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 OBJECTIVES 

The scientific and cultural development of our society has caused notable 

changes in dietary habits. In this regard, consumers are aware of the diet-health 

relationship which is reflected in the higher demand of products capable of preventing 

or alleviating different diseases. Therefore, the search for bioactive compounds from 

natural sources and the evaluation of their bioactivity are being increasingly 

undertaken with the aim of developing nutraceuticals and functional foods to help 

consumers maintain or improve their quality of life. For this goal, it is necessary to 

optimize extraction techniques and analytical methods which enable the production 

and characterization of extracts rich in bioactive compounds, but it is also necessary to 

use different assays to evaluate their bioactivity. 

Therefore, the overall goal of this Thesis is: 

 To explore different steps of the nutraceutical and functional food development 

such as the use of different extraction techniques that enable the production of 

extracts rich in bioactive compounds, their qualitative and quantitative 

characterization by advanced analytical techniques, and also the assessment of 

the stability and the in vitro bioactivity of nutraceuticals and the in vivo 

bioactivity of functional foods. 

For this objective, the following specific objectives were established: 

 To optimize and to compare the conventional and ultrasound-assisted extraction 

systems to produce an extract rich in phenolic compounds from Moringa 

oleifera Lam leaves. 

 To optimize, by means of multi-response surface methodology, the extraction of 

phenolic compounds from Moringa oleifera leaves using the microwave-

assisted and pressurized liquid extraction systems, as well as to characterize by 

high-performance liquid chromatography coupled to quadrupole-time-of-flight 
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mass spectrometry (HPLC-ESI-QTOF-MS) and to evaluate the antioxidant 

activity of the extracts produced under optimal conditions. 

 To develop and to optimize a green platform based on a three-step downstream 

processing using pressurized fluid extraction, gas-expanded liquid and 

pressurized hot-water extraction to produce different fractions rich is bioactive 

compounds from an extract of Moringa oleifera leaves for their subsequent 

characterization by HPLC-ESI-QTOF-MS and GC-MS. 

 To optimize and validate analytical methods through HPLC-DAD-QTOF-MS to 

study the metabolite-profiling from Pistacia lentiscus leaves to ascertain in 

depth its qualitative and quantitative composition. 

 To compare different melon varieties (Galia, Cantaloupe, and Piel de Sapo) by 

multivariate statistical analysis methods such as principal component analysis 

(PCA) using the chromatographic profile. 

 To evaluate the stability of phenolic compounds from a cranberry syrup during 

the storage and after applying a preservative method. 

 To study the in vitro antibacterial activity of fractions isolated from commercial 

capsules of cranberry against Escherichia coli.  

 To test the in vivo impact of the intake of different fatty-acid-enriched canola 

oils to the sterol and PCSK9 plasma concentration in volunteers with metabolic 

syndrome. 
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 OBJETIVOS 

El desarrollo científico y cultural de nuestra sociedad ha dado lugar a cambios 

importantes en los hábitos alimentarios. En este sentido, los consumidores cada vez 

son más conscientes de la relación dieta-salud, la cual queda reflejada en el aumento 

de la demanda de productos que contribuyan a la prevención o mejora de 

enfermedades. Es por ello que tanto la búsqueda de compuestos bioactivos procedentes 

de matrices vegetales naturales como la evaluación de su bioactividad están siendo 

cada vez más estudiadas a fin de desarrollar nutracéuticos y alimentos funcionales que 

ayuden al consumidor a mantener o mejorar su calidad de vida. Para conseguirlo, es 

necesario llevar a cabo la optimización tanto de sistemas de extracción como de 

métodos analíticos que permitan obtener extractos ricos en compuestos bioactivos y  

caracterizarlos, como el empleo de ensayos para evaluar la bioactividad de los mismos.  

Por ello, el objetivo principal que se pretenden conseguir con la presente Tesis 

Doctoral es: 

 Explorar diferentes etapas del proceso de desarrollo de nutracéuticos y 

alimentos funcionales como son: el uso de diferentes técnicas de extracción que 

permitan conseguir extractos ricos en compuestos bioactivos, la caracterización 

cualitativa y cuantitativa de los extractos obtenidos mediante técnicas analíticas 

avanzadas así como el estudio de la estabilidad y bioactividad in vitro de 

nutracéuticos y la bioactividad in vivo de alimentos funcionales. 

Para la consecución del objetivo principal, se establecieron una serie de 

objetivos específicos que se presentan a continuación: 

 Optimizar y comparar los sistemas de extracción convencional y asistida por 

ultrasonidos a fin de conseguir un extracto rico en compuestos fenólicos  de 

hojas de Moringa oleifera Lam. 

 Optimizar, mediante el método de superficie multirespuesta, la extracción de 

compuestos fenólicos de la hoja de Moringa oleifera usando la extracción 
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asistida por microondas y la extracción mediante líquidos presurizados, así 

como caracterizar mediante cromatografía líquida de alta resolución acoplada a 

espectrometría de masas mediante analizador tiempo de vuelo (HPLC-ESI-

QTOF-MS) y evaluar la capacidad antioxidante de los extractos obtenidos bajo 

las condiciones óptimas. 

 Desarrollar y optimizar un proceso de extracciones consecutivas limpias hasta 

agotar la muestra mediante el uso de fluidos supercríticos, seguido de etanol 

expandido y extracción con agua presurizada que permita obtener diferentes 

fracciones ricas en compuestos bioactivos de un extracto de hojas de Moringa 

oleifera para su posterior caracterización mediante HPLC-ESI-QTOF-MS y 

GC-MS. 

 Optimizar y validar métodos analíticos mediante el uso de HPLC-DAD-QTOF-

MS para la obtención del perfil metabólico de las hojas de Pistacia lentiscus a 

fin de conocer en profundidad su composición tanto cualitativa como 

cuantitativa.  

 Comparar la composición de distintas variedades de melón (Galia, Cantaluz y 

Piel de Sapo) mediante métodos de análisis estadísticos multivariantes como es 

el análisis de componentes principales (PCA) usando el perfil cromatográfico. 

 Evaluar la estabilidad durante el almacenamiento y tras aplicar un método de 

conservación, de los compuestos fenólicos en un nutracéutico a base de 

arándano rojo americano. 

 Estudiar la actividad antibacteriana in vitro frente a Escherichia coli de 

fracciones aisladas de cápsulas comerciales a base de arándano rojo americano. 

 Comprobar el impacto in vivo del consumo de diferentes aceites de canola 

enriquecidos con diversos ácidos grasos sobre el metabolismo de los esteroles y 

la concentración en plasma de PCSK9 en voluntarios con síndrome metabólico. 
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 SUMMARY 

The current report encompasses all the results found during work carried out for 

the PhD Thesis entitled: “An analytical approach: from natural sources of 

bioactive compounds to nutraceuticals and functional foods. Development of 

extraction, characterization, and bioactivity evaluation strategies”. This Thesis 

provides data on the extraction and characterization of different plant matrices such as 

Moringa oleifera and Pistacia lentiscus leaves, and various melon varieties. In 

addition, the in vitro bioactivity of different nutraceuticals made from cranberry 

(Vaccinium macrocarpon) is evaluated, and the in vivo bioactivity of functional foods 

such as docosahexaenoic-acid-enriched canola oil is assessed.  

This work is divided into two main sections: Introduction and Experimental 

part, results and discussion. 

