con PEG. La polimerizacion RAFT es uno de

los métodos mas versatiles para la preparacion de copolimeros en bloque con una distribucion de
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pesos moleculares estrecha. De acuerdo al mecanismo y a los trabajos experimentales, se ha
encontrado que cuando se parte de un macro-CTA tipo tritiocarbonato para formar un copolimero
en bloques, el grupo tiocarboniltio queda en el extremo del segundo bloque (Moad et al., 2005;
Lambeth et al., 2006). De acuerdo a lo reportado en la literatura, cuando se quiere preparar un
copolimero en bloques es necesario partir de un macro-CTA en el cual se permita el equilibrio del
polimero radical saliente sea mas estable y a su vez permita la adicion de un segundo bloque. Como
se hizo en el trabajo ya publicado por Cortez-Lemus et al. (2017), donde obtienen un macro-CTA
con metoxi-polietilenglicol (Ma=2000 g mol™) el cual posteriormente se hace reaccionar con

DEAEM, para la obtencion de bloques copoliméricos anfifilicos (Figura 16).
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Figura 16. Sintesis de copolimeros en bloque via RAFT.

1.3. Hipotesis

1. Al menos 10% de PDEAEM en un copolimero en bloques permite obtener un polimero
sensible a cambios de pH.

2. La solubilidad de las matrices poliméricas en medio acuoso ayudara a que los compuestos
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fendlicos sean liberados en un mayor porcentaje.

La interaccidn de las aminas libres con los —OH libres en el extracto ayuda al encapsulamiento
de este agente fitoquimico, al tener un mayor contenido de —OH el contenido de compuestos
fenolicos podria ser mayor.

Una concentracion de al menos 100 pg mL™ no presenta citotoxicidad en células normales
teniendo una concentracion del 20% en peso del PDEAEM

Los compuestos fenolicos presentes en el encapsulado a una concentracion minima de 50 pg

mL tienen efectos antiproliferativos.

1.4. Objetivo General

Evaluar la eficiencia de encapsulacién de compuestos polifenélicos del orégano, usando polimeros

cationicos PEGilados y su actividad antiproliferativa en la linea celular de cancer de colon (Caco-

2).

1.5. Objetivos Especificos

Sintetizar copolimeros en bloque de PEG y mondmeros cationicos (PDEAEM >30%, o QS).
Determinar factores que favorecen la liberacién de compuestos fendélicos encapsulados de
manera controlada.

Determinar el contenido de flavonoides antes y después de la digestidn gastrointestinal in vitro
por UPLC/MS.

Evaluar la citotoxicidad de los bloques de QS-b-PPEGMA y PEG-b-PDEAEM cargados y sin
cargar en linea celular de fibroblastos (CCD18).

Evaluar la capacidad antiproliferativa de blogues de QS-b-PPEGMA y PEG-b-PDEAEM

cargados en linea celular de cancer de colon (Caco-2).

30



1.6. Seccion Integradora del Trabajo

La informacion presente en este manuscrito esta dividida en secciones denominadas capitulos a

continuacion se describe el contenido.

En el articulo 1 se describe las potenciales propiedades antioxidantes y antinflamatorias que los
compuestos fenolicos de orégano mexicano (Lippia graveolens) presentan bajo diferentes ensayos
colorimétricos (ABTS, TRC y ORAC), antes y después de pasar por el sistema gastrointestinal in
vitro; de igual manera se describe la modificacion del quitosano con PPEGMA, el cual aumenta la
solubilidad de quitosano en medio acuoso. Se determinaron sus propiedades térmicas, asi como el
contenido de cargado de compuestos fendlicos, su liberacion y la proteccion de estos utilizando
quitosano modificado y sin modificar antes y después de la digestion in vitro, encontrando que el
sistema de quitosano modificado con PPEGMA aumenta la solubilidad de estos compuestos en
medio acuoso, asi como les brinda proteccion térmica y proteccion en fase gastrica, por lo que lo
hace un buen reservorio para este tipo de compuestos. Este articulo se encuentra publicado en

Polymers.

En el articulo 2 se describe la sintesis de copolimeros en bloque a base de PEG con polimeros
catiénicos como el PDEAEM y el QS, asi como la caracterizacion del potencial antioxidante por
medio de ensayos colorimétricos como el TEAC y ORAC de los compuestos fendlicos
encapsulados en las diferentes matrices cationicas PEGiladas, antes y después de pasar por la
simulacion gastrointestinal in vitro, también se determin6 el contenido de compuestos fendlicos
antes y después mediante UPLC/MS. Se reporta un alto contenido de naringenina, floridzina y
crisimaristina, las cuales han presentado propiedades antiinflamatorias y antitumorales. También
describe la actividad en fibroblastos CCD18 y células CACO-2 en el que se determiné que a 500
ug mL estas matrices cargadas no presentan citotoxicidad en células de colon normales, pero si
exhiben capacidad antiproliferativa en CACO-2. La actividad es similar a la del farmaco modelo
utilizado (5FU) después de 72 h, por lo cual se puede inferir que los compuestos encapsulados en
las matrices cationicas pudieran ser en buen coadyuvante en el tratamiento contra el cancer de

colon. Este articulo fue enviado a la revista “Journal of Drug Delivery Science and Technology”
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Abstract: Mexican oregano (Lippia graveolens) polyphenols have antioxidant and anti-inflammatory
potential, but low bioaccessibility. Therefore, in the present work the micro/nano-encapsulation
of these compounds in two different matrixes of chitosan (CS) and chitosan-b-poly(PEGM Ay yy)
(CS-b-PPEGMA) is described and assessed. The particle sizes of matrixes of CS (~955 nm) and
CS-b-PPEGMA (~190 nm) increased by 10% and 50%, respectively, when the phenolic compounds
were encapsulated, yielding loading efficiencies (LE) between 90-99% and 50-60%, correspondingly.
The release profiles in simulated fluids revealed a better control of host-guest interactions by using
the CS-b-PPEGMA matrix, reaching phenolic compounds release of 80% after 24 h, while single CS
retained the guest compounds. The total reducing capacity (TRC) and Trolox equivalent antioxidant
capacity (TEAC) of the phenolic compounds (PPHs) are protected and increased (more than five times)

Oregano (Lippia graveolens) in
Different Chitosan Bio-Polymeric
Cationic Matrixes. Polymers 2022, 14,
3609. https://doi.org/103390/
polym14173609

when they are encapsulated. Thus, this investigation provides a standard encapsulation strategy and
relevant results regarding nutraceuticals stabilization and their improved bioaccessibility.

Keywords: chitosan; polyethylene glycol methacrylate; oregano; phenolic compounds; nanoencapsulation;
bioaccessibility
Academic Editor: Ki Hyun Bae
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The secondary metabolites present in plants, such as phenolic compounds, better
known as phytochemicals, have gained great interest in recent years since they play an
important role in the prevention of different diseases such as cancer, diabetes, and obesity,
which are related to oxidative stress [1]. Mexican oregano (L. graveolens) is an endemic
species from northwestern Mexico mostly known for its culinary uses but is also a rich
source of phenolic compounds that can bring great benefits to human health due to their
pharmacological properties, which include the anti-inflammatory, antifungal, and antibac-
terial activities, among others [2-4]. In this subject, essential oils and polyphenols are
the major secondary metabolites found in oregano that are responsible for its biological
properties [2,5]. Previous works have shown that oregano polyphenols have low bioac-
cessibility, and in-vitro digestion assays have demonstrated that phenolic acids, flavones,
and flavanones of oregano seem to be susceptible to the pH changes during each digestion
stage [6-8]. Thus, despite the bioactive properties of oregano polyphenols, they may be
affected during their journey through the gastrointestinal (GI) tract, mainly due to pH
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changes favoring the ionization of these compounds or they are degraded, and thus the
active compounds could lose their properties [1,9,10].

The low bioaccessibility of polyphenols is a subject highly reported; hence, different
alternatives have been proposed to protect these metabolites from degradation. Among
the technologies useful for this purpose are: (1) spray drying (for microencapsulation),
(2) biopolymeric-type systems such as pectin, alginate, gums, and chitosan used to encapsu-
late different phytochemical compounds such as curcumin, thymol, and carvacrol [11-17].
Although most of these loading and release studies have been carried out with isolated com-
pounds, it has also been found that when there is a combination of phenolic compounds,
they can create synergism between them and enhance their activity [18].

The biopolymer chitosan (CS), which is obtained from a natural polysaccharide called
chitin, represents a biocompatible and biodegradable platform with outstanding perfor-
mance in sorption-oriented processes. This is one of the main polymeric matrixes used for
the encapsulation of synthetic or natural agents due to polyelectrolyte character, which
means that the charge of its functional groups can be modified depending on the pH of the
medium, where the amino and the hydroxyl groups give this character [19-22]. However,
this biopolymer is insoluble in normal deionized water, limiting biological applications;
regarding this, some studies have been focused on modifying these molecules with different
polymers to improve their solubility, such as polyethylene glycol (PEG). PEG has been one
of the polymers with better biocompatibility [23]. Modified biopolymers have shown the
capacity to adhere to peptide sequences [24], growth factors [25], and the ability to control
mechanical properties regardless of polymerization conditions [26].

As it is well known, PEG is one of the few polymers approved by the U.S. FDA;
moreover, the polyethylene glycol methyl methacrylate (PEGMA) properties are attributed
to PEG due to their similar structures [27]. In addition, in case a certain percentage
passes into the blood system, these particles avoid a response by the immune system, thus
expanding the areas of application [28,29]. In some approaches, the use of PEGMA is
related to the increase in the lower critical solution temperature (LCST) of the synthesized
copolymers, increasing the LCST at temperatures greater than 32 °C, which ensures that the
matrix can remain stable at temperatures higher than the LCST in aqueous medium [30].

Based on the abovementioned, in the present work the encapsulation of phenolic
compounds extracted from the aerial part of Mexican oregano (L. graveolens) was carried
out in systems based on chitosan (CS) and chitosan modified with PEGMA (Chitosan-
block-poly(PEGMAj(go) (CS-b-PPEGMA), their release profiles at different pH levels were
studied and their antioxidant activity before and after encapsulation was assessed. For that,
a simple encapsulation method involving mechanical stirring was used.

2. Materials and Methods
2.1. Reagents

Polyethylene glycol methyl methacrylate 2000 g mol ! (PEGMA), ammonium per-
sulfate (APS, 98%, Sigma Aldrich, Toluca, Mexico), sodium chloride (NaCl, Jalmek, San
Nicolas de los Garza, Mexico), chitosan (Low weight, 98%, Sigma Aldrich), glacial acetic
acid (99.7%, Fermont, Monterrey, Mexico), deuterium chloride /deuterium oxide (D,O/DCl
35% by weight, 99.9% deuterium, Sigma Aldrich), Folin-Ciocalteu reagent, aluminum
chloride, potassium acetate, quercetin, DPPH radical, ABTS radical, potassium persulfate,
HPLC grade water, and formic acid were purchased from Sigma-Aldrich (Toluca, Mexico).
Moreover, sodium hydroxide (97.8%, Chemical Products of Monterrey SA de CV, Monterrey,
Mexico) was purchased through a local provider.

2.2. Chitosan Purification

CS was dissolved in an aqueous acetic acid solution at 1% in volume, up to a con-
centration of 10 mg mL~!; afterward, the mixture was filtered under reduced pressure
with Biichner. CS was precipitated from the acidic solution using 1 M sodium hydroxide
solution. The alkaline CS suspension was filtered under reduced pressure with a 5 um
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particle cutoff filter. The CS was washed with deionized water until neutralization, frozen,
and finally lyophilized (Labconco, FreeZone® 1L, Kansas City, MI, USA).

2.3. Plant Material and Extraction of Free Polyphenols

Oregano (L. graveolens) was collected in Santa Gertrudis, Durango, Mexico. Dried
oregano leaves were ground using an Ika Werke M20 grinder (IKA, Staufen, Germany)
until a fine powder consistency was obtained. Oregano powder was stored at —4 °C
until use. The extract of phenolic compounds was obtained using 25 mL of absolute
ethanol for 1 g of oregano powder, where the mixture was stirred and homogenized on a
stirring plate (Thermo Scientific Cimarec, Waltham, MA, USA) at room temperature for
18 h. Subsequently, the extract obtained was centrifuged at 10,000 rpm for 15 min, and
the supernatant was collected and stored at 4 °C until use. This technique was performed
repeatedly to obtain approximately 1 L of extract. Figure 1 is a schematic representation for
the process involving the extraction of phenolic compounds.

5 L. graveolens
i~ dry leaves
\\

)

L. graveolens
‘ powder
EK -
< > o

/ @\ 18h in darkness Stored at 4 °C
P s S e
.

S

1 g of L. graveolens powder! 10,000 rpm/15 min
25 mL de ETOH at4°C

Figure 1. Schematic representation for free phenolic compounds extraction.