The first part of the Introduction section presents the state of the art of 

nutraceuticals and functional foods and the workflow for their development, from the 

search for new sources of bioactive compounds to their marketing. Firstly, bioactive 

compounds are classified and their health implications are reviewed, focusing mainly 

on the three target families of bioactive compounds studied in this Thesis: phenolic 

compounds, plant sterols, and unsaturated fatty acids. Next, conventional (LLE, SLE, 

SPE) and alternative extraction techniques (UAE, SFE, PLE, and MAE) used for plant 

matrices and extraction techniques for biological matrices are described. Afterwards, 

the chromatographic analytical techniques for the separation (HPLC and GC) and 

detection (UV-Vis, QTOF-MS for HPLC and FID as well as Q-MS for GC) of 

bioactive compounds and the spectrophotometric methods (TPC, TFC, DMAC, and 

ELISA assays) for the quantification of bioactive compounds are detailed. After a 

section dedicated to the fractionation and purification of bioactive compounds, a 

section is included to describe the methods used to evaluate bioactivity. At the same 

time, this section is divided into methods for determining antioxidant activity and 
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methods for evaluating antimicrobial activity. Finally, the plant matrices, 

nutraceuticals, and functional foods under study are briefly presented. 

The Experimental part, results, and discussion section is split into two 

subsections. The first focuses on searching for new sources of bioactive compounds 

while the second evaluates the in vitro and in vivo bioactivity of nutraceuticals and 

functional foods. Specifically, Subsection I examines the optimization of extraction 

systems for producing extracts rich in bioactive compounds from different matrices 

such as Moringa oleifera, Pistacia lentiscus, and three Cucumis melo varieties (melon) 

for a subsequent characterization and evaluation of their antioxidant activity. This 

subsection is divided in 5 chapters. In Chapter 1, two extraction systems, namely 

ultrasound-assisted extraction and conventional solid-liquid extraction, are optimized 

using different solvents and water-solvent mixtures for producing an extract with the 

highest total phenolic content from Moringa oleifera leaves. The optimal extract was 

characterized by HPLC–ESI–QTOF–MS, a powerful analytical tool that enabled the 

tentative characterization of 59 compounds, 30 of which, mainly flavonoids, were 

tentatively characterized for the first time in this matrix. Chapter 2 and Chapter 3 

were prepared in collaboration with the Institute of Food Science Research (CIAL-

CSIC), Madrid, after a 3-month-long predoctoral mobility fellowship called ―Estancias 

breves FPU‖. Due to the great potential of moringa leaves, in Chapter 2, a 

comparative analysis was made between two green extraction techniques, i.e. 

microwave-assisted extraction and pressurized liquid extraction. This time, both 

extraction methods were optimized through multi-response surface methodology. The 

parameters studied were temperature, solvent percentage, and extraction time while the 

extraction yield, total phenolic content, total flavonoid content, and the antioxidant 

activity measured by TEAC and DPPH assays were considered as response variables. 

Both extraction systems proved efficient for the extraction of phenolic compounds. 

However, pressurized liquid extraction allowed the recovery of more polar and 

temperature-sensitive compounds compared to the microwave-assisted extraction, 

which was better for the extraction of flavonoids and their glycosylated derivatives.  
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Continuing with the same matrix, Chapter 3 approaches the composition of 

bioactive compounds from different fractions of moringa leaves after developing a 

green platform based on a three-step downstream processing that includes the use of 

supercritical fluid extraction, following by gas-expanded liquid (GXL), and ending 

with pressurized hot-water extraction (PHWE), all previously optimized. The extract 

by SFE was analyzed by GC–MS while the extract gained by PHWE was analyzed by 

HPLC–ESI–QTOF–MS. Meanwhile, the extract by GXLs was characterized 

employing both analytical techniques. The chromatographic analysis revealed that the 

volatile fraction from moringa leaves was a good source of alcohols, ketones, fatty 

acids, esters, and alkanes while the mid-polarity fraction and the most polar fraction 

were rich in glycosylated flavonoids and phenolic acids, respectively. Moreover, the 

content of total phenolics and total flavonoids was calculated and the antioxidant 

activity was also evaluated by TEAC assay. 

In Chapter 4, an analytical method was optimized in order to characterize the 

leaves of Pistacia lentiscus, commonly known as mastic tree, by means of a 

metabolite-profiling strategy. This chapter was prepared in collaboration with the Mira 

University, Bejaia, Algeria. The main parameters optimized were the mobile-phase 

composition, elution gradient, flow rate, and volume of injection to achieve the best 

resolution and sensitivity by HPLC–ESI–QTOF–MS. The optimized method enabled 

the tentative identification of 46 compounds, 20 of which were identified for the first 

time in this matrix. In addition, the quantification revealed flavonoids and phenolic 

acids as the most abundant in mastic leaves. 

Chapter 5 is dedicated to comparing the polar fraction of 14 extracts from 3 

varieties of melon (Galia, Cantaloupe, and Piel de Sapo) most consumed in Spain. The 

HPLC–ESI–QTOF–MS analysis allowed the tentative characterization of amino acids 

and derivatives, nucleosides, organic acids, phenolic acids, esters, lignans, flavonoids, 

and other polar compounds. Furthermore, a principal component analysis (PCA) was 

applied to explore the distribution of the 3 varieties according to their composition, 

revealing a good differentiation between them. 
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The Subsection II evaluates the stability as well as the in vitro and in vivo 

bioactivity of nutraceuticals and functional foods. This subsection is made up of 3 

chapters. Chapters 6 and 7 were prepared in collaboration with the Pediatric Unit of 

San Cecilio Hospital from Granada and Chapter 7 was also included collaboration with 

the Microbiology Department from the aforementioned hospital. Chapter 6 was 

dedicated to the study of the stability of commercial cranberry syrup irradiated with 

gamma radiation stored for 6 months at 25°C and 60% relative humidity and under 

accelerated stability conditions. Compounds were characterized and quantified through 

HPLC–ESI–QTOF–MS and the proanthocyanidin quantification was also made by 

DMAC assay, both at the beginning and after 1, 3, and 6 months of storage. The 

majority of the quantified compounds were stable until 3 months of storage at 25ºC. In 

Chapter 7, 25 fractions from commercial cranberry capsules were isolated by semi-

preparative chromatography. All the fractions and the complete extract were 

characterized by HPLC–ESI–MS and 13 fractions where chosen (the purest one) to 

assess their in vitro effect against a mix of 14 uropathogenic strains of Escherichia coli 

adherence and biofilm formation. The results suggest that apart from 

proanthocyanidins, other compounds, mainly flavonoids, could have antibacterial 

effects against uropathogenic E. coli by altering the surface hydrophobicity and 

inhibiting the biofilm formation in vitro. Lastly, Chapter 8 was prepared in 

collaboration with the ―Richardson Centre for Functional Foods and Nutraceuticals‖ 

from the University of Manitoba (Canada) with a long-term predoctoral CEI-Biotic 

mobility fellowship of 3 months. In this chapter, the impact of different canola oils —

conventional canola, high oleic canola oil, and high oleic canola oil enriched with 

docosahexaenoic acid (DHA)— was studied with respect to the sterol metabolism and 

PCSK9 concentration (a novel proprotein that regulates the cholesterol metabolism 

discovered in 2003) in plasma from 54 volunteers with at least one symptom of 

metabolic syndrome. The results demonstrated that the intake of omega-3 could reduce 

the risk factors associated to cardiovascular disease by diminishing the plasma PCSK9 

concentration. 
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 RESUMEN 

La presente memoria recoge los resultados obtenidos durante el período de 

realización de la Tesis doctoral titulada: “Un enfoque analítico: de fuentes naturales 

de compuestos bioactivos a nutracéuticos y alimentos funcionales.  Desarrollo de 

estrategias de extracción, caracterización y evaluación de la bioactividad” en la 

que se recogen datos de extracción y caracterización de diversas matrices vegetales 

tales como las hojas de Moringa oleifera, Pistacia lentiscus y de diferentes variedades 

de melón, y la evaluación de la bioactividad in vitro de nutracéuticos a base de 

arándano rojo americano (Vaccinium macrocarpon) en diversos formatos de 

presentación y la bioactividad in vivo de alimentos funcionales como es el aceite de 

canola enriquecido en ácido docosahexaenoico. La memoria está dividida en dos 

secciones principales: Introducción y Parte experimental, resultados y discusión. 

La primera parte de la Introducción presenta el estado del arte de los 

nutracéuticos y los alimentos funcionales, así como el proceso de trabajo para el 

desarrollo de los mismos, desde la búsqueda de compuestos bioactivos, hasta su puesta 

en el mercado. Seguidamente se hace una clasificación de los compuestos bioactivos, 

haciendo énfasis en las tres familias de compuestos bioactivos estudiadas en esta 

Tesis, como son los compuestos fenólicos, esteroles vegetales y ácidos grasos 

insaturados, así como sus implicaciones en la salud. A continuación, se describen por 

un lado las técnicas de extracción tanto convencionales (LLE, SLE o SPE) como 

alternativas (UAE, SFE, PLE y MAE) para matrices vegetales  y por otro lado los 

sistemas de extracción para muestras biológicas. Posteriormente se detallan las 

técnicas analíticas cromatográficas empleadas para la separación (HPLC y GC) y 

detección (UV-Vis, QTOF-MS para HPLC y FID y Q-MS para GC) de compuestos 

bioactivos así como los métodos espectrofotométricos (determinación de TPC y TFC, 

así como ensayos DMAC y ELISA) para la cuantificación de los mismos. Tras un 

apartado dedicado al fraccionamiento y purificación de compuestos bioactivos, se 

incluye una sección en la que se describen brevemente los métodos empleados para la 

evaluación de la bioactividad que, a su vez, están divididos en métodos para 
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determinar la capacidad antioxidante y métodos para determinar la capacidad 

antibacteriana. Por último, se presentan brevemente las matrices vegetales, 

nutracéuticos y alimentos funcionales objeto de estudio en esta memoria. 

La Parte experimental, resultados y discusión consta de dos bloques 

temáticos. El primer bloque se centra en la búsqueda de nuevas fuentes de compuestos 

bioactivos, mientras que el segundo bloque se centra en la evaluación de la estabilidad 

y la bioactividad in vitro e in vivo de nutracéuticos y alimentos funcionales. 

Concretamente, el Bloque I se ha enfocado a la optimización de sistemas de 

extracción que permitan la obtención de extractos ricos en compuestos bioactivos para 

su posterior caracterización y evaluación de su actividad antioxidante a partir de 

diferentes matrices vegetales, como son las hojas de Moringa oleifera, Pistacia 

lentiscus y tres variedades de Cucumis melo (melón). A su vez, este primer bloque se 

subdivide en cinco capítulos. En el Capítulo 1 se probaron dos sistemas de extracción 

como son la extracción convencional sólido-líquido y la extracción asistida por 

ultrasonidos utilizando diferentes disolventes y diversas mezclas de estos disolventes 

con agua con el fin de obtener un extracto con la mayor concentración en compuestos 

fenólicos totales de hojas de Moringa oleifera. El extracto óptimo se caracterizó 

mediante el uso de HPLC–ESI–QTOF–MS, una potente técnica analítica que permitió 

la identificación tentativa de 59 compuestos de los cuales 30, mayoritariamente 

flavonoides, nunca antes se habían identificado en esta matriz. El segundo y tercer 

capítulo (Capítulo 2 y Capítulo 3) se desarrollaron en colaboración con el Centro de 

Investigación en Ciencias de la Alimentación del Consejo Superior de Investigaciones 

Científicas de Madrid (CIAL-CSIC) gracias a una beca predoctoral de ―Estancias 

breves FPU‖ de tres meses de duración. Dado el gran potencial que presentaron las 

hojas de moringa, en el Capítulo 2 se realizó una comparativa de técnicas de 

extracción limpias como son la extracción asistida por microondas y la extracción con 

fluidos presurizados. En esta ocasión, ambos métodos fueron optimizados mediante 

superficie multirespuesta en los que los parámetros estudiados fueron la temperatura, 

el porcentaje de disolvente y el tiempo de extracción, siendo las respuestas el 
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rendimiento, el contenido total en compuestos fenólicos, el contenido total en 

flavonoides y la capacidad antioxidante medida mediante los ensayos TEAC y DPPH. 

Ambos sistemas de extracción demostraron ser eficientes a la hora de extraer 

compuestos fenólicos. Sin embargo, la extracción con fluidos presurizados permitió 

una mayor recuperación de los compuestos más polares y sensibles a la temperatura 

comparada con la extracción asistida por microondas que resultó ser más adecuada 

para la extracción de flavonoides y sus derivados glicosados.  Por su parte y siguiendo 

con la misma matriz, el Capítulo 3 recoge la composición en compuestos bioactivos 

de distintas fracciones de la hoja de moringa tras realizar extracciones sucesivas 

mediante sistemas de extracción limpios hasta agotar la muestra empezando por el uso 

de extracción con fluidos supercríticos (SFE), seguida de una extracción mediante 

líquidos expandidos (GXLs) y terminando con una extracción con agua subcrítica 

(PHWE), todas ellas previamente optimizadas. El extracto obtenido mediante SFE fue 

analizado mediante GC–MS, mientras que el obtenido mediante PHWE se analizó 

mediante HPLC–ESI–QTOF–MS. Por su parte, el extracto generado por GXLs se 

caracterizó empleando ambas técnicas. Los análisis cromatográficos revelaron que la 

fracción volátil de las hojas de moringa es fuente de alcoholes, cetonas, ácidos grasos, 

ésteres y alcanos, mientras que la fracción de polaridad media y la más polar es rica en 

compuestos tales como flavonoides glicosados y ácidos fenólicos, respectivamente. 

Además se calculó el contenido en compuestos fenólicos y flavonoides totales y se 

evaluó la capacidad antioxidante de los extractos mediante el ensayo TEAC. 

En el Capítulo 4 se optimizó un método analítico que permitió la 

caracterización de las hojas de Pistacia lentiscus, comúnmente conocida como 

lentisco, mediante una estrategia de perfilado metabólico. Este capítulo se llevó a cabo 

en colaboración con la Universidad de Mira, Bejaia, Argelia. Los principales 

parámetros optimizados fueron la composición de las fases móviles, el gradiente de 

separación, el flujo y el volumen de inyección con el fin de conseguir la máxima 

resolución y sensibilidad mediante HPLC–ESI–QTOF–MS. El método optimizado 

permitió la identificación tentativa de 46 compuestos, 20 de los cuales fueron 
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identificados por primera vez en esta matriz. Además se llevó a cabo la cuantificación 

de los compuestos mayoritarios, siendo los más abundantes los flavonoides y los 

ácidos fenólicos. 