2.4. Characterization of the Extract of L. graveolens
2.4.1. Total Reducing Capacity

The total reducing capacity was evaluated through phenolic content analysis using the
Folin—Ciocalteu (FC) method proposed by Swain and Hillis [31], with some modifications.
The procedure consisted of mixing 10 uL of the samples, 230 uL of distilled water, and
10 uL of FC reagent in a 96-well microplate. The mixture was incubated for 3 min, and
then 25 puL of 4N NayCO3 were added, incubating again at room temperature for 2 h in the
darkness. After incubation, absorbance at 725 nm was measured (Synergy HT microplate
reader). Calculations were made using a gallic acid standard curve (from 0 to 0.4 mg mL ™)
and the results were expressed in milligrams of gallic acid equivalents per gram of powder
obtained (mg AG g~!). Each sample was measured in triplicate (n = 3).

2.4.2. Total Flavonoids Content (TFC)

The total flavonoid content was performed according to the methodology described
by Ghasemi, et al. [32], with slight modifications. The process consists of taking 30 uL
of the extract, then 250 uL of distilled water are added, and then 10 pL of aluminum
chloride and 10 uL of 1 M potassium acetate, and it is left incubating in the darkness for
30 min; after incubation, absorbance is read at 415 nm in a Synergy HT microplate reader
(Synergy HT, Bio-Tek Instruments, Inc., Winooski, VT, USA). The content of total flavonoids
is determined from a quercetin standard curve (from 0 to 0.4 mg mL~1); the results are
expressed in equivalent mg of quercetin per gram of dry extract (mg QE g~! of dry sample).
Each sample was measured in triplicate (n = 3).

2.4.3. Antioxidant Capacity Methods
Inhibition of the 2,2-Diphenyl-1-Picrylhydrazyl Radical (DPPH)
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This method uses the DPPH radical, which reduces its purple chromogen by the action
of an antioxidant compound to hydrazine, a compound that colors a pale-yellow tone. This
DPPH radical scavenging assay was carried out according to Karadag, et al. [33], for which
20 pL of the sample was placed in a 96-well flat-bottomed transparent microplate. Then,
280 puL of the DPPH radical were added and incubated for 30 min in the absence of white
light. Finally, the absorbance at 515 nm was measured (Synergy HT microplate reader).
A Trolox curve from 0.1 to 1 mmol TE g*1 was used to calculate the results, which are
expressed as mmol Trolox equivalent per gram of powder (mmol TE g~1). Each sample
was measured in triplicate (n = 3).

Trolox Equivalent Antioxidant Capacity (TEAC)

The antioxidant capacity by the TEAC assay of the encapsulated sample was deter-
mined as described by Thaipong, et al. [34]. ABTS was dissolved in distilled water at a
concentration of 7.4 mM (stock solution). The ABTSe+ radical was produced by mixing the
ABTS stock solution with 2.6 mM potassium persulfate (1:1 v/v) and incubating the mixture
in the dark at 25 °C for 12-16 h before use. Subsequently, the reaction solution was prepared
by taking 100 uL of the radical and dissolving in 2900 uL of solvent to adjust the absorbance.
For the assay, aliquots of 15 uL of extract and 285 uL of the reaction solution were added
and homogenized using a vortex. Subsequently, it was incubated in the darkness for 2 h.
After the time elapsed, the absorbance at 734 nm was read in a Synergy HT microplate
using transparent 96-well flat-bottom plates. The reaction solution was taken as a blank.
A Trolox curve from 0.1 to 1 mmol TE g‘1 was used to calculate the results, which are
expressed as mmol Trolox equivalent per gram of powder (mmol TE g~!). Each sample
was measured in triplicate (n = 3).

2.5. Identification of Phenolic Compounds by Ultra High-Resolution Liquid Chromatography/Mass
Spectrometry (UPLC/MS)

Mass-liquid chromatography was used to carry out the separation for the identification
of individual phenolic compounds from unencapsulated oregano extract. The analysis was
performed in a class H UPLC unit (Waters Corporation, Milford, MA, USA) coupled to a
G2-XS QT of mass analyzer (quadrupole and time of flight). The separation of phenolic
acids was performed with a UPLC BEH C18 column (1.7 pum x 2.1 mm X 100 mm) at
40 °C, with gradient elution solution A (water-0.1% formic acid) and solution B (methanol),
which is supplied at a flow rate of 0.3 mL min~!. On the other hand, the separation of
flavonoids was performed with a different set of conditions, including a UPLC BEH C18 col-
umn (1.7 um x 2.1 mm x 100 mm) at 30 °C, with gradient elution solution A (water-0.05%
formic acid) and solution B (acetonitrile), which is supplied at a flow rate of 0.3 mL min~ L
The ionization of the compounds was performed by electrospray (ESI), and the parame-
ters used consisted of a capillary voltage of 1.5 kV, sampling cone: 30 V, desolvation gas
of 800 (L h™1), and a temperature of 500 °C. A collision ramp of 0-30 V was used. The
Massbank of North America (MoNA) database was used for compound identification. The
identification of phenolic compounds by UPLC was performed in duplicate (n = 2).

2.6. Synthesis of Chitosan-Block-Poly(PEGMA)

The methodology for the synthesis of CS-b-PPEGMA blocks was carried out as pub-
lished by Ganji and Abdekhodaie [35], with slight modifications. Briefly, the preparation
was done using conventional free radical polymerization with a weight ratio of 50:50
CS:PEGMA and 0.01 M free radical initiator (KPS). CS (0.5 g), PEGMA (0.46 mL, 0.5 g),
KPS (0.135 g, 0.01 M), an inert atmosphere (N;) in a three-necked flask with a magnetic stir
bar, and 50 mL of water containing 1% (v/v) acetic acid were used. First, CS and initiator
(KPS) were added followed by stirring for 30 min at 60 °C using an oil bath, and then the
PEGMA;() was added dropwise, and the reaction was stirred (350 rpm) for 6 h. After
the reaction time, the flask was removed from the oil bath and placed in a cold-water
bath. For the purification of the solution, NaOH 4M was first added to the solution to
precipitate the CS; next, the product was filtered and subsequently washed with acetone to
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remove the residual PEGMAyqy. Finally, the sample was dialyzed for 48 h, with changes
of water periodically; after that, the recovered sample was lyophilized and weighed to
determine the yield of the reaction, resulting around 70%. Chitosan-b-PPEGMA; TH-NMR
(400 MHz, CDCl3, 8, ppm): 4.00-4.30 (HOCH,CH,;OCHCH,OH of the polysaccharide ring
of Chitosan), 3.87 (CH,CH,O of the PEG chain), 5.13 (CHNH of acetylglucosamine ring),
3.50 (CHNH; of glucosamine ring), 2.29 (CH aliphatic from the CS backbone).

2.7. Preparation of Nanometric Polymer Aggregates

The copolymer aggregates were prepared through a direct dissolution consisting of
the solubilization of the bulk copolymer CS-b-PPEGMA (10 mg) in distilled water (10 mL)
under magnetic stirring at room temperature for 24 h. For CS, a solution of 1 wt% was
prepared in 15 mL of water with 1% (v/v) of acetic acid under magnetic stirring at room
temperature for 24 h.

2.8. Loading of Phenolics Compounds

The loading was performed based on a solvent evaporation method [36] and adapted
from the methodology reported by Picos-Corrales, et al. [37]. Briefly, 10 mg of block
copolymers were dissolved in 10 mL of distilled water, and 1.5 mg of phenolic compounds
were dissolved in 5 mL of ethanol. The phenolic compounds (PPHs) solution was added
dropwise into the polymer solution and left under magnetic stirring for 24 h. The phenolic
compounds that were not loaded were removed by centrifugation for 20 min. The purified
material was filtered using a disc filter with a pore size of 1 uM and then frozen and
freeze-dried. The mass of phenolic compounds loaded in the CS and block copolymers was
determined by preparing a 0.3 mg mL~! solution in PBS pH 2, measuring the absorbance
by UV analysis at a wavelength (Amax) of 280 nm, and then quantified by using a calibration
curve of phenolic compounds in PBS pH 2. The loading efficiency of phenolic compounds
(LE) and the loaded PPHs content (LC) were calculated using Equations (1) and (2).

LE(%) = (mass of PPHs in polymer/mass of PPHs in loading solution) x 100 (1)
LC(%) = (mass of PPHs in polymers/mass of dry polymer) x 100 (2)

2.9. Measurements

Hydrogen nuclear magnetic resonance (‘H-NMR) spectra were collected on a Bruker
AMX-400 (Bruker Corporation, Billerica, MA, USA) (400 MHz) spectrometer and reported
in ppm using tetramethylsilane (TMS) as the NMR reference standard. The solvent used
was deuterium chloride (37%), DO + DCI, for all samples.

Thermogravimetric analysis (TGA) was performed on a TA-Instruments Discovery-TGA
equipment (TA-Instruments, New Castle, DE, USA). Measurements were performed for
cationic matrixes and phenolic compounds loaded by heating under nitrogen flow from
room temperature up to 600 °C using a heating rate of 10 °C min .

Differential Scanning Calorimetry (DSC) was performed on a TA Instrument DSC2000,
New Castle, DE, USA). Measurements were performed for cationic matrixes and were used
to determine the melting point (Tm), the glass transition temperature (Tg) and thermal
decomposition temperatures (T4). For measurements, samples were cooled to —10 °C;
maintained isothermally for 5 min, and afterward heated with modulation (0.5 °C every
60 s) at a rate of 5 °C min~! to 375 °C in a nitrogen atmosphere using. Two cycles of
measurement were run, and the results reported corresponded to the second cycle.

Dynamic light scattering (DLS) measurements were carried out on 1.0 mg mL~! block
copolymer and 1 wt% of CS solutions at 25 °C using a Malvern Instruments Nano-ZS Nano-
sizer (ZEN 3690) (Malvern, Worcestershire, UK) equipment. The instrument is equipped
with a helium-neon laser (633 nm) with size detection between 0.6 nm and 5 um. DLS
experiments were performed at the scattering angle of 90°, and the distribution of sizes was
calculated using Malvern Instruments dispersion technology software, based on CONTIN
analysis and Stokes-Einstein equation for spheres as usual.
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UV-Vis spectra of Phenolics Compounds (PPHs) dispersions for the measurement were
acquired using a UV-Vis Varian Cary 100 spectrophotometer system (Agilent Technologies,
Santa Clara, CA, USA) at room temperature from aqueous dispersion.

The Zeta potential (C) of PPHs and PPHs-loaded polymeric matrixes dispersions (at
1 mg mL~!) was measured using a Malvern ZetaSizer Nano ZS instrument (Malvern,
Worcestershire, UK). The measurements were the average of three runs performed at 25 °C
and distilled water.

2.10. In Vitro Release Studies

For release profile studies, 0.3 mg mL~! of PPHs-loaded polymeric matrixes were dis-
persed in 10 mL of distilled water (pH ~5 for CS-b-PPEGMA@PPHs) or aqueous acetic acid
solution (1% v/v) (pH ~4.5 for CS@PPHs) and then added to a dialysis tube (Spectra/ Por®
MWCO: 12-14 KDa, diameter 10 mm, Spectrum, Los Angeles, CA, USA). The dialysis
tube was introduced into a 100 mL release medium, with mixture of 30% ethanol and
70% PBS inside an Erlenmeyer flask. The flask was placed in a shaking bath (Shel Lab,
model SWBR17, Sheldon Manufacturing, Inc., Cornelius, OR, USA), operating at 37 °C
and a shaking speed of 100 rpm. Medium aliquots of 2 mL were taken out at different
times and replaced by 2 mL of fresh PBS at every sampling point. The released fraction of
phenolic compounds was calculated from UV measurements at Apax =280 nm and 320 nm
depending on the pH of the release medium and was then quantified using a calibration
curve of phenolics compound in PBS.

2.11. In Vitro Gastrointestinal Digestion

A simulation of gastrointestinal digestion was performed according to the static in-
vitro digestion method reported by Brodkorb, et al. [38]. This standardized procedure
simulates the physiological conditions in the mouth, stomach, and small intestine, mimick-
ing the chemical and pH conditions. Briefly, 1 mg of sample was mixed with simulated
salivary fluids (SSF), then pH was adjusted to pH 7 with 6M NaOH; after that, the mixture
was incubated for 5 min at 37 °C. Then, 1 mL of simulated gastric fluids (SGF), pH was
adjusted to pH 3 and incubated for 2 h at 37 °C. Finally, 2 mL of simulated intestinal fluids
(SIF) were added, pH was adjusted to pH 7, and the mixture was incubated for 2 h at 37 °C.
In the final digestion step, the samples were centrifuged (9390x g at4 °C for min), and
the supernatant was collected and freeze-dried. After that, samples were resuspended in
ethanol for antioxidant capacity assays.

3. Results and Discussion
3.1. Characterization of the Phenolic Compounds Present in L. graveolens

The results obtained from the nutraceutical characterization of the phenolic com-
pounds in L. graveolens obtained by maceration in ethanol are found in Table 1, where
the extracted compounds show antioxidant capacity. It can be seen that the extracted
compounds have antioxidant activity against the different free-radical DPPH, AAPH, and
ABTS. Comparing our results with the literature (TRC, 51.26 + 2.36 mg EAG g~ !; TFC,
11.80 £ 0.12 mg QE g~ !; DPPH, 500.54 + 9.63 umol TE g~ !; ORAC, 812.31 4 3546 umol TE g~ 1;
and ABTS, 350.07 + 0.45 umol TE g‘l) [9], it was observed that the TRC of both extracts is
very similar, showing differences mainly in the TFC where a lower value was registered
with the extraction in absolute ethanol. Cortes-Chitala, et al. [39], reported that the TRC of
the L. graveolens was around 99.71 mg AGE g~! dried weight; the higher reducing activity
might be mainly because they used ethanol:water (58:42) as a solvent for extraction, plus
the region where the sample was taken is different [39].
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Table 1. Nutraceutical results of the ethanolic extract of oregano (L. graveolens).

TRC * TFC ** DPPH *** ORAC *** ABTS ***
(mg GAE g1 Dried Oregano Leaf) (mg QE g1 Dried Oregano Leaf) (1mol TE g~ Dried Oregano Leaf)
50+55 0.59 + 0.019 339 + 26.56 2639 + 12.7 476 +1.27

* Total Reducing Capacity (TRC), ** Total Flavonoids Content (TFC) *** DPPH and ABTS are scavenging capacity,
and ORAC is antioxidant capacity. Values represent the mean =+ standard deviation (n = 3).

Characterization by UPLC-MS

The L. graveolens ethanolic extract was characterized by UPLC-MS, where it was pos-
sible to observe that the sample had a diversity of flavonoids and some phenolic acids
(Table 2). Some of the identified compounds are flavones such as luteolin-glycoside, cos-
moside, eriodictyol, and cirsimaritin; others are flavanones such as naringin, naringenin,
and pinocembrin (Figure 2). The phenolic profile in this study is consistent with previous
studies in L. graveolens extracts [9,39,40]. However, the distribution and content of phenolic
content in our study could be different, owing to factors such as recollection time and the
extraction method used for phenolic recovery. Moreover, in previous studies, the most abun-
dant phenolics in methanolic extracts were naringenin, kaempferol-glucoside, kaempferide,
caffeic acid, cirsimaritin, kaempferol, and taxifolin; most of these molecules were also
found in our extracts. These metabolites have been associated with anti-inflammatory,
antiapoptotic, and antimicrobial activity [4,39,41].

(a) ) (b)

(c) (@

(e)

) =
Dy
(8)

Figure 2. Chemical structures of some compounds contained in the phenolic extract characterized by
UPLC-MS: (a) cosmoside, (b) luteolin, (c) eriodyctiol, (d) cirsimaritin, (e) naringenin, (f) naringin,
(g) pinocembrin.
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Table 2. Flavonoids from the ethanolic extract of L. graveolens characterized by UPLC-MS.

Compound Compound Type Molecular Mass [M-HI"
Luteolin-glucoside Flavone 4471
Cosmoside Flavone 431.1
Naringin Flavanone 579.17
Quercetin Flavonol 301.04
Kaempferol Flavonol 285.04
Eriodictyol Flavone 287.06
Naringenin Flavanone 271.06
Pinocembrin Flavanone 255.07
Taxifolin Flavanonol 305.05
Cirsimaritin Flavone 313.07

3.2. Synthesis and Characterization of Cationic Matrixes
3.2.1. Chitosan

After performing the purification of CS by precipitation in aqueous medium, it was
characterized by 'H-NMR (Figure 3). The assignment of the hydrogens corresponding to CS,
which is a polysaccharide containing units of glucosamine (GlcN) and acetyl-glucosamine
(GlcNAc), is the following: at 2.36 ppm, the signal corresponds to the hydrogens of the
methyl group of the acetyl-glucosamine units (Hy); a signal with an intensity of around
2.67 ppm can also be observed, which corresponds to the signal of residual acetic acid
(HAc), which comes from the purification of CS and was difficult to remove completely.
Around 3.5 ppm, a multiplet is observed, and the signal is associated to the alpha hydrogen
signal to the amino group of the repeating unit of GlcN (H;); the signals located between
3.55 and 4.5 ppm correspond to the hydrogens from the polysaccharide ring (H3-Hg); and
the signal at 5.14 ppm corresponds to the H; of the repetitive unit of glucosamine [42].

Glucosamine
(GleN)

Acetil-Glucosamine
(GIeNAc)

HAc

H

ppm

Figure 3. TH-NMR spectrum of chitosan in D,O/DCl at 30 °C.

The degree of deacetylation (DD) of CS was calculated with Equation (3), using the
integrations under the curve of the signal of H; (GlcN) and Hy (GlcNAc), which gave us an
88% deacetylation degree of CS.

After obtaining the intrinsic viscosity, the viscosity-average molecular weight was cal-
culated using the Mark-Houwink-Sakurada constants, with K and a being 2.14 x 1073 mL g~ !
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and 0.657, respectively [43]. As a result, the viscosimetric molecular weight obtained was
114 KDa, classified as relatively low molecular weight, which is suitable for using CS as a
nanocarrier of different drugs.

H
DD = { ( £ ) X 100} €
H + 7(GIcNAc)
1(GleN) T —3

3.2.2. Chitosan-b-PPEGMA

The block copolymer based on CS and PEGMA(y, was prepared following the
methodology reported by Ganji and Abdekhodaie [35] applying some modifications. The
product was characterized by 'H-NMR (Figure 4). In the spectrum, the intense signal can
be highlighted at 3.87 ppm that corresponds to the hydrogens (Hg and Hyg) of the repetitive
ethoxy units in PEGMA,(g; and the signal of lower intensity at 3.55 ppm (H;;) corresponds
to the hydrogen of methylene bound to oxygen at the end of the PPEGMA chain. Besides,
the signals previously described for the chitosan backbone are also observed. This analysis
indicated that the synthesis of chitosan-b-poly(PEGMA () was successfully accomplished.

The percentage of PEGMAy present as polyPEGM Ay block was determined by
TH-NMR. For that, the integration from 3.6 ppm to 4.4 ppm was related to the signal at
5.15 ppm, which turned out to be higher than 90%, which makes the copolymer very soluble
in an aqueous medium. This is an important factor when using this type of biopolymer in
different pharmacological applications because of its good reservoir capacity for loading
different drugs. Furthermore, the average size of the CS backbone was shortened during
the free-radical high-temperature synthesis; this was also determined by viscosimetry in an
experiment without PEGMA (. The results showed that the size of the polysaccharide
chains decreased by more than 90%, therefore it is not surprising that the CS content in the
block copolymer is much lower than expected from the synthetic recipe [44].

]

Hy s

}

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

55 50 45 40 3s 30 28 20 15
ppm

Figure 4. 'H-NMR spectrum of chitosan-b-poly(PEGMAyg) in D,O/DCl at 30 °C.

3.2.3. Thermal Characterization

A change in the structure of CS can be observed in the differential scanning calorimetry
analysis (Figure 5); in the respective thermogram, only one thermal event can be observed at
303 °C, which is characteristic of the decomposition of glucosamine groups [45,46]. On the
other hand, in the thermogram of the CS-b-PPEGMA blocks, two transition temperatures
can be observed: the first at —12.5 °C, representing the glass transition temperature (Tg)
of PEGMA(y (an expanded view is presented), and the second at 47 °C representing
the melting point (Ty) also of PEGMAyyy [35/47]; a third thermal event observed at
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242 °C is related to the decomposition temperature of PEGMA and CS. The decrease in the

decomposition temperature of CS could be attributed to the smaller size of the CS chain
after the synthetic procedure.

—CS
4 —— CS-b-PPEGMA
T =47°C
~ 21
o0
z
04
H A
= T=-125°C i o
5 5 —&5‘5 T=242°C
= " T,=303°C
2 | —csbrrEc
Jl ?E‘ncm CS-b rm(M) \
g 2
—l 035

-4 -10 o 10 20
6 Temperature C)

50 0 50 100 150 200 250 300 350 400
Temperature (°C)

Figure 5. DSC thermograms of CS and CS-b-PPECMA.

Thermogravimetric analysis shows differences between both compounds, highlighting
that the decomposition temperatures of CS and the CS-b-PPEGMA block copolymer are
similar (Figure 6a). Figure 6b shows the decomposition of these biopolymers; in the case
of CS, a single decomposition around 300 °C is shown [48]. As for the CS-b-PPEGMA
block copolymer, four decomposition steps can be observed: the first one at temperatures
below 100 °C, which represents the loss of moisture from the sample; at 125 °C, this first
decomposition step can be attributed to the low molecular weight chains of CS that formed
after breaking the backbone, the next step at 227 °C corresponds to the first decomposition
of PEGMA, the third step at 334 °C corresponds to the decomposition of CS chains, and
finally a weight loss at 456 °C, which would correspond to the second decomposition of

PEGM Ay [49,50]. In both systems, a residue of around 40% is observed, being attributed
to the formation of coke.

{a) 100 (b)
] 144 b
= ——CS-b-PPEGMA
804 o 124 300 °C
g™ € 1.0
- § =
ERy =3
B + 084
g B
g w0 ——Cs § 0.6
0] ——CS-b-PPEGMA 2
Residue: 8 0.44
204 38%
10/ 43% v
0 0.0
50 100 150 200 250 300 350 200 250 500 530 600 150 200 250 100 0
Temperature (°C) Temperature (°C)

Figure 6. Thermograms of CS and CS-b-PPEGMA: (a) TG-thermogram and (b) DTG-thermogram.

3.3. Loading of Phenolic Compounds into Different Cationic Polymers

After loading the different matrixes, samples were analyzed by UV-vis spectroscopy
to determine the content of phenolic compounds (Table 3). It was observed that CS
had a loading efficiency between 90-99%, while for the blocks of CS-b-PPEGMA the
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efficiency was lower from 50-60%; on the other hand, the loading content was 65% and
99%, respectively [51,52]. The pK; of phenolic compounds varies around 6-9 [53-58], and
the solubility of these is affected depending on the pH of the medium; considering that,
their loading was carried out in an aqueous medium acidified with 1% v /v of acetic acid
(pH =4.5), it could be said that some of the compounds were partially soluble. An opposite
case for CS with a pK, around 6.17-6.51 [59-61], is completely soluble at acidic pH due to
its protonated amines. When those amines are in contact with the hydroxyl groups (-OH) of
the phenolic compounds (Figure 2) they can form hydrogen bonds or present electrostatic
interactions (neutralization of charges) (Figure 7). Due to this molecular interaction in
the case of CS, which has a higher content of free amines, it can encapsulate a higher
concentration of the phenolic compounds; on the other hand, in the CS-b-PPEGMA blocks,
the shorter CS chains and the fact that the ends are blocked with PPEGMA leads to less
free amines per chain that can be available for interaction with the -OH of the phenolic
compounds (Table 3). Moreover, a significant difference was registered in ¢ change when a
simple mixture of matrix and PPHs was prepared as compared with PPHs-loaded polymeric
matrixes, so the stabilization and loading with the different matrixes can be inferred.

Table 3. Loading Efficiency (LE) and Loading Content (LC) of PPHs in polymer matrixes; zeta
potential (¢) and particle sizes of loaded (@PPHs) and unloaded (Matrix) polymer matrixes. Values
represent the mean =+ standard deviation (n = 3).

LE LC ¢ (mV) Dy, (nm)
Polymer 77 o : g =
(%) (%) Mixture @PPHs Matrix @PPHs Matrix
CSs 90-99 65 10.2 +4.32 504 + 3.27 55.4 + 5.07 1106 + 87 955 + 75
CS-b-PPEGMA 50-60 99 791 + 437 —-155+457 -9.07 + 4.86 458 + 0.01 190 + 17
PPHs —8.79+429 - - - -

Chitosan Phenolic compounds

Loaded phenolic compounds

Figure 7. Scheme of the possible interaction between CS and the polyphenolic compounds.

To determine if these matrixes protected the phenolic compounds, the stability of these
systems before and after loading was determined by zeta potential (Figure 8a) and particle
size (Figure 8b) in measurements for about 15 days. From these experiments, the most
stable system resulted to be the CS matrix, whilst the particle size of the CS-b-PPEGMA
blocks increased with the time, although the latter presented good size stability for up to
5 days. On the other hand, the study of zeta potential for the two different systems and
the unencapsulated polyphenols can be observed, and it was found that the zeta potential
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(positive or negative) of the samples increased with the time. This effect may be because
most of these compounds are not soluble in aqueous medium, so they precipitate, and
those partially soluble compounds can be ionized [9,12].
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Figure 8. Stability study of systems loaded with phenolic compounds from L. graveolens zeta poten-
tial (a) and particle size (b).