El Capítulo 5 se dedicó a la comparación de la fracción polar de 14 extractos 

de las 3 variedades de melón más consumidas en España como son Galia, Cantaloupe 

o Cantaluz y Piel de Sapo. El análisis mediante HPLC–ESI–QTOF–MS permitió 

identificar tentativamente aminoácidos y derivados, nucleósidos, ácidos orgánicos, 

ácidos fenólicos, ésteres, lignanos, flavonoides y otros compuestos polares. Además, 

se aplicó un análisis de componentes principales (PCA) para explorar la distribución 

de las 3 variedades según su composición lo que permitió una buena diferenciación 

entre variedades. 

El Bloque II está dedicado a la evaluación de la estabilidad y la bioactividad in 

vitro e in vivo de nutracéuticos y alimentos funcionales. Este bloque consta de 3 

capítulos, los cuales se resumen a continuación. Los Capítulos 6 y 7 se llevaron a 

cabo en colaboración con la Unidad de Pediatría del Hospital Clínico San Cecilio de 

Granada y concretamente el Capítulo 7 también con el Departamento de Microbiología 

del mismo hospital. El Capítulo 6 se dedicó al estudio de la estabilidad durante 6 

meses de almacenamiento de un jarabe de arándano rojo americano rico en 

proantocianidinas con capacidad antibacteriana tras irradiación gamma. Se investigó la 

estabilidad a 25ºC con un valor de humedad relativa del 60% y bajo condiciones 

aceleradas. Los compuestos fueron caracterizados y cuantificados mediante HPLC–

ESI–QTOF–MS y también se llevó a cabo la cuantificación de las proantocianidinas 

mediante el ensayo DMAC, ambos al inicio y tras 1, 3 y 6 meses de almacenamiento, 

permitiendo concluir que la mayor parte de los compuestos cuantificados se 

mantuvieron estables hasta los 3 meses de almacenamiento a 25ºC. Por su parte, en el 

Capítulo 7 se aislaron 25 fracciones de cápsulas comerciales de arándano rojo 

americano mediante cromatografía semipreparativa. Las fracciones y el extracto 

completo se caracterizaron mediante HPLC–ESI–MS y se eligieron 13 de ellas (por 

presentar mayor pureza) para probar su efecto in vitro sobre la adherencia y la 
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formación de biofilm de una mezcla de 14 cepas de Escherichia coli uropatógena. Los 

resultados sugirieron que aparte de las proantocianidinas, otros compuestos, 

principalmente flavonoides, podrían tener efecto antibacteriano frente a E. coli 

uropatógena a través de la modificación de la hidrofobicidad de superficie e inhibiendo 

la formación de biofilm. 

Por último, el Capítulo 8 fue desarrollado en colaboración con el ―Richardson 

Centre for Functional Foods and Nutraceuticals‖ de la Universidad de Manitoba 

(Canadá) gracias a una beca predoctoral del CEI-Biotic a través de una estancia de 3 

meses de duración. En este capítulo se estudió el impacto de diferentes aceites de 

canola: aceite de canola convencional, aceite de canola rico en ácido oleico y aceite de 

canola alto oleico rico en DHA sobre el metabolismo de los esteroles vegetales y sobre 

las concentraciones de PCSK9 (una novedosa proproteína descubierta en 2003 que 

regula el metabolismo del colesterol) en plasma de 54 voluntarios con al menos un 

síntoma de síndrome metabólico. Los resultados demostraron que el consumo de 

omega 3  podría disminuir los factores de riesgo de enfermedad cardiovascular a través 

de la disminución de la concentración de PCSK9 en plasma.  
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 NUTRACEUTICAL AND FUNCTIONAL FOOD DEVELOPMENT 

Throughout history, humans have relied upon nature for survival. The plant 

kingdom offers a variety of species still used as remedies for several diseases in many 

parts of the world
1
. Much research has pointed out that the Neanderthal diet included 

plants even before the appearance of agriculture and it has also been suggested they 

had knowledge about nutritional and medicinal properties of some plants
2,3

. In 

addition, in the fifth century B.C., Hippocrates mentioned over 400 medicinal plants. 

The Bible also describes 30 healing plants while Arab and Asian cultures have a full 

pharmacopeia, as reported by Cowan in a notable review
4
. 

Currently, the interest in nature as a source of potential chemotherapeutic agents 

is increasing. In fact, some authors have reported that natural products and their 

derivatives represent more than 50% of all the drugs in clinical use in the world. 

Higher plants contribute over 25% of the total
5
. Plant-based diets play an important 

role in health care of many cultures. In fact, the World Health Organization (WHO) 

estimated that over 65% of world‘s population relies mainly on plant and food-derived 

traditional medicines for their primary health care
6
. In addition, diet is the preferred 

                                                           
1 Brusotti, G., Cesari, I., Dentamaro, A., Caccialanza, G., & Massolini, G. (2014). Isolation and 

characterization of bioactive compounds from plant resources: The role of analysis in the 

ethnopharmacological approach. Journal of Pharmaceutical and Biomedical Analysis, 87, 218-

228. 
2
 Sistiaga, A., Mallol, C., Galván, B., & Summons, R.E. (2014). The Neanderthal meal: A new 

perspective using faecal biomarkers. PLoS ONE, 9(6), 1-6. 
3
 Buckley, S., Usai, D., Jakob, T., Radini, A., & Hardy, K. (2014). Dental calculus reveals unique 

insights into food items, cooking and plant processing in prehistoric central Sudan. PLoS ONE, 

9(7), 1-10. 
4
  Cowan, M.M. (1999). Plant products as antimicrobial agents. Clinical Microbiology Reviews, 12, 

564-582. 
5
 Gurib-Fakim, A. (2006). Medicinal plants: Traditions of yesterday and drugs of tomorrow. 

Molecular Aspects of Medicine, 27(1), 1-93. 
6 Gragg, G.M., Grothaus, P.G., & Newman, D.J. (2012). Wiley series in drug discovery and 

development, 17. In: Plant bioactives and drug discovery: Principles, practice and perspectives, 

1-42. John Wiley & Sons, Inc.  

https://www.scopus.com/source/sourceInfo.uri?sourceId=19651&origin=recordpage


Introduction 

 

 
50 

treatment option for some conditions, including early type-2 diabetes and 

hypercholesterolemia
7
.  

The concept of a healthy diet has been changing over recent years. In the 

industrialized world, due to new challenges from increased costs of health care, longer 

life expectancy, new scientific knowledge, and the development of new technologies, 

consumers‘ interest in healthy eating is moving food, nutrition and biochemical 

sciences to design products that promote optimal health and reduce the risk of disease, 

allowing a higher quality of life. In this context, the development of nutraceuticals and 

functional foods has emerged as a promising tool for preventing nutrition-related 

diseases and improve physical and mental well-being of consumers. 

1.1. Current status of functional foods and nutraceuticals 

 Much has changed since the Japanese Minister of health and Welfare 

established Labeling Regulations for Foods for Specified Health Use (FOSHU) in the 

1980s
8
. Today, different definitions of functional foods are being used depending on 

the country. In fact, Eastern and Western cultures diverge considerably concerning the 

nature of functional foods
9
. In accordance with the European Commission Concerted 

Action on Functional Food Science in Europe (FUFOSE) which is coordinated by the 

International Life Science Institute (ILSI), the working definition of functional foods is 

―food which has satisfactorily demonstrated to affect beneficially one or more target 

functions in the body, beyond adequate nutritional effects, in a way that is relevant to 

either an improved state of health and wellbeing and/or reduction of risk of disease‖
10

. 