On the other hand, in the case of CS systems, it can be observed how there was a
drastic decrease in the surface charge after day 3 (compared with day 5), which could be
caused by a decrease in the number of free amino groups improving the polymer-organic
compounds interactions, maintaining similar particle size and colloidal stability along the
days (Figure 8). In the case of the CS-PPHs system (PPHs@CS), the variations in the zeta
potential did not significantly affect the size, and formation of more complex aggregates
was not detected. In general, surface charge variations depend on free groups in their
ionized form or forming hydrogen bonds, belonging to the polymer or the nutraceuticals.
Figure 7 shows the possible interaction between CS and the polyphenolic compounds.

Thermal Characterization of Phenolic Compounds

The stability of the PPHs in the two different cationic matrixes was determined by
thermogravimetric analysis, as is shown in Figure 9. It is shown that the decomposition
signals of the single PPHs sample were not overlapped with the signals of the compounds
loaded in the different cationic matrixes (CS@PPHs and CS-b-PPEGMA@PPHSs). Also,
a displacement of the decomposition temperatures of the PPHs can be observed, which
would be associated with the cationic matrixes protecting these systems through different
interactions, which could also impart on them higher thermal stability [62].
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Figure 9. Thermal stability of loaded and unloaded PPHs: (a) TG-thermogram and (b) DTG-

thermogram of Polyphenolics Compounds (PPHs), PPHs loaded in CS (CS@PPHs), and PPHs
loaded in CS-b-PPEGMA (CS-b-PPEGMA@PPHs).

3.4. Release of Phenolic Compounds

The release profiles were performed by simulating pH conditions in the gastrointestinal
tract using phosphate buffers with pH 7.4, 2, and 8 (Figure 10); each simulation was
incubated for 24 h. Subsequently, a continuous release was also performed (pH 2, 6.8, 7.4
and 8); in the same way, the surface charge of both systems was determined at the different
pH to study their behavior. In Figure 10a, it can be seen that the phenolic compounds
show a higher percentage of release at pH 8, while at pH 7.4 a drop in their concentration
is observed after 24 h of release; furthermore, the maximum release percentage of these
compounds was 45%. It is relevant to specify that the rest of the PPHs precipitate as
they are not completely soluble in an aqueous medium. According to the release profiles
recorded from the two different matrixes, it can be seen that the CS-b-PPEGM A blocks
provide a more controlled release of these compounds, releasing more than 80% of the
PPHs after 24 h. On the other hand, CS only releases a maximum of around 40% of the guest
compounds, and this is mainly due to the solubility of CS in the different pH values [63],
observing that at pH 2, CS is completely soluble and releases a higher percentage of the
phenolic compounds.

The release in all cases started quickly at the beginning and then a slower release of
nutraceuticals compounds over time was recorded; this could result from a fraction of
the molecules just being adsorbed onto the matrixes” surface, triggering an initial burst
release [64].

In Figure 11, the continuous release profiles of the PPHs loaded in CS and CS-b-
PPEGMA are shown—the systems presented different behavior when continuous release
was performed, changing the pH and simulating the gastrointestinal tract passage as
compared to individual pH values. It is observed that the maximum release for the CS-b-
PPEGMA matrix was less than 20%, and in the case of CS a maximum of 8% was released;
this shows a gap where more than 80% of these compounds are protected within the
different matrixes [65]. The difference between the release of the different matrixes is
mainly due to their solubility in the aqueous medium, as well as the solubility /stability of
the phenolic compounds released in the medium; these tend to precipitate when they are
in an aqueous medium. Nevertheless, there is still a possibility that the enzymes present
in in-vivo systems can degrade these matrixes and release a higher percentage of these
compounds [13].
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3.5. In-Vitro Gastrointestinal Digestion

Encapsulation has been used both to enhance the bioaccessibility of phenolic com-
pounds and to protect them from degradation [12]. In this sense, the properties of the
charged and unloaded phenolic compounds were determined in both systems after the
gastric and intestinal phase by the total reducing capacity and TEAC assays to evaluate if
the compounds maintained their antioxidant properties.

Table 4 shows a summary of the results obtained, and it can be observed that both the
total reducing capacity and the antioxidant capacity of the PPHs are diminished in the SGF
phase. This may be mainly due to the ionization of the phenolic compounds present, which
causes a decrease in their activity towards the free radical target; in the intestinal phase, a
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decrease is seen mainly by the ABTS assay, which may have been because a large proportion
of the released phenolic compounds could have been degraded or ionized in the gastric
phase [9]. During in-vitro gastrointestinal digestion, encapsulated polyphenols can be
partially released from the matrix; in this case, the matrix material can be affected by the pH
changes during each digestive stage, CS matrix is most affected by this change in pH since
it changes its solubility as it passes through the GI tract. Atlow pH, it is completely soluble,
while at neutral-basic pH it is the opposite. The released polyphenols from the CS matrix
are exposed to the different pH in the simulated gastrointestinal solutions, undergoing
deprotonation of their chemical structures and partial hydrolysis, which has also been
reported. Deprotonated polyphenols can affect the way they interact with the targeted
free radicals in each antioxidant assay. The rate at which polyphenols are affected by the
gastrointestinal environment is dependent on many factors, and one of the most reported
is the matrix in which they are contained. In this work, we used the TEAC assay, which
is based on the transfer method and depends on the reducing capacity of the evaluated
substance [66,67].

Table 4. Results of the total reducing capacity (TRC) and Trolox equivalent antioxidant capacity
(TEAC) of phenolic compounds loaded in chitosan (PPHs@CS), phenolic compounds loaded in CS-
block-poly(PEGMA) (PPHs@CS-b-PPEGMA), and non-encapsulated phenolics (PPHs) after gastric
and intestinal in-vitro digestion.

TRC * TEAC **
(mg QE g~ Dried Oregano) (nmol TE g~ Dried Oregano)
SGF SIF SGS SIF
PPHs@CS 81.19 +4.18° 11170 £9.90® 163.12+79.11° 44656 +9.012
PPHs@CS-b-PEGMA  89.03 +£239P 1355043153 79.15+23.15° 41579 +7.072
PPHs 16.68 +1.41° 5054 +2902 10419+ 0222 10082 +7.992

*Total Reducing Capacity (TRC), ** Trolox equivalent antioxidant capacity (TEAC) is a scavenging capacity. Values
represent the mean + standard deviation (n =3). * b means are significantly (o > 0.05) different according to the
Tukey test.

In this approach, the encapsulated phenolic compounds have a higher activity than
when they are not protected by one of the different matrixes [68]. In the same way, little
difference can be observed between both matrix systems, and this may be mainly due to
the effect of the surface charge that each system presents, causing the final TCR to be higher
in the CS-b-PPEGMA matrix, having a negative partial charge because the amines are not
protonated, and a higher concentration of these compounds remains inside; nonetheless, CS
has a positive surface charge due to the number of amines that can be protonated, showing
lower activity. The opposite is seen in the results obtained by TEAC, but in this case, it
could be because the CS has a greater amount of compounds within the matrix; namely,
there is a greater PPHs fraction compared to the block copolymers [52].

Moreover, it has been reported that CS-based polymers improve the disturbance in
glucose metabolism in diabetic mice, such as reducing blood glucose, reversing insulin
resistance, enhancement of the colonic epithelial integrity, and a modulatory effect on
the gut microbiota. In addition, CS-based polymers loaded with phenolic compounds
have been proposed as promising nanochemopreventive agents against cancer. Also, CS
has been reported as a permeability enhancer, which must be addressed to evaluate if
phenolic-loaded CS can increase the cell permeability of phenolics. Thus, CS and CS-based
polymers loaded with phenolic compounds can result in multiple beneficial effects in the
development of functional foods [11,41,69,70].

4. Conclusions

From the characterization, it can be concluded that the synthesis of block copolymers
based on CS and PEGMA was successfully accomplished. The phenolic compounds were
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efficiently encapsulated with the CS and CS-b-PPEGMA matrixes, which was verified by
determining the surface charge (zeta potential) of the colloidal systems before and after
the loading. This change is derived from the type of interaction taking place between
the -OH groups of the phenolic compounds and the -NH; onto the CS backbone in the
different aqueous medium. PEGMAj led to the development of formulations having
smaller particle size; however, CS plays a key role improving the matrix-guest compounds
interactions and colloidal stability. The CS-b-PPEGMA matrix allowed a higher percent-
age of release, which can be attributed to the improved solubility of these platforms, as
compared with single CS, and during cumulative release experiments only a maximum
of 20% of active compounds were released from this platform; namely, 80% of the guest
substances remained trapped in the polymeric matrix after the gastric and intestinal phases,
indicating that the CS-b-PPEGMA may offer greater protection for the active compounds
in the gastric phase. This could be related to the negative surface charge of this matrix
undergoing delayed protonation, and an inverse effect was exhibited by CS. Thus, the
results demonstrated that the encapsulation of nutraceuticals can improve their stability,
solubility, and activity, and the CS-b-PPEGMA matrix can help improve the controlled
release of compounds present in Mexican oregano (Lippia graveolens).
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In this work we report, the loading of a mixture of phenolic compounds extracted from Lippia
graveolens (oregano) in two different cationic matrixes with the aim to protect and maximize
their biological properties for passage through the gastro-intestinal tract. A chitosan derived
matrix and a fully synthetic micelle forming block copolymer were compared in their ability
to encapsulate and protect the extract from the acid pH of stomach using two different
models: a simple continuous release study at different pH values and a simulation of the
passage through areas of different pH values with different resident times. Results
demonstrate that both matrixes are able to protect the oregano extract but the block
copolymer is more effective. At the end of the gastrointestinal passage up to 80% of the
extract is still available for action when encapsulated in the cationic matrixes, while the non
encapsulated extract is lost almost entirely. UPLC/MS studies demonstrated that after
gastro-intestinal passage naringenin, phloridzin and cirsimaritin, predominated in the
extract. As compared with the plain extract, the prepared encapsulated extracts led also to
an increase in the antioxidant activity as demonstrated through TEAC and ORAC tests. Cell
viability studies demonstrated that the encapsulated extract did not show cytotoxicity in
healthy CCD18 fibroblast cells, while they exhibited substantial antiproliferative activity in
CACO-2 colon cancer cells. After 72 h of contact, the activity of the loaded systems was
very similar to that of the anticancer drug 5-fluorouracil, so these cationic systems loaded
with the extract of phenolic compounds could act as a good coadjutant in the treatment of
colon cancer.

We think that the presented work is of interest for the readers of the Journal of
Drug Delivery Science and Technology for two reasons: First, it highlights the use
of cationic matrixes for encapsulation, loading and release of natural extracts in
one example: oregano extract. This methodology can be expanded to other types
of extracts of plants. Second it shows that after a simulated intestinal passage the
main components of the extract are keeped, and the antioxidant and
antiproliferative activities of the cationic matrix loaded extract are demonstrated.
In this case the encapsulated oregano extract has a great chance to be used as
coadjutant in colon cancer treatment; while the investigation strategy can be
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Abstract

Phenolic compounds (PPHs) extracted from Mexican oregano (Lippia graveolens) have
presented various biological activities, including their antioxidant, anti-inflammatory and
anticancer properties. However, these compounds are unstable in aqueous medium and
sensitive to changes in pH and temperature of the environment in which they are found. In
this article, the encapsulation of this type of phenolic compounds in different poly(ethylene
glycol) (PEG) functionalized cationic matrixes, based on poly(N, N -diethylaminoethyl
methacrylate) (PDEAEM) and Chitosan (CS), is reported. Particle sizes between 122-458 nm
were obtained for the PDEAEM and CS platforms, and the loading content was around 62%
for both systems, while the loading efficiency was higher than 90%. The identification of the
loaded phenolic compounds by Ultra High-Resolution Liquid Chromatography/Mass
Spectrometry (UPLC/MS) demonstrated that naringenin, phloridzin and cirsimaritin,
predominated; being responsible for antitumor and inflammatory properties in in vitro
cellular assays. As compared with the plain extract, the prepared formulation led to an
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increase in the extract stability and the antioxidant activity through TEAC and ORAC tests.
It was also observed that concentrations of loaded extract lower than 500 pg mL™! did not
show cytotoxicity in CCDI8 fibroblasts, while they exhibited substantial antiproliferative
activity in CACO-2 cells. After 72 h, the activity of the loaded systems was very similar to
that of the anticancer drug 5-fluorouracil (5FU), so these cationic systems loaded with
phenolic compounds could act as a good coadjutant in the treatment of colon cancer.