In addition, the European definition emphasizes that functional foods must be 

consumed as a component of the normal diet, rather than pills or capsules. On this 

point it differs from the Japanese definition, which since 2001 has included dietary 

                                                           
7
 Hooper, L., & Cassidy, A. (2006). A review of the health care potential of bioactive compounds. 

Journal of the Science of Food and Agriculture, 86(12), 1805-1813. 
8
  Arai S. (2000). Functional food science in Japan. Biofactors, 12: 13-6.   

9
 Siró, I., Kápolna, E., Kápolna, B., & Lugasi, A. (2008). Functional food. Product development, 

marketing and consumer acceptance-A review. Appetite, 51(3), 456-467. 
10

 Howlett, J. (2008). Functional foods from science to health and claims. ILSI Europe concise 

monograph series. (http://www.ilsi.org/Europe/Publications/C2008Func_FoodEng.pdf).   

http://www.refworks.com/refworks2/?r=references|MainLayout::init
http://www.refworks.com/refworks2/?r=references|MainLayout::init
http://www.refworks.com/refworks2/?r=references|MainLayout::init
http://www.ilsi.org/Europe/Publications/C2008Func_FoodEng.pdf
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supplements in the aforementioned forms to the original definition of FOSHU. The 

classification of functional foods has been widely described. Briefly, in general terms, 

it is possible to differentiate natural and processed functional foods, which the latest 

include: foods to which a component has been added, foods from which a component 

has been removed, foods where the nature of one or more components has been 

modified, foods in which the bioavailability of one or more components has been 

modified or any combination of the aforementioned possibilities
11

. 

 The market of functional foods started growing since the emergence of that 

term. Currently the United States has the largest market segment, followed by Europe 

and Japan. Figure 1 shows the main European market in 2004. Specifically, in Spain it 

is expected to become about 40% in 2040
9
. 
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Figure 1. Functional food products on the European market in 2004, by ingredients (left); 

Number and location of companies on the European market for functional food in 2004 

(right). Adapted from Stein et al.
12

 

 On one hand, many foods, mainly plant-based foods, could be considered 

natural functional foods due to their composition in bioactive compounds. However, 

some discrepancies exist about the real functionality of many of them and about the 

target compound responsible for their bioactivity. Despite that a consensus does not 

exist, many lists of natural functional foods have been proposed
13

. Some examples of 

                                                           
11

 Roberfroid, M.B. (2002). Global view on functional foods: European perspectives. British Journal 

of Nutrition, 88(2), 133-138.  
12

 Stein, A.J. & Rodríguez-Cerezo, E. (2010). Functional Food in the European Union IPTS – Institute 

for Prospective Technological Studies, JRC, Seville, Spain. ISBN. 978-92-79-09071-4. 
13

 Silveira Rodríguez, M.B., Monereo Megías, S., & Molina Baena, B. (2003). Functional foods and 

optimum nutrition: A way or away? Revista Española de Salud Pública, 77(3), 317-331. 
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natural functional foods could be: cranberry, soya, tea, grape, olive oil or cocoa as 

sources of phenolic compounds; some vegetable oils as sources of phytosterols and 

olive oil; and blue fish and nuts as a source of unsaturated fatty acids. On the other 

hand, the commercialized processed functional foods offer more specific information 

on their functionality. This is true of milk enriched with isoflavones
14

; fat spreads, 

yogurt, and the so-called tall oil (a by-product of manufacturing wood pulp), all of 

these being enriched with phytosterols
15-17

; eggs; milk; and infant formulas or oils 

enriched with n-3 fatty acids
18-20

. 

 Over the last few years, functional foods have been wrongly called 

nutraceuticals. However, despite that the term nutraceutical has been traditionally 

defined as ―a food or parts of food that provide medical or health benefits, including 

the prevention and/or treatment of disease”
21

, in the European Union the main 

difference with functional foods is that nutraceuticals are presented in pharmaceutical 

form (pills, tables or capsules) and not as a food per se (Figure 2).  

 

                                                           
14

 García-Martín, A., Quesada Charneco, M., Álvarez Guisado, A., Jiménez Moleón, J.J., Fonollá 

Joya, J., & Muñoz-Torres, M. (2012). Effect of milk product with soy isoflavones on quality of 

life and bone metabolism in postmenopausal Spanish women: Randomized trial. Medicina 

Clinica, 138(2), 47-51. 
15

 Palou Oliver, A., Picó Segura, C., Bonet Piña, M.L., Oliver Vara, P., Serra Vich, F., Rodríguez 

Guerrero, A.M., & Ribot Riutort, J. (2005), El Libro Blanco de los Esteroles Vegetales en 

Alimentación, 2 Edición, Unilever Foods S.A, Barcelona, 173 p. 
16

 De Los Luis, M.G.J., & Montaña, C.H. (2010). Novel foods: Sterols margarines enriched. Case 

study: Flora proActiv margarine. Nutrición Clínica y Dietética Hospitalaria, 30(1), 35-43. 
17

 De Graaf, J., de Sauvage Nolting, P.R.W., Marjel van Dam, E.M.B., Kastelein, J.J.P., Pritchard, 

P.H., & Stalenhoe, A.F.H. (2002). Consumption of tall oil-derived phytosterols in a chocolate 

matrix significantly decreases plasma total and low-density lipoprotein-cholesterol levels. 

British Journal of Nutrition, 88, 479-488. 
18

 Rahmawaty, S., Lyons-Wall, P., Charlton, K., Batterham, M., & Meyer, B.J. (2014). Effect of 

replacing bread, egg, milk, and yogurt with equivalent ω-3 enriched foods on ω-3 LCPUFA 

intake of Australian children. Nutrition, 30(11-12), 1337-1343. 
19

 López-Huertas, E. (2010). Health effects of oleic acid and long chain omega-3 fatty acids (EPA and 

DHA) enriched milks. A review of intervention studies. Pharmacological Research, 61(3), 200-

207. 
20

 Lane, K.E., & Derbyshire, E. (2014). Systematic review of omega-3 enriched foods and health. 

British Food Journal, 116(1), 165-179. 
21

 DeFelice, S.L. (1995). The nutraceutical revolution: its impact on food industry R&D. Trends in 

Food Science and Technology, 6(2), 59-61. 
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Figure 2. The difference between a drug and nutraceutical. Adapted from Gulati, et al.
22

 

Since the term nutraceuticals emerged from fusing the words ―nutrition‖ and 

―pharmaceutical‖, it is considered as a mid-term between foods and drugs.  

Nutraceuticals may range from substances with established nutritional functions (such 

as vitamins, minerals, amino acids, and fatty acids, herbs or botanical products as 

concentrated or herbal extracts) to chemical agents that are derived from other sources 

and that provide specific functions
23

. The term nutraceutical also includes dietary 

supplements. 

In 2011, the global nutraceutical market was dominated by the USA (36%), EU 

(25%), and Japan (22%).  In 2010, the best-selling ingredients in the European market 

were vitamins and minerals, omega-3 fatty acids, amino acids and probiotics
24

. The 

market forecast from 2015 to 2025 is displayed in Figure 3. 