Keywords: Phenolics Compounds, Nanoemulsions, Caco-2, CCD18-co, cationic PEGylated

matrixes.

1. Introduction

The plant’s secondary metabolites have many biological properties, including anti-
inflammatory, antibacterial, and antifungal activities, among others [1, 2]. These properties
are mainly related to antioxidant-type compounds such as phenolic compounds, since
different studies have reported that the increase in the intake of these compounds results in a
decrease in the appearance of various diseases related mainly to oxidative stress [3, 4], such
as cancer [5, 6]. Since these compounds are primarily metabolized in the colon, their main
action occurs more frequently in that area. However, because these compounds can lose their
properties by digestion, or in other words, can be degraded when passing through the
digestive tract, different approaches have been sought as alternatives to protect these
properties. Among these approaches, the encapsulation of the compounds by different
methodologies such as spray drying, and emulsions, among others, has been tested. For that,
polymers obtained from animal or vegetable sources (e.g. chitosan) are the most widely used
matrixes towards encapsulation of natural bioactive substances. Chitosan (CS) is a
polyelectrolyte that can help to release phenolic compounds more effectively, but because
CS is not soluble in plain water, different modifications have been made to increase its
solubility. Poly(cthylene glycol) (PEG) is onc of the most widely used synthetic polymers

due to its high biocompatibility, simple way to bind to peptide sequences [7], growth factors
2
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[8], and the ability to control mechanical properties regardless of polymerization conditions
[9]. Another relevant factor for the characteristics of PEG is the length of chain; depending
on that factor, this polymer is soluble in water and can also present a lower critical solution
temperature (LCST) [10]. The latter can be modified by the terminal groups onto the PEG
chain, whether they are of the acid, amino or hydroxyl type [11].

For this reason, poly (cthylene glycol) methyl ether methacrylate (PEGMA) has also been
widely used. When it begins to degrade, some of its properties change, allowing a change in
the size of the degraded by-products, which is highly favorable for medical application, since
these by-products can be easily excreted by renal filtration [12]. Both PEG and PEGMA are
hydrophilic polymers, and they can be copolymerized with hydrophobic monomers, which
help to maintain a larger amount of the guest compounds to be transported to a specific site
for a longer time. Another monomer that has been widely used in recent years in connection
with controlled drug release systems is (N, N '-diethylamino ethyl methacrylate) (DEAEM);
this monomer forms polymers that show changes in their conformation with variations in the

pH of the medium, in other words, it forms polymers that are sensitive to changes in pH [13].
This polymer has also been confirmed to be pH sensitive with a pK, close to 7 [14].

The combination of PEG with DEAEM results in copolymers that are sensitive to stimuli
from the environment that surrounds them; in the structure of the designed macromolecule,
DEAEM has a tertiary amine, which can be easily quaternized to produce a cationic polymer
and may act as ligand for active compounds [15], while PEG helps stabilize the system.
Hence, the main objective of this investigation was to encapsulate ethanolic extracts of Lippia
graveolens, compare two PEGylated cationic polymer matrixes (CS-/-PPEGMA and PEG-
b-PDEAEM) related to their encapsulation efficiency, and capacity to improve the

antioxidant and antiproliferative properties of the single extract.
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2. Materials and methodology

2.1 Materials

4-cyano-4-(dodecylsulfanylthiocarbonylsulfanyl)pentanoic acid (CTA) was kindly provided
by Eduardo Marquez (TNM/Tijuana Tech). The following reagents were acquired from
Sigma-Aldrich (Toluca-Mexico): methoxy polyethylene glycol (5000 g mol! MPEG), 4,4'-
azobis(cyanovaleric acid) acid (ACVA, 98%,), 4-(dimethylamine)pyridine (DMAP, >99%)

N,N’-diethylamino ethyl methacrylate (DEAEM, >99%), chitosan (Low molecular weight,
98%), deuterium chloride/deuterium oxide (D20/DCl 35% by weight, 99.9% deuterium),

poly(ethylene glycol) methyl ether methacrylate (PEGMA2000) 2000 g mol!, ammonium
persulfate (APS, 98%), p-Dioxane (>99%), tetrahydrofuran (THF, >99%), deuterated
chloroform (CDCl; 99.8% deuterium), Folin-Ciocalteu reagent (2N), aluminum chloride
(99%), potassium acetatc (299.0%), quercetin (295%), 2,2'-Azino-bis  (3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical cation (ABTS radical,
>98%), potassium persulfate (>99.0%), formic acid (=95%). penicillin, streptomycin, 5-
Fluorouracil (5FU), In vitro Toxicology Assay Kit based on the activity of lactate
dehydrogenase enzyme (LDI) and /n vitro Toxicology Assay Kit MTT. Dichloromethane
(DCM, 299%), petroleum ether (=99%) and glacial acetic acid (99.7%) were acquired from
FERMONT. Acetone (=99%), acetonitrile and HPLC grade water were purchased from JT
Baker; methanol (McOH, 299%) from MAYER, cthyl cther (299%) from FRAGA, Nitrogen
(99.997% high purity) and Argon (99.998% high purity) from INFRA, Mexico. Fibroblast
CCD18-co and Caco-2 cells lines were acquired from the American Type Culture Collection.

Eagle's Minimum Essential Medium (EMEM) with L-glutamine, Dulbecco's Modified Eagle
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Medium F12 (DMEM FI12) and fetal bovine serum were purchased from Gibco Life

Technologics.
2.2 Monomer and chitosan purification

The DEAEM monomer was purified by passing through an alumina column to remove the
polymerization inhibitor. The PEGMA2000 monomer does not need purification; both
monomers were refrigerated until use. Chitosan (CS) was dissolved in an aqueous acetic acid
solution at 1% (v/v), up to a concentration of 1% (w/v): once dissolved, they were filtered
under reduced pressure using a Biichner funnel. CS was precipitated from the acidic solution
using 1M sodium hydroxide solution. The alkaline CS suspension was filtered under reduced
pressure using a 5 um pore size filter. The CS was washed with deionized water until its
alkalinity was neutralized, frozen, and finally freeze dried using a Labconco Freeze Dry
System Freezone 4.5 (Kansas City, M1, USA), with pre-cooling to -52 °C, and freeze-drying

at a pressure of 0.02 mbar for 72 h.
2.3 Synthesis of block copolymers
2.3.1 Synthesis of PEG macro-CTA

The methodology proposed by Garcia-Soria et al. [16] for the synthesis of a macro chain
transfer agent for RAFT-polymerization containing poly(ethyleneglycol) (PEG) was
followed but MPEG with a molecular weight of 5000 g mol”' was used. The methodology is
sketched below (Figure 1). In a 250 mL round-bottom flask equipped with a magnetic stirrer,
10.02 g (2 mmol) of 5000 g mol”! poly(ethylene glycol) methyl ether in 50 mL of toluene
was added. The solution was refluxed for 72 h. A Dean Stark system was adapted to the

reflux system, in which molecular sieves (mesh #5) were added to remove water from the

5
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PEG. The solution was cooled to room temperature and 1.6 g (0.644 mmol) of 4-cyano-4-
(dodecylsulfanylthiocarbonylsulfanyl)pentanoic acid (CTA), 50 mL of dichloromethane
(DCM), and 0.24 g (1.964 mmol) of dimethyl(aminopyridine) previously dissolved in 3 mL
of DCM, were added. The flask with the reaction mixture was immersed in an ice bath and
0.82 g (3.9 mmol) of dicyclohexylcarbodiimide in 6 mL of DCM was added dropwise over
15 minutes. Once the dripping had finished, the solution was kept under stirring for 72 h.
After the reaction time was completed, it was filtered off to remove the urea formed. The
liquid was precipitated by adding dicthyl ecther, stirring for 20 min, and then 30 mL of
petroleum ether was added. Finally, it was left to rest for 10 h at low temperature. The
precipitate was dried under reduced pressure, and dissolved in DCM, the precipitation with
ethyl ether was repeated in triplicate. At the end of the third purification cycle, the product
was placed in a vacuum oven for 24 h. An ocher yellow product was obtained in 50% yield.

The product was characterized by 'H-NMR (Supplementary materials file Figure S1).
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Figure 1. Scheme of the synthesis strategy for the PEG macroCTA.

2.3.2 Synthesis of PEG-56-PDEAEM block copolymers

The methodology of Garcia-Soria ct al. [16], was adapted to obtain the desired DEAEM
concentration in the copolymer, an example is described below. In a 10 mL ampoule
equipped with a magnetic stir bar, 1 g (5.4 mmol) of DEAEM, 0.4053 g (0.075 mmol) of the
macro-CTA, 0.0035 g (0.0125 mmol) of initiator ACVA and 4 mL of p-dioxane were mixed

(Figure 2). Oxygen was removed from the ampoule using three freeze (under argon) —thaw
(under vacuum) evacuation cycles and was scaled with a propane torch flame under vacuum.
The solution was heated to 70 °C in a mineral oil bath with magnetic stirring for 24 h. Once
the polymerization time had elapsed, the content was poured into a 20 mL vial previously
tared to proceed with its purification. The excess p-dioxane was concentrated under reduced

pressure. Subsequently it was dissolved with a minimum amount of DCM and was
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precipitated by adding an excess of 50/50% by volume solution of ethyl ether/petroleum
cther. The solution was stirred for 2 h and was allowed to settle under refrigeration for 8-12
h until a yellow liquid phase and a white precipitate were observed. The liquid phase was
removed, and the precipitate dissolved in DCM and dried under reduced pressure (this
procedure was performed in triplicate). The obtained product was dissolved in 10 mL of
acctone at 50 °C to climinate the PEG residue, the supernatant was removed and dried under
reduced pressure at 70 °C. The final product was placed in a vacuum oven at 35 °C for 24 h
to climinate traces of solvent. The polymerization yield was determined by gravimetry and

characterized by '"H-NMR

/Hns/u\s></j(°\/\o*\/°i,\ + % /\/\i/

PEG Macro-CTA DEAEM

ACVA
p-dioxane
Ng

70°C

8 ON
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o
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( '\\l }3 O DEAEM

Figure 2. Synthesis scheme of PEG-6-PDEAEM copolymers.
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2.3.3 Synthesis of Chitosan-block-poly(PEGMA)

The methodology for the synthesis of CS-5-PPEGMA blocks was carried out as published
previously [17, 18]. First, the preparation was done using conventional free radical
polymerization with a weight ratio of 50:50 CS:PEGMA adding 0.01M free radical initiator
(KPS). CS (0.5 g) and KPS (0.135 g, 0.01M), were dissolved in 50 mL of water containing

1% (v/v) acetic acid in a three-necked round bottom flask equipped with a magnetic stir bar

under an inert atmosphere (N2). The flask was poured into an oil bath and heated to 60 °C for
30 min. After the time elapsed, PEGMA (0.46 mL, 0.5 g) was added dropwise, the reaction
was left stirring (350 rpm) for 6 h. After the reaction time, the flask was removed from the
oil and placed in a cold-water bath. For the purification of the product, NaOH 4M was first
added to the solution to precipitate the CS that did not react; it was filtered off and
subsequently washed with acetone to eliminate the residual PEGMA2000. Finally, the
sample was dialyzed for 48 h, making changes of water periodically; after this, the recovered
sample was freeze dried and weighed to determine the yield of the reaction, which was

around 70%.

2.4 Characterization of block copolymers

2.4.1 Dynamic Light Scattering (DLS)
This technique allows for obtaining the hydrodynamic diameter (Dn). Samples for DLS were

prepared with a concentration of 1 mg mL"' and measured at 25 °C, in triplicate, using
automatic measurement time and solvent viscosity. A Malvern ZetaSizer Nano ZS instrument
(Malvern, Worcestershire, UK) was used for these measurements. The reported values of Dy
correspond to the maximum of the size distribution by intensity.

2.11.2 Hydrogen Nuclear Magnetic Resonance ("H-NMR).
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The spectra were collected on a Bruker AMX-400 (Bruker Corporation, Billerica MA, USA)
(400 MHz) spectrometer. This technique, was proposed to verify the incorporation of the
main monomers and the determination of the real composition. All analyses were performed
at room temperature using deuterated chloroform (CDCl:) for PEG-h-PDEAEM and
deuterium chloride (37%) (D20 + DCI) for CS-A-PPEGMA spiked with tetramethyl silane
(TMS). All samples were prepared by dissolving 10 to 20 mg of sample in 0.7 mL of CDCls
or D20 + DCI. Measurements were made in precision Wilmad resonance tubes for 400 MHz.
The chemical shift of the signals was calibrated using the TMS standard. The hydrogen
spectra were processed with the ACD/D+H NMR Viewer 12.01 software package (Advanced

Chemistry Development, 2008).

2.4.2 UV-Vis spectra of Phenolics Compounds (PPHs)

Optical spectra were acquired using a UV-Vis Varian Cary 100 spectrophotometer system
(Agilent Technologies, Santa Clara, CA, USA) at room temperature from aqueous
dispersions.

2.4.3 The Zeta potential ()

The Zeta-potential of PPHs-loaded and not loaded in the polymeric matrixes in aqueous
dispersions (1 mg mL') was measured using a Malvern ZetaSizer Nano ZS instrument
(Malvern, Worcestershire, UK). The measurements were the average of three runs performed

at 25 °C in distilled water.

10
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2.5 Nanometric Polymer Aggregates

2.5.1 Preparation of Aggregates

The copolymer aggregates were prepared through a direct dissolution consisting of the
solubilization of the bulk copolymer CS-5-PPEGMA or PEG-6-PDEAEM (10 mg) in
distilled water (10 mL) under magnetic stirring at room temperature for 24 h. The size of the
aggregates was determined by dynamic light scattering (DLS) using a Malvern ZetaSizer

Nano ZS instrument (Malvern, Worcestershire, UK) in the nanometer range.

2.6 Loading and release experiments of extracted phenolic compounds

2.6.1 Plant material and extraction of free polyphenols

Oregano (L. graveolens) was collected in Santa Gertrudis, Durango, México. Dried oregano
leaves were ground using an Tka Werke M20 grinder (IKA, Germany) until a fine powder
consistency was obtained. Oregano powder was stored at -4 °C until use. Garcia-Carrasco et

al. [ 18] methodology was followed to get a stock of phenolic compounds extract.

2.6.2 Loading of Extracted Phenolic Compounds in Polymer Aggregates

The loading was performed based on a solvent evaporation method following the
methodology reported by Picos-Corrales et al. [19], where 10 mg of block copolymers were
dissolved in 10 mL of distilled water, and 20 mg of extracted phenolic compounds were dis-
solved in 5 mL of ethanol. The phenolic compounds solution was added dropwise into the
polymer solution and left under magnetic stirring for 24 h. The phenolic compounds that

11
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were not loaded were removed by centrifugation for 20 min. The purified material was
filtered using a disc filter with a pore size of 1 uM and then frozen and freeze-dried. The
mass of phenolic compounds loaded in block copolymers was determined by preparing a 0.3
mg mL' solution in PBS pH 6, measuring the absorbance by UV analysis at a maximum
wavelength (Amax) of 280 nm, and then quantified by using a calibration curve of phenolic
compounds in PBS pH 6. The loading efficiency of phenolic compounds (LLE) and the loading

content (LC) of the cationic matrixes were calculated using equations 1 and 2.

LE(%) = (mass of PPHs in polymer/mass of PPHs in loading solution)x100 (1)

LC(%) = (mass of PPHs in polymers/( mass of PPHs in polymers + mass of dry

polymer)x 100 (2)

2.6.3 In Vitro Release Studies

For release profile studies, 0.3 mg mL ' of PPHs-loaded polymeric matrixes were dispersed
in 10 mL of distilled water and then added to a dialysis tube (Spectra/Por® MWCO: 12-14
KDa, diameter 10 mm, Spectrum, Los Angeles, CA, USA). The dialysis tube was introduced
into a 100 mL release medium with a mixture of 30% ethanol and 70% PBS inside an
Erlenmeyer flask. The flask was placed in a shaking bath (Shel Lab, model SWBR17,
Sheldon Manufacturing, Inc., Cornelius, OR, USA), operating at 37 °C and a shaking speed
of 100 rpm. Medium aliquots of 2 mL were taken out at different times and replaced by 2

mL of fresh PBS at every sampling point. The released fraction of phenolic compounds was

calculated from UV measurements at Amax = 280 nm and 320 nm for basic pH (7.4 and 8) and

12
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acid pH (2 and 6.8), respectively, and was then quantified using a calibration curve of

phenolic compounds in PBS (Supplementary materials file Figure S2).
2.6.3.1 In vitro Continuous Release Studies

For the continuous release studies, the methodology used is the same as that mentioned above, with
the difference that the same dialysis tube was changed to a different release medium, simulating
gastrointestinal tract passage following the pH of the mouth, stomach, duodenum and colon, and the

time that liquids are in cach arca. Aliquots and measurements were measured as mentioned above.
2.6.4 Stability of PPHs loaded in block copolymer aggregates

A study of the stability of aggregates given by the different copolymer matrixes based on
chitosan and PDEAEM was carried out for 17 weeks. The stability was determined by
turbidimetry using a Hach 2100P portable turbidimeter (Loveland, CO. USA), and the results

were expressed in NTU.

2.6.5 In Vitro Gastrointestinal Digestion

A simulation of gastrointestinal digestion was performed according to the static in-vitro
digestion method reported by Brodkorb et al. [20]. This standardized procedure simulates the
physiological conditions in the mouth, stomach, and small intestine, mimicking the chemical
and pH conditions. Briefly, 1 mg of sample was mixed with simulated salivary fluids (SSF),
then pH was adjusted to pH 7 with 6M NaOH; after that, the mixture was incubated for 5
min at 37 °C. Then, 1 mL of simulated gastric fluids (SGF), was adjusted to pH 3 and
incubated for 2 h at 37 °C. Finally, 2 mL of simulated intestinal fluids (SIF) were added, pH
was adjusted to pH 7, and the mixture was incubated for 2 h at 37 °C. In the final digestion
step, the samples were centrifuged (9390xg at 4 °C for min), and the supernatant was

13



collected and freeze-dried. After that, samples were resuspended in ethanol for antioxidant

capacity assays.

2.7 Characterization of the free and encapsulated L. graveolens extract (PPHs)

2.7.1 Antioxidant Capacity Method

2.7.1.1 Trolox equivalence antioxidant capacity (TEAC).

The antioxidant capacity by the TEAC assay of the encapsulated sample was determined as
described by Thaipong et al. [21]. The interaction between the antioxidant and the ABTS«+
radical degrades the coloration of the solution. ABTS was dissolved in distilled water at a
concentration of 7.4 mM (stock solution). The ABTS++ radical was produced by mixing the
ABTS stock solution with 2.6 mM potassium persulfate (1:1 v/v) and incubating the mixture
in the dark at 25 °C for 12-16 h before use. Subsequently, the reaction solution was prepared
by taking 100 pL of the radical and dissolved in 2900 pL of solvent to adjust the absorbance.
For the assay, aliquots of 15 pL of extract and 285 pL of the reaction solution were added
and homogenized using a vortex. Subsequently, it was incubated in the dark for 2 h. After
the time elapsed, the absorbance at 734 nm was read in a Synergy HT microplate using
transparent 96-well flat-bottom plates. The reaction solution was taken as a blank. A Trolox
curve from 0.1 to 1 mmol TE g was used to calculate the results, which are expressed as
mmol Trolox equivalent per gram of powder (mmol TE g). Each sample was measured in

triplicate (n= 3).
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2.7.1.2 Oxygen Radical Absorbance Capacity (ORAC)

ORAC Assay is a standardized method for determining the antioxidant capacity of a
substance. This method measures a fluorescent signal from fluorescein in the presence of
radicals such as AAPH (2,2°-Azobis 2-methylpropionamidine dihydrochloride) that was used
as a peroxyl radical generator. This assay was performed on a 96-well microplate with dark
background. Aliquots of 25 pL of extract/nanoemulsion, blanks (75 mM phosphate buffer,
pH 7.4), and a standard Trolox curve were added for the assay. After, the plate was placed in
a Synergy HT microplate reader (Bio-Tek Instruments, Winooski, VT, USA) and
preincubated at 37 °C. The equipment dispenses the fluorescein and AAPH. The fluorescent
was measured every 60 s for 60 min with a 485 nm excitation filter and a 580 nm emission.
A Trolox curve from 12.5 to 125 umol TE g was used to calculate the results, which are
expressed as umol Trolox equivalent per gram of sample (umol TE g'). Each sample was

measured in triplicate (n = 3).

2.7.2 Identification of PPHs in the extract by Ultra Performance Liquid

Chromatography/Mass Spectrometry (UPLC/MS)

Mass-liquid chromatography was used to carry out the separation to identify individual
phenolic compounds from the oregano extract. The analysis was performed in a class H
UPLC unit (Waters Corporation, USA) coupled to a G2-XS QT of mass analyzer (quadrupole
and time of flight). The separation of flavonoids was performed with a different set of
conditions, including a UPLC BEH CI18 column (1.7 pm x 2.1 mm % 100 mm) at 30 °C, with
gradient elution solution A (water-0.05% formic acid) and solution B (acetonitrile), which is
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supplied at a flow rate of 0.3 ml min™'. The ionization of the compounds was performed by
clectrospray (ESI), and the parameters used consisted of a capillary voltage of 1.5 kV,
sampling cone: 30 V, desolvation gas of 800 (L h'), and a temperature of 500 °C. A collision

ramp of 0-30 V was used. The Massbank of North America (MoNA) database was used for
compound identification. The identification of phenolic compounds by UPLC was performed

in triplicate (n = 3).

2.8 Cytotoxicity and antiproliferative Assays
2.8.1 Cell lines

All cell lines (CCDI8 and Caco-2), were acquired from the American Type Culture

Collection (ATCC, Manassas, VA, USA). The cell lines were cultured as recommended by

the suppliers in an incubator at 37 °C with 5% of CO; until reaching the appropriate density

for the test.

2.8.2 Assays

The cytotoxicity of the free phenolic compounds (ethanolic extract from Oregano=PPHs) and
nanocmulsions of PPHs encapsulated in the cationic polymer matrixes studied=encapsulated
PPHs was evaluated by the in vitro Toxicology Assay kit based on the activity of lactate
dchydrogenase enzyme (LDH) following the supplier’s recommendations. Ina 96-well
sterile plate, 10X10° CCD18 Fibroblast cells/well were seeded, and the treatments were
evaluated at concentrations of 100, 150, 250, 500, and 1000 pg mL"! of free PPHs,

encapsulated PPIs and polymer matrixes without PPIIs. DMSO was used as positive control
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(lysis), and untreated cells were used as negative control (-). The antiproliferative activity
was assessed by in vitro Toxicology Assay Kit MTT. Caco-2 cells were seeded in 96-well
sterile plates at 10X10° cells/well density. The concentrations of free PPHs and encapsulated
PPHs evaluated were 500 and 150 ug mL™' and were incubated for 24, 48, and 72 h at 37 °C
with 5% CO,. 5FU (250 uM) was used as the reference drug to compare the effect on the
treated cells. DMSO was used as positive control (lysis), and untreated cells were used as

negative control (-). The percentage of cell viability was calculated by equation (3):

% Cell viability: ((Absorbance control-Absorbance sample)/Absorbance control)*100 (3)

2.8.3 Statistical Analysis

All tests were performed in triplicate (n=3), and the results are presented as mean = standard
deviation (SD). The ANOVA was cvaluated with the Tukey or Dunnett test to determine

significant differences using the Minitab 19 software.

3 Results

3.1 Characterization of PEG-b-PDEAEM and CS-b-PPEGMA cationic matrixes

3.1.1'H-RMN

Figure 3a shows the "H-NMR spectrum of the PEG-h-PDEAEM block copolymer. No signal
is observed between 5 and 6 ppm, which indicates the absence of residual monomer. The
composition of the PEG-h-PDEAEM was calculated by integrating the d and a signals in the

"TH-NMR spectrum, corresponding to two methylene hydrogens bound to oxygen of the
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PDEAEM (=4.2 ppm), and to the three terminal methoxy hydrogens of the PEG (= 3.4 ppm).
The weight composition was: 36:64 DEAEM:PEG, respectively. The calculated molecular
weight was 8400 g mol' by "H-RMN, considering that the PEG unit has a rcal molecular
weight of 5400 g mol’'. Figure 3b shows the spectrum of CS-h-PPEGMA block copolymer.
The characteristic signals of CS can be observed, and in addition the signals of PPEGMA at
3.55 ppm for the methoxy group hydrogens and 3.8 ppm for the methylene hydrogens in the
PEG chain repetitive units. The slight displacement in the chemical shift of these signals
compared to those in the PEG-b-PDEAEM spectrum is due to the use of different deuterated
solvents for the spectrum acquisition of each block. The molecular weight for the CS-b-
PPEGMA was calculated by 'H-RMN, considering that the CS molecular weight remains
114 000 g mol! after the reaction. The PEGMA block units are incorporated randomly in the
CS polymer chain and the total molecular weight of the block copolymer was calculated to

be 323 800 g mol', 65.8 wt% of PEGMA and 34.2 wt% of CS.
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3.1.2 Thermogravimetric analysis (TGA) of PPHs loaded in cationic matrixes

The characterization by thermogravimetric analysis of the synthesized block copolymers was
carried out, in which a comparative analysis of the weight derivate is shown when the
temperature increases. In the thermogram (Figure 4, black curves) three well marked
decomposition steps can be observed for the PEG-b-PDEAEM copolymers. The first
decomposition step is at around 247 °C, corresponding to the first decomposition stage of
DEAEM units. The second decomposition step is shown around 357 °C, which would
correspond to the decomposition of PEG2000 and the second stage of decomposition of
PDEAEM. Finally, a third decomposition step 1s presented around 515 °C, which could be
the carbonization of the residual polymer chains; 6% organic residue is also shown. Similar
to the CS-A-PPEGMA copolymer decomposition (Figure S3 in Supplementary material),
overlapping decomposition stages arc observed, which indicates that the decomposition
temperatures of the other components are very close to each other and that this overlap exists
[18]. The extract of phenolic compounds decomposes over a wide temperature range from
110 to 350 °C while a second step is located at a higher temperature (Figure 4 blue line). The
PPHs-loaded block copolymer (PEG-b-PDEAEM) show a maximum of decomposition at
404 °C which is at a higher temperature than the single block copolymer and free PPHs
(Figure 4 red line), suggesting that there are strong interactions between the PPHs and the
block copolymer. A similar behavior was reported previously for PPHs loaded in CS-b-

PPEGMA [18].
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3. 1.3 Stability of Phenolic compounds loaded in cationic matrixes

The stability of the free Oregano extract (PPHs) and the loaded extract in the different
cationic matrixes was studied for around four months through turbidity tests, where it was
observed that the block copolymers used as cationic matrixes provided greater stability based

on time compared to the free PPHs that tended to precipitate in the long run (Figure 5).
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Figure 5. Stability of the phenolic compounds in water as studied by turbidimetry.