                                                           
22

 Gulati, O.P., & Berry Ottaway, P. (2006). Legislation relating to nutraceuticals in the European 

Union with a particular focus on botanical-sourced products. Toxicology, 221(1), 75-87. 
23

 Chauhan, B., Kumar, G., Kalam, N., & Ansari, S.H. (2013). Current concepts and prospects of 

herbal nutraceutical: A review. Journal of Advanced Pharmaceutical Technology and Research, 

4(1), 4-8.  
24

 Frost & Sullivan. (2011). Global nutraceuticals industry: Investing in healthy living. Frost & 

Sullivan India Pvt Ltd, 1-50. (www.frost.com/prod/servlet/cio/236145272)  
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Figure 3. The market forecast from 2015 to 2025. Adapted from Future Market Insights
25

 

Many nutraceuticals have been marketed and a large number of publications 

have focused on the study of the effects of different types of these products. The vast 

majority of these publications have centered their attention to cardiometabolic risk 

factors such as hypercholesterolemia, hypertriglyceridemia, metabolic syndrome, 

diabetes, arterial hypertension, and obesity through nutraceuticals such as omega-3 

polyunsaturated fatty acids (PUFAs), cocoa flavonoids, aged garlic extract or 

resveratrol, among others
26-28

. In addition, there is a good number of in vitro studies 

based on the antibacterial effects of several herbal extracts
29,30

, whereas the in vivo 

                                                           
25

 Dietary Supplements Market – Driven by increasing demand for healthp: Global industry analysis 

and Opportunity Assessment 2015-2025. http://www.futuremarketinsights.com/reports/dietary-

supplements-market. 
26

 Choudhary, M., & Grover, K. (2012). Development of functional food products in relation to 

obesity. Functional Foods in Health and Disease. 2(6), 188- 197. 
27

 Volpe, R. & Sotis, G. (2015). Nutraceuticals: Definition and Epidemiological Rationale for 

Their Use in Clinical Practice. High Blood Pressure & Cardiovascular Prevention, 22, 199-

201. 
28

 Cicero, A.F.G., & Colletti, A. (2015). Nutraceuticals and blood pressure control: Results from 

clinical trials and meta-analyses. High Blood Pressure & Cardiovascular Prevention, 22(3), 

203-213. 
29

 Nascimento, G.G.F., Locatelli, J., Freitas, P.C., & Silva, G.L. (2000). Antibacterial activity of plant 

extracts and phytochemicals on antibiotic-resistant bacteria. Brazilian Journal of Microbiology, 

31(4), 247-256. 
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effects of nutraceuticals such cranberry and other plants have been less thoroughly 

described
31,32

.  

1.2. Workflow in nutraceutical and functional food development 

Food and pharmaceutical companies are aware of the increasing cost of 

healthcare, the desire of the population to improve their quality of life and the increase 

in life expectancy and they take advantage of this situation by creating products that 

help in this sense. Figure 4 shows an overview of the steps for developing 

nutraceuticals and functional foods. The initial step for developing nutraceuticals and 

functional foods is to identify a diet-disease interaction, which means hypothesize how 

one or more component from food could interact with a function of the body, thus 

promoting healthy effects. Afterwards, it will be necessary look for the most 

appropriate sources of compounds of interest (plants, plant-based foods, foods, etc.) 

and undertake the extraction, characterization, and the study of their stability (these 

processes will be detailed in the following sections). These first steps usually involve a 

prior search of the scientific literature.   

                                                                                                                                                                                     
30

 Su, X., Howell, A.B., & D'Souza, D.H. (2012). Antibacterial effects of plant-derived extracts on 

methicillin-resistant Staphylococcus aureus. Foodborne Pathogens and Disease, 9(6), 573-578. 
31

 Uberos, J., Rodríguez-Belmonte, R., Rodríguez-Pérez, C., Molina-Oya, M., Blanca-Jover, E., 

Narbona-López, E., & Muñoz-Hoyos, A. (2015). Phenolic acid content and antiadherence 

activity in the urine of patients treated with cranberry syrup (Vaccinium macrocarpon) vs. 

trimethoprim for recurrent urinary tract infection. Journal of Functional Foods, 18, 608-616.  
32

 Ocheng, F., Bwanga, F., Joloba, M., Borg-Karlson, A., Gustafsson, A., & Obua, C. (2014). 

Antibacterial activities of extracts from Ugandan medicinal plants used for oral care. Journal of 

Ethnopharmacology, 155(1), 852-855. 
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Figure 4. Workflow in nutraceutical and functional foods development. Adapted from 

Roberfroid, et al. and Jones et al.
11,33
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 Jones, P.J., & Jew, S. (2007). Functional food development: concept to reality. Trends in Food 
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To determine the bioactivity of foods or individual target compounds, in vitro 

assays followed by in vivo assays and clinical trials need to be performed. Once their 

bioactivity is demonstrated, and before marketing, their approval is required by the 

respective authority, which in the European Union is the European Food Safety 

Authority (EFSA).  

Functional foods are currently regulated by COMMISSION REGULATION 

(EU) No 1924/2006 on nutrition and health claims made on foods. This regulation is 

designed to obligate companies to provide strong substantiation of the evidence of the 

effect of health claims for their products. This strict regulation has brought about a 

drop in the number of health claims allowed. The most affected areas have been 

related to natural-plant extracts or probiotics
34

. This is exemplified by the sectors 

associated with phenolic compounds (Figure 5). 

 

Figure 5. Ingredients with polyphenols associated to different claims
34

. 

In addition, COMMISSION REGULATION (EU) No 432/2012 of 16 May 

2012 established a list of permitted health claims made on foods, other than those 

referring to the reduction of disease risk and to child development and health. Some 

examples of compounds with approved health claims are oleic acid (EFSA journal 
                                                           
34

 Valls, J., Pasamontes, N., Pantaleón, A., Vinaixa, S., Vaqué, M., Soler, A., Millán, S., & Gómez, X. 

(2013). Prospects of functional foods/ Nutraceuticals and markets. In: K.G. Ramawat, J.M. 

Mérillon (Eds.), Natural Products, Springer, Germany, 2491-2522. 
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number 2011;9(4):2043), PUFAs (EFSA journal numbers 2011;9(4):2069 and 

2011;9(6):2203), polyphenols from olive oil (EFSA journal numbers 2011;9(4):2033), 

plant sterols and plant stanols (2010;8(10):1813 and 2011;9(6):2203). 

The regulatory status of nutraceuticals in the EU remains confusing due to the 

differences in traditions, in historical and cultural backgrounds, and in the legislation 

of each member state
22

. Nevertheless, in the Paragraph 8 from the DIRECTIVE 

2002/46/EC on the approximation of the laws of the Member States relating to food 

supplements, it is specified that ―specific rules concerning nutrients, other than 

vitamins and minerals, or other substances with a nutritional or physiological effect 

used as ingredients of food supplements should be laid down at a later stage, provided 

that adequate and appropriate scientific data about them become available. Until such 

specific Community rules are adopted and without prejudice to the provisions of the 

Treaty, national rules concerning nutrients or other substances with nutritional or 

physiological effect used as ingredients of food supplements, for which no Community 

specific rules have been adopted, may be applicable‖. In addition, the lists of vitamins 

and minerals and their forms that can be added to foods, including food supplements, 

are regulated by the COMMISSION REGULATION (EC) No 1170/2009. 