3.2 Loading and release of phenolic compounds from L. graveolens

The L. graveolens extract and CS-b-PPEGMA were characterized in a previously published
work [18]. Table 1 shows the loading efficiency and content of PPHs in the copolymers. The
LE is high, between 83.5 and 92%, and the loading content is also high (>60%), showing
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only slight differences among both matrixes (PEG-5-PDEAEM slightly better). The size of
the aggregates is doubled when the PPHs are inside the matrix, this is accompanied by a
decrease of the surface charge (Zeta potential) of the aggregates when the PPHs are loaded

in the different matrixes.

Table 1. Characterization parameters of polyphenols and encapsulated polyphenols: Loading

Efficiency (LE), Loading content (LC), Zeta potential (), and hydrodynamic diameter (Dy).

LE IC
By UV-Vis Mixture WPPHs | W/OPPHs | WPPHs | W/OPPHs
835 | 626
CS-b- 155+ 458 +
o 7.91=437 A 9.07£4386 | oo 190417
PEG-h- 921 648 21.66 + 64.94 =
)93+ 2. 8=1.99 2240
Bl 10.93£221 | 168=1.9 o 122.4( s
z = 879+
PPHs 4.29 : : 3 >

mV: Milivolts, nm: nanometers: W PPHs: with Polyphenols Loaded, W/O PPHs: without
Polyphenols. Values for £ and Dy, are for three samples + standard deviation. The ANOVA

was evaluated with Tukey's comparison (p<0.05) for £ showing significance in all cases.

The PPHs release studies showed that when the extract is encapsulated in the PEG-b-
PDEAEM blocks there is a clear difference in the release rate as a function of pH, releasing
a greater amount of PPHs at an acidic pH=2 after 8 h, 40% (Figurc 6a); almost three times
the release rate as compared to pH=8. This is unsurprising since the PDEAEM aggregates
may disintegrate when subjected to acidic pH for a long time. On the other hand, in the
continuous release study (Figurer 6b), in which the times of the gastrointestinal process were
simulated, it can be observed that the release percentage is much lower at pH 2, with the
same behavior occurring at every change in pH: nevertheless, the fact that at pH 8 the release
rate is one third of that at pH 2 remains the same. The big change is the total release rate after

the gastrointestinal process, where 76% of PPHs were still not released. For the PPHs loaded
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in CS-h-PPEGMA blocks, the abrupt change of release rate with pH-changes is not observed,
but a higher percentage of total released PPHs (close to 80%) is observed (Figure S4 in
Supporting information); this can be attributed to the high solubility that these copolymers

have in aqueous medium due to the large amount of PEGMA units.
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Figure 6. Release profiles of PPHs from PEG-H-PDEAEM: a) At different pH values; and b)
by sequential change of pH: 6.8, 2, 7.4 and 8, simulating gastrointestinal tract passage and

cumulative release.

Comparing the profiles of the copolymers with that of the non-encapsulated PPHs, a higher

release percentage of the compounds at pH 2 and pH 7.4 can be observed when they are
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encapsulated, especially in the CS-A-PPEGMA matrix (Figure S4a in Supporting

information).

The study by UPLC/MS, has provided significant insights into the content of phenolic
compounds during the gastric and intestinal phases. The results show that the release of these
compounds from the cationic matrixes is significantly lower during the gastric phase
compared to the release at pH 2 for 8 h. When no matrix is used and the PPHs are subjected
to the simulated gastrointestinal phase, only 2% of them remain intact after this passage;
however, the use of PEG-A-PDEAEM and CS-h-PPEGMA matrixes has proved to be highly
effective in protecting about 80% of the phenolic compounds after the passage of the
gastrointestinal phase. These findings provide a great opportunity to improve the efficacy of

phenolic compounds for various applications (details in section 3.4).

3.3 Gastro-intestinal in vitro assay

The antioxidant activity and reducing capacity were determined by the gastrointestinal test
after passing through the intestinal phases, finding that for the total reducing capacity (Table
2) the matrixes by themselves provide joint activity with the polyphenolic extract, contrary
to the antioxidant activity (AOX) where said activity is not observed for the matrixes. This
may be due to the mechanisms of the radicals present in each of the tests, since while in the
reducing capacity test electron exchange is needed in the others hydrogen exchange is
necessary. Therefore, due to the nature of the groups (quaternary amines), the exchange of

clectrons is facilitated over the exchange of hydrogen.
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Table 2. AOX capability of PPHs loaded in matrixes by ORAC and TEAC methods after

gastrointestinal assays.

AOX AOX Gastro-intestinal assay
Free Loaded ORAC TEAC
Matrix
umol TE g-! Dried pumol TE g ! Dried Oregano Leaf
Orcgano Leaf Gastric Intestinal Gastric Intestinal
None 18.68 +2.79 . ":-‘;‘;* 2744034 | 125+40.53 310+77.78

PP%S(‘;‘;’;I k NA 7.30 £ 0.60 “Z‘-zﬁb* 3234152 | 205+59.62 | 416.25+30.05
Pi’)‘éﬁ;’_"“ NA 7.8741.99 398--3‘;* 31634092 | 20625:2828 | 551.25+1.76

The tests were performed in triplicate, and results were presented as mean + standard
deviation all showing a significance of p<0.05 between cach of the samples by the Tukey

test.

NA: No activity.

3.4 Quantification of the content of phenolic compounds by UPLC/MS

The content of some flavonoids previously detected in the L. graveolens extract was

determined by UPLC/MS. Table 3 shows the quantities of these compounds in mg mL"' of

the dissolved sample, finding that the maceration method used, followed by ethanolic

extraction resulted in the highest concentration of hesperidin, followed by naringenin and

phloridzin. After the simulated gastro-intestinal passage (Table 4) it can be seen that most of

the compounds are lost when they are not encapsulated, while around 80% of these remain

encapsulated in the PEG-h-PDEAEM and CS-b-PPEGMA blocks after the gastro-intestinal

passage, with naringenin, phloridzin and cirsimaritin predominating.
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Table 3. Flavonoid content was determined by UPLC/MS in 1 mg mL? of PPHs, and PPHs
loaded in PEG-h-PDEAEM and in CS-5-PPEGMA. The tests were performed in triplicate
and the results were presented as mean =+ standard deviation. All values show significance of

p<0.05 between each of the samples by the Tukey test.

PPHs PEG-b-PDEAEM | CS-5-PPEGMA
(mg mL™")

Api 4.057 +0.357 2.865 = 0.059 0.421+0.39
QuerOrham | 0.259 £ 0.081 0.443 = 0.08 0.682+0.127
Lu 5.128 +0.94 0.864 = 0.042 0.904 + 0.588
Lu7gli 12.88 4+ 0.68 8.237+0.189| 13.679+2.422
Narin 144.926 + 2.68 46.102+0.7 71.262 £ 0.88
Ru 0.143 +0.037 0.363 = 0.041 0.403 +0.106
Hesp 155.903 £ 13.74 65.661 =7.522| 114.12 £ 17.347
Kaem 3.505+0.508 1.684 = 0.018 1.286+0.812
Phlo 38.157 + 1.141 26.561 = 1.64| 45.546+2.935
Cir 18.243 £ 0.46 7.977 = 0.642 4312+ 1.86
Quer 0.606 + 0.006 - -
TOTAL 383.807 160.747 252,615

Api: Apigenine: QuerOrham: Quercetin-O-Rhamnosido: Lu: Luteoline; Lu7gli: Luteolin-7-glicoside; Narin:

Naringenin; Ru: Rutin; Hesp: Hesperidin: Kaem: Kaempherol: Phlo: Phloridzin; Cir: Cirsimaritin; Quer: Quercetin
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Table 4. Flavonoid content determined by UPLC/MS in 1 mg mL"' of PPHs, and PPHs loaded
in PEG-A-PDEAEM and in CS-h-PPEGMA after gastrointestinal in vitro assay (intestinal
phase). The tests were performed in triplicate, and the results were presented as mean +
standard deviation. All values show significance of p<0.05 between each of the samples by

the Tukey test.

PPHs PEG-b-PDEAEM | CS-b-PPEGMA
(mgmL?)
Api 0.035+0.003°| 2.076 +0.273*| 1.729%0.795°
QuerOrham -/ 0.201+0.033*| 0.195 % 0.059¢
Lu 0.044 +0.0.004° | 1.371+0.653%| 2.093 + 1.056"
Lu7gli 0.077 + 0.006°| 5.266+0.581%| 29.568 + 1.460*
Narin 0.991 + 0.086°| 83.690 +0.379° [ 132.575 + 5.570"
Ru -/ 0.190£0.011*| 0.039 £ 0.035°
Hesp 0.037 +0.004°| 0.817+0.403%| 17.753 +2.220*
Kaem 0.023 +0.002°| 0.839+0.106°| 1.0466 +0.510"
Phlo 0.325 + 0.028%| 36.665 + 1.947%| 49.969 + 4.361%
Cir 0.637+0.090°| 18.968 +2.472*| 12.604 + 1.566°
Quer -| 0.246%0.023*| 0.167 +0.011°
TOTAL 2.169 150.329 247.7386

Api: Apigenine; QuerOrham: Quercetin-O-Rhamnosido; Lu: Luteoline; Lu7gli: Luteolin-7-glicoside; Narin:
Naringenin; Ru: Rutin; Hesp: Hesperidin: Kaem: Kaempherol; Phlo: Phloridzin; Cir: Cirsimaritin: Quer: Quercetin

3.5 Cytotoxicity Assay

To determine the cytotoxicity of the cationic matrixes (block copolymers) and the ethanolic
extract from Oregano (PPHs), a range of concentrations were tested in a colon fibroblasts
cell-line (CCD18) by means of a colorimetric assay. The concentration of LDH (Figure 7)
was determined, which indicates the percentage of dead cells; among the concentration of
tested compounds, the highest was 1000 ug mL™" and the lowest was 100 ug mL"', in which

it was possible to observe that the extract does not show cytotoxicity (Figure 7a) at the high
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concentration of 500 pg mL™" and slightly exceeding 20% at the highest concentration used
(1000 ug mL"); while the PEG-b-PDEAEM (Figure 7b) cationic block without PPHs (PPB,
blue columns) show cell death exceeding 70% at the highest concentrations (1000 and 500
ug mL"). In the case of PDEAEM, it is known that this polymer is cytotoxic, so it is normally
used in low concentrations and copolymerized with non-cytotoxic polymers [15]. In the same
way, it can be observed that the cytotoxicity of this block copolymer decreases attenuated
when the polyphenolic compounds are encapsulated (PP, red columns); this could be because
the quaternary amines are not fully exposed, masked by interactions with the PPHs. In the
case of the CS-H-PPEGMA cationic block (Figure 7¢) without PPHs (CPB, blue columns),
the percentage of cell death was around 30% at the highest concentration (1000 pg mL™"),
and also the cell death diminished after loading with PPHs (CP, red columns). In both cases,
the PPHs loaded in block copolymers up to a concentration of 1000 pg mL-" are not cytotoxic
to the non-cancerous fibroblast cell line. The microscopic images of cells corresponding to
this test can be seen in the supplementary material (Figures S5-S7 in Supplementary

material).
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Figurc 7. Cell death by LDH test for non-cancerous colon cell line (CCDI18): a) PPHs, b)

PEG-b-PDEAEM with PPHs (PP) and without (PPB)and ¢) CS-56-PPEGMA with PPHs (CP)
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and without (CPB) at a concentration of 100 to 1000 ug mL™'. The tests were performed in

triplicate and the results were presented as mean + standard deviation.

3.6 Antiproliferative Assay

After determining the concentration at which the cationic matrixes (CS-6-PPEGMA
and PEG-5-PDEAEM) and the extract (PPHs) did not show cytotoxicity to the CCD18-
colon fibroblasts cell line, the antiproliferative capacity was determined by the MTT
colorimetric assay on colon cancer Caco-2 cells at concentrations of 500 and 150 pg mL-
! for each PPHs and PPHs loaded cationic matrixes, having 5-fluorouracil (5FU), a
common colon-cancer chemotherapeutic agent, as positive control afier 24, 48 and 72 h
of contact (Figure 8a). At 24 h, cell viability decreased to 15% with the PPHs (500 pg
mL'), while encapsulated in both matrixes, PPHs decreased cell viability only to 73-83%
at the same concentration suggesting that the encapsulated PPIs were not released; while
it could be observed that no significant diflference was observed to the anticancer drug
SFU at the concentration used. Afier 48 and 72 h (Figure 8b and c), it can be seen that
the treatments decreased the cell viability, while free PPIs at 500 ug mL" afier 72 h
almost completely inhibited the growth of Caco-2 cells. On the other hand, PPIIs loaded
on both cationic matrixes after 72 h of treatment at the same concentration (500 pg mL-
) reached the half-maximal inhibitory concentration (ICsg) for Caco-2 cclls, similar to
the 5FU positive control. In general terms, the 150 pg mL! treatments decreased the cell
viability of Caco-2 cclls slightly (74%), and this cffect increased after 72 h of contact
(Figure 8c): 65% for PEG-h-PDEAEM (PP) and 69% for CS-A-PPEGMA (CP)
suggesting a slow relcase of the PPHs from the cationic matrixcs.
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Figure 8. Cell viability (antiproliferative assay) for Caco-2 colon cancer cells treated with
free PPHs and PPHs loaded on CS-A-PPEGMA (CP), and loaded on PEG-h-PDEAEM (PP)
at concentrations of 150 and 500 ug mL"' for a) 24 h, b) 48 h and ¢) 72 h. The tests were
performed in triplicate, and the results were presented as mean = standard deviation. The

ANOVA was evaluated with the Dunnett test taking SFU as a control.
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The microscopic images of the cells corresponding to the activity of antiproliferative
assay can be seen in the supplementary material (Figures S8-S10 in Supplementary

material).

4 Discussion

The use of polymeric systems with cationic monomers has been widely used in recent years
since the transport of active compounds is facilitated by electrostatic interactions with them,
as is the case of PDEAEM and CS [16, 22-24]. These polymers are coupled with other
hydrophilic polymers such as PEG or PEGMA, which help in the formation of more stable
and well-dispersable nanoparticles in aqueous medium, thus improving the solubility of
active ingredients that are poorly soluble in aqueous medium, as is the case of phenolic
compounds [25, 26]. In addition, using PEG and PEG-derivatives results in having less
adhesion to molecules present in physiological media so that they may travel without being
detected [27]. The results show that both tested systems, CS-5-PPEGMA and PEG-b-
PDEAEM, can provide thermal protection to the loaded Oregano extract (Figure 4) and
stability in the aqueous medium (Figure 5). In both tested systems, the protection may be due
to the interaction of the amino and tertiary amine groups of the polymers with the OH groups
of the polyphenols, which would cause the displacement of decomposition temperatures and
high stability in aqueous medium [25], as shown in the results obtained. Regarding the
stability studied by turbidity measurements, it can be assumed that a similar turbidity
indicates that there were no marked variations in the intensity of scattered light during the
monitoring of a sample, that is, there was no marked variation in the sizes and number of

suspended particles. However, for free PPHs, the agglomeration phenomenon increased the
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intensity of scattered light, resulting in higher turbidity. On the other hand, the loading of
phenolic compounds in different systems has been carried out using different methodologies;
however, the loading efficiency is maximized in cases where solvent evaporation is used, in
addition to obtaining much smaller particle sizes [28]. In the current report, the used strategy
was good enough to obtain LE higher than 90%. The methodology used for the synthesis of
cach of the blocks may contribute to the difference in the size of the same particles, while for
the PDEAEM blocks controlled synthesis (RAFT) was used. For the CS blocks, synthesis by
conventional free radical polymerization was used, so the size of both CS and PEGMA chains
can vary. The sizes were smaller for PDEAEM block aggregates. On the other hand, a
decrease in Zeta potential was observed after encapsulating the compounds and this is
because the interaction of the phenolic compounds with the amino groups that are previously
protonated is taking place. Regarding the release profiles of phenolic compounds from PEG-

b-PDEAEM compared to the CS-6-PPEGMA and PPHs reported previously by Garcia-

599Carrasco et al. [18], it can be observed that changes in pH significantly affect the release of 600

these systems and this may be due to the type of amine groups, contained in PEG-b- 601

PDEAEM as well as how free or impeded they are to be able to protonate/deprotonate when 602

the pH of the medium changes [29, 30]. In the same way, it was observed a maximum release 603 of

80% of PPHs from the CS-b-PPEGMA matrix, and an increase in the PPHs solubility and 604

apparently their bioavailability is suggested [31]. Comparing both cationic systems, it can be 605

said that the one that provides greater protection for phenolic compounds in the stomach is 606

the PEG-b6-PDEAEM matrix. Results of release in individual pH values compared to 607

continuous release profiles changing the pH simulating a gastro-intestinal passage, showed a 608

clear difference in the release percentage. The changes in medium’s pH that occur when 609

passing from one phase of the gastrointestinal system to another, resulted in a lower release
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of phenolic compounds for the PEG-h-PDEAEM matrix as compared to the CS-b-PPEGMA

system which is because the matrixes take different times to solvate in the new medium. As
a result, the PEG-b-PDEAEM matrix protects better the phenolic compounds in the
gastrointestinal process. The protection of PPHs after intestinal passage is more clearly
observed in the gastrointestinal in vitro assay for antioxidant activity in which by TEAC and
ORAC (Table 2), greater antioxidant activity can be observed in the intestinal phase, which
infers the protection and release of compounds in the gastric phase when the cationic matrixes
were used. The amount of some phenolic compounds of the flavonoid type was determined
by UPLC/MS. It can be observed that naringenin, phloridzin and cirsimaritin predominated
in the loaded cationic matrixes; the larger proportion of these encapsulated compounds has
to do with the presence of many OHs groups and their interaction with the tertiary amino
groups of PDEAEM and amino groups of CS. On the other hand, hydrogen bonds could also
be forming with the ethyleneglycol units of PEG/PEGMA chains due to its hydrophilicity,
which is reflected in the decrease of Zeta potential of the CS blocks, since having a greater
amount of PEGMA has a greater probability of carrying out this type of interaction with
phenolic compounds [32, 33]. In the same way, it was possible to determine the percentage
of loading of flavonoids in the cationic matrixes by UPLC/MS, where the loading content in
the cationic blocks of PEG-b-PDEAEM and CS-b-PPEGMA was 47 and 81%, respectively
as compared to the content of flavonoids in the extract. There is no difference to the loading
efficiency of the whole extract as determined by UV-vis (Table 1) in the case of the PEG-b-
PDEAEM matrix, but in the case of the CS-h-PPEGMA there seems to be a preference to
load of the flavonoids. Of course, this is a rough estimate since, by UV-vis, the loaded content
on PPHs was estimated at a single wavelength. Likewise, the bioavailability of these
compounds was determined after passing through the gastrointestinal phase (Table 4), where
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it can be seen that the phenolic compounds were almost completely lost when they were not

encapsulated, otherwise by the use of PEG-h-PDEAEM and CS-5-PPEGMA around 84 and
79%, respectively of the compounds are still conserved. On the other hand, different
investigations have determined that the compounds present in a greater proportion, in this
case naringenin, phloridzin and cirsimaritin, have anti-inflammatory and antiproliferative
properties [34-37]. This was reflected clearly in the antiproliferative capacity test (Figure 8),
in which it can be observed that the bare phenolic compounds inhibit the proliferation of
Caco-2 cells almost entirely after 72 h. Still, when they were loaded in the different cationic
matrixes, it was observed that they showed a lower, nevertheless similar activity to that of
SFU, without presenting cytotoxicity to healthy cells at the same concentration. Tian et al.
[38] demonstrated that PEG-h-PDEAEM blocks did not show cytotoxicity in HeLa cells. On
the other hand Manzanares-Guevara et al [15], determined that PDEAEM-net-PEGMA
nanogels presented cytotoxicity to HCT29 cells, when the PDEAEM content was greater than
20% in the nanogels, so the morphology of the matrixes can determine whether they will
present greater or lesser cytotoxicity depending on the cell line: and also, how exposed the
quaternary amino groups of PDEAEM are, which have been shown to cause this cytotoxicity.
This can be verified with the cytotoxicity test performed in the current study: when the
cationic blocks were not loaded with PPHs, they presented greater cytotoxicity than when
loaded. Moreover, they are safe up to concentrations of 1000 pg mL. It is also important to
note that the bare PPHs are non-cytotoxic to the tested healthy colon cell line but are highly

cytotoxic to the colon cancer cell line.
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5 Conclusion

The phenolic compounds extracted from Mexican Oregano (Lippia graveolens) increased
their solubility, as well as their antioxidant activity after being loaded in cationic polymer
matrixes. It was demonstrated that both the PDEAEM-based and CS-based cationic matrixes
provide the phenolic compounds with stability in an aqueous medium for a little over 4
months. On the other hand, results suggest that in addition to the interactions with the amino
groups, phenolic compounds can create hydrogen bonds with hydrophilic ethoxy compounds
such as PEG/PEGMA. These systems protect a good part of the phenolic compounds when
passing through the gastric phase, thus increasing their antioxidant (TEAC and ORAC)
activity, after passing the intestinal phase, protecting more than 80% of the phenolic
compounds encapsulated in the different systems. UPLC/MS test showed that in the better
protected Oregano extracts, predominate the flavonoid type compounds such as naringenin,
phloridzin and cirsimaritin, to which anti-inflammatory and anticancer properties have been
attributed. It was also observed that these extracts do not show cytotoxicity to colon
fibroblasts (CCD18), at concentrations lower than 500 pg mL', while they do show
antiproliferative activity in CACO-2 cells (cancerous cells) similar to that of the well-known
anticancer drug SFU used in colon cancer chemotherapy. Therefore, it is inferred that the
cationic matrix loaded Oregano extract could be used in the future as an adjuvant drug in the
treatment of colon cancer by oral administration since the PPhs are well protected with the
cationic matrixes after digestive tract passage and the active compounds are much more

active against colon cancer cells than healthy cells.
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4. CONCLUSIONES GENERALES

Los sistemas poliméricos utilizados para la encapsulacion del extracto etandlico de orégano
mexicano (Lippia graveolens) comprobaron mantener la actividad y en algunos casos aumentar la
capacidad antioxidante del mismo, cuando se encontraban encapsulados. Asi mismo se observé
que al finalizar el ensayo de la simulacion gastrointestinal in vitro los sistemas a base de PEG con
los polimeros cationicos (Quitosano y PDEAEM), desmostaron proteger al extracto de la fase
gastrica, después de pasar por la fase intestinal se determin6 que quedd mas del 70% del contenido
del extracto inicial. En las células CCD18-co se observo que los bloques sin cargar a base de
quitosano no presentaron una alta citotoxicidad comparada a los bloques de PDEAEM, cuando el
extracto polifendlico se encontraba encapsulado estos sistemas disminuyeron drasticamente su
citotoxicidad lo cual nos indica que la interaccion con el sistema se presenta en los grupos amino
de ambos polimeros catidnicos. En cuanto a las células CACO-2, se determind que estas matrices
cargadas presentaron una actividad similar al farmaco modelo 5FU, por lo que se infiere que estas
matrices poliméricas cargadas con el extracto polifendlico de orégano tienen potencial actividad

antineoplasica.
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5. RECOMENDACIONES

Con los resultados obtenidos en el presente trabajo es de importancia continuar con el
desarrollo de diferentes matrices que ayuden a encapsular este tipo de compuestos, asi como llevar
la investigacion a las siguientes etapas de desarrollo, ya que en los ensayos realizados se observo
su posible potencial para desarrollarse como un biofarmaco. Determinar si estos compuestos
pudieran aumentar su actividad en terapia combinada con un farmaco modelo. Realizar ensayos de
permeabilidad celular, para determinar cuales de estos compuestos pueden atravesar la membrana.
Asi como realizar ajustes a la concentracion de PDEAEM en los blogues obtenidos, para disminuir
la citotoxicidad de los mismos.
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