The last step is the market launching and consumer acceptance. The demands of 

functional foods and nutraceuticals vary significantly within EU countries due to food 

tradition and cultural heritage
35

. A representative example is the fact that the interest of 

consumers is higher in Central and Northern European countries than in Mediterranean 

countries, where people consider natural and fresh food the healthiest option
9
. 

However, in general, consumers are not properly informed about what functional 

foods and nutraceuticals actually are and for this reason carrying out educational 

campaigns to consumers by public authorities seems to be necessary
35,36

. 

                                                           
35

 Annunziata, A., & Vecchio, R. (2011). Functional foods development in the European market: A 

consumer perspective. Journal of Functional Foods, 3(3), 223-228.  
36

 Verbeke, W. (2005). Consumer acceptance of functional foods: socio-demographic, cognitive and 

attitudinal determinants. Food Quality and Preference, 16(1), 45-57. 
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Thus, for successful nutraceutical and functional foods development, it is 

necessary to undertake effective scientific research, including the search for new 

sources of bioactive compounds related to the diet-disease concept. This should 

include the extraction, identification, characterization, stability assessment, and a 

bioactivity evaluation of these compounds. Therefore, the following sections will 

focus on exploring in detail all the aforementioned steps. 

 BIOACTIVE COMPOUNDS FROM NATURAL SOURCES AND 

HEALTH 

 The role of the human diet has been traditionally associated with the 

contribution of macro- (carbohydrates, lipids, and proteins) and micronutrients 

(vitamins and minerals) for the proper functioning of the body. However, numerous 

scientific works support the contention that the healthy effect of the consumption of 

nutraceuticals and functional food is closely related to the presence of other non-

nutrient compounds, known as bioactive compounds. In this regard, bioactive 

compounds can be defined as natural substances, usually found in small amounts in 

plants (phytochemicals) and certain foods that provide health benefits beyond the basic 

nutritional value of the products. It should be noted that although edible plants are 

capable of producing bioactive compounds, they could also be found in animal-based 

food, bacteria, and fungi. 

Plant foods contain an array of bioactive compounds with different structures 

and bioactivity and therefore different classifications have been proposed according to 

their clinical function, botanical categorization, biochemical classes, and pathways
37

. 

The primary metabolites are found in all plants and perform metabolic roles that are 

essential. They include: phytosterols, fatty acids, nucleotides, amino acids, and organic 

acids. In addition, plants produce secondary metabolites which do not participate 

                                                           
37

 Vermerris, W. & Nicholson, R. (2006). Families of phenolic compounds and means of 

classification. Phenolic compound biochemistry. In: Phenolic compound biochemistry. 

Springer, Netherlands, 1-34. 
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directly in growth and development but they play a major role in the adaptation of 

plants to their environment.  

The most accepted classification is made on the basis of their chemical nature. 

In this regard, bioactive compounds can be classified into inorganic compounds 

which include minerals and organic compounds such as phenolic compounds, 

alkaloids, nitrogen-containing compounds, organosulfur compounds, phytosterols, 

carotenoids, unsaturated fatty acids, oligosaccharides (prebiotics), and polysaccharides 

(starch). A more detailed classification is displayed in Figure 6.  

Bioactive compounds

Inorganic Organic

Minerals Isoprenoids
Phenolic 

compounds
Lipids CH and dv. PT and dv.

Ca

Se

Zn

K

Cu

Carotenoids

Saponins

Tocotrienols

Tocopherols

Simple 

terpenes

Phenolic acids

Flavonoids

Lignans

Tannins

MUFAs

PUFAs

Ascorbic acid

Oligosaccharides

Polysaccharides

Amino acids

Isothiocyanates

Capsaicinoids

Allyl-sulfur 

compound

Indols

FolatePhytosterols  

Figure 6. Some bioactive compounds from foods, classified according to their chemical nature. CH, 

carbohydrates; PT, protein; dv., derivatives. Adapted from Martí del Moral et al.
38

 

   

Among all classes of bioactive compounds, the current Thesis has been focused 

on the study of phenolics, phytosterols, and unsaturated fatty acids and therefore these 

will be described in more detail in the following sections. 

                                                           
38 Martí del Moral, A.A., & Martínez-Hernández, J.A. (2005). ¿Sabemos realmente lo que comemos?: 

alimentos transgenicos, ecológicos y funcionales. ENUSA, Barañain, Navarra. 160 pages. 

ISBN: 9788431323257. 
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2.1. Phenolic compounds 

Phenolics constitute a large group of compounds produced by plants as 

secondary metabolites under normal and stress conditions. They arise biogenetically 

from the shikimic and malonic pathways as shown in Figure 7. Their structure is 

characterized by possessing one or more aromatic rings with one or more hydroxyl 

groups. So far, more than 8000 phenolics with very diverse chemical structures have 

been identified
39

. Phenolic compounds are commonly bound to other molecules such 

as sugars (glycosyl residue) or proteins but can also be linked to lipids, carboxylic 

acids or other phenolic compounds
40

.  

Among the main families of phenolic compounds, we can distinguish between 

a) flavonoids which are polyphenolic compounds made up fifteen carbons with two 

aromatic rings connected by a three-carbon bridge, and b) non-flavonoids, being 

phenolic acids such as gallic acid and stilbenes the most representative of the diet
41

 

(Figure 8). These latter are the most common and widely distributed phenolic 

compounds in all plants and plant-based foods. Indeed, more than 5000 plant-derived 

flavonoids have been isolated from different plants
42

. They offer antibiotic, antifungal, 

antiviral plant protection and anti-feeding properties for insects. In addition, they 

constitute important UV-absorbing compounds, thus preventing leaf damage from the 

                                                           
39

 Velderrain-Rodríguez, G.R., Palafox-Carlos, H., Wall-Medrano, A., Ayala-Zavala, J.F., Chen, C. 

O., Robles-Sánchez, M., Astiazarán-García, H., Álvarez-Parrilla, E., & González-Aguilar, G.A. 

(2014). Phenolic compounds: Their journey after intake. Food and Function, 5(2), 189-197. 
40
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Nutrition Reviews, 56(11), 317-333. 
41

 Crozier, A., Jaganath, I.B., & Clifford, M.N. (2008). Phenols, polyphenols and tannins: An 
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light
43

. Phenolics are related to sensory characteristics such as bitterness, astringency, 

color, flavor, and odor and contribute to oxidative stability in plant-derived foods
44

.   

There are differences in the distribution of phenolic compounds throughout the 

plant. For example, roots show lower concentrations than the surrounding cortex or the 

peel, while leaves have higher phenolic concentrations. In addition, the phenolic 

content can vary depending on factors such as: climate, agronomic conditions, 

ripeness, harvest time, storage conditions and cultivar
45

. It should be noted that some 

of these compounds are widespread while others are characteristic of specific plants 

families or found only in certain plant organs or at precise development stages
46

. 
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Figure 7. General pathways for production of secondary metabolites.
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Phenolic compounds have become a popular research topic since the 1990s due 

to epidemiological studies indicating an inverse association between the intake of food 

rich in phenolics and the incidence of some diseases such as cardiovascular diseases or 

cancer
47

. Today, the number of publications which conclude that phenolic compounds 

may provide significant protection against the development and progression of several 

chronic pathological conditions including cancer, diabetes, cardiovascular diseases, 

and aging, among other pathologies, are increasing
48

. The beneficial effects derived 

from phenolic compounds have been attributed to their antioxidant activity
49

. 

Oxidative stress has been defined as a disturbance in the balance between the 

production of reactive oxygen species (ROS) and antioxidant defenses
50

. There is 

growing evidence identifying ROS as one of the primary determinants of human 

pathologies
51

. In the human body, ROS are metabolized primarily through antioxidant-

defense mechanisms using endogenously synthesized compounds made up of enzymes 

such as superoxide dismutase (SOD) and catalase
52

. However, an additional barrier for 

the defense of oxidative stress damage is necessary in situations involving an 

overproduction of ROS. This additional protection is achieved by the dietary intake of 

antioxidants
51

 such as vitamins, minerals, unsaturated fatty acids or phenolic 

compounds, among other natural bioactive compounds
53
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Figure 9. Mechanism of action of natural antioxidants against oxidative stress. 

Many in vitro assays have been made in order to determine the antioxidant 

activity of numerous plants and plant-based foods
54-56

. However, antioxidant activity 

depends largely on the chemical structure of phenolic compounds and most plants and 

plant-based foods are complex matrices which make it difficult to have accurate results 

on their antioxidant activity. If we consider the aforementioned relationship between 

structure and activity, in general terms we can say that flavonoids activity is governed 

by the number and position of their aromatic –OH groups while for phenolic acids, it 

has been reported that free hydroxyl groups in the ring provide higher antioxidant 

activity
57

. Specifically, the antioxidant activity of phenolics lies in their capability to 

donate hydrogen or an electron and their ability to delocalize the unpaired electron 

within the aromatic structure
57

. 

                                                           
54

 Morales-Soto, A., García-Salas, P., Rodríguez-Pérez, C., Jiménez-Sánchez, C., Cádiz-Gurrea, M.L., 

Segura-Carretero, A., & Fernández-Gutiérrez, A. (2014). Antioxidant capacity of 44 cultivars of 

fruits and vegetables grown in Andalusia (Spain). Food Research International, 58, 35-46. 
55

 Fu, L., Xu, B., Xu, X., Gan, R., Zhang, Y., Xia, E., & Li, H. (2011). Antioxidant capacities and total 

phenolic contents of 62 fruits. Food Chemistry, 129(2), 345-350. 
56

 Tiveron, A.P., Melo, P.S., Bergamaschi, K.B., Vieira, T.M.F.S., Regitano-d'Arce, M.A.B., & 

Alencar, S.M. (2012). Antioxidant activity of Brazilian vegetables and its relation with phenolic 

composition. International Journal of Molecular Sciences, 13(7), 8943-8957.  
57

 Fernández-Panchón, M.S., Villano, D., Troncoso, A.M., & García-Parrilla, M.C. (2008). 

Antioxidant activity of phenolic compounds: From in vitro results to in vivo evidence. Critical 

Reviews in Food Science and Nutrition, 48(7), 649-671. 



Introduction 

 

 
66 

Regarding individual phenolic compound, some in vivo studies have shown the 

antioxidant mechanism of action of some flavonoids, e.g. quercetin, naringin or 

resveratrol. Quercetin has proved to increase antioxidant enzyme activity and 

apoptotic proteins in cancer-induced rats, preventing prostate cancer
58

. Naringin has 

also been shown to stimulate some antioxidant enzymes such as SOD in induced-type 

diabetic rats, concluding that this bioflavonoid ameliorates dyslipidemia, hepatic 

steatosis, and kidney damage in type 2 diabetic rats by partly regulating oxidative 

stress
59

.  

Apart from antioxidant activity, phenolics have demonstrated their potential as 

antimicrobial agents. The interest of food, pharmaceutical, and nutraceutical 

companies in finding new antimicrobial agents resides in the increasing number of 

micro-organisms resistant to the available antibiotics, implying higher health care 

expenditures, according to the WHO
60

. In this context, the search for natural sources of 

bioactive compounds is a promising alternative. An antimicrobial is any substance that 

kills or inhibits the growth of microorganisms causing little or no damage to the host. 

The action mechanism of phenolics is generally based on the disturbance of the 

function of bacterial-cell membranes which depress bacterial growth or 

multiplication
61

. 
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The literature contains a vast number of works on demonstrating the in vitro 

and in vivo antibacterial effect of many plants and plant-based foods such as aromatic 

plants
62,63

. Examples include pomegranate peel and pomegranate juice
64,65

; garlic 

cloves and ginger
66

; different varieties of roselle
61

; and cranberry
67

 among other plant-

food-based products. However, only some clinical trials have also demonstrated the 

antibacterial effect of plant-based products. In this way the activity of cranberry and 

cranberry-based products
31,68

, black tea leaf extract
69

 or garlic
70

 has been attributed 

primarily to their composition in phenolic compounds. Despite that many studies have 

suggested that the antibacterial activity in plant and plant-based foods is owing to a 

synergistic action of bioactive compounds, mainly phenolics, recent research has 

shown the antibacterial activity of isolated phenolic compounds.  
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By way of a few examples, different concentrations of 2,4-dihydroxybenzoic, 

protocatechuic, vanillic and p-coumaric acids have shown antibacterial activity against 

some Gram-negative bacteria such as Escherichia coli (E. coli), Pasteurella multocida, 

and Neisseria gonorrhoeae
71

. Gallic acid, ferulic acid and quercetin also exhibited 

activity against the latter two species
71

. Other studies were consistent with these results 

showing an antibacterial activity of phenolic acids such as cinnamic, caffeic, ferulic 

and chlorogenic acids against Gram-negative bacteria
72

. Proanthocyanidins isolated 

from berries, have also demonstrated the inhibition of some E. coli strains, thus 

contributing to the maintenance of the urinary tract health
72,73

.  

2.2. Phytosterols  

Phytosterols, also called plant sterols, are a group of lipophilic steroid alcohols 

that have structure similar to that of cholesterol, but unlike cholesterol, they are not 

synthesized in the human body. Phytosterols are products of the isoprenoid 

biosynthetic pathway, as shown in Figure 10. Specifically, it consists of a sequence of 

more than 30 enzyme-catalyzed reactions, all of which are found in the plant 

membranes. 
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Figure 10. Biosynthesis of phytosterols. Adapted from Moreau et al.
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Two main classes of phytosterol are found in nature: plant sterols and plant 

stanols (saturated forms of sterols)
75

 (Figure 11). The first one can be found at higher 

concentrations in plants and plant-derived foods. The term phytosterol includes more 

than 200 compounds. Over 250 naturally occurring sterols have been found in the 

higher plants. However, the most abundant plant sterols are α-sitosterol (C29), 

campesterol (C28), and stigmasterol (C28) that represent 95-98% of plant sterols 

identified in plant extracts and the major plant stanols include sitostanol and 

campestanol
76

. In addition, they can appear conjugated with fatty acids or ferulic acid 

or glycosylated
74

. 

Cholesterol Sitosterol Sitostanol  

Figure 11. Cholesterol, plant sterol (sitosterol) and plant stanol (sitostanol) structures. 
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These sterols play an important role in regulating the fluidity and permeability 

of plant-cell membranes. Their function in plants could be comparable with cholesterol 

function in animals
77

. Phytosterols are naturally found in plant sources, mainly in oils, 

legumes or nuts
77,78

 and, similarly to phenolic compounds, the composition in plants 

and plant-based food is influenced by agronomic parameters, the oil-extraction 

process, storage conditions, and climate. 

Within bioactive compounds, plant sterols have been extensively studied by 

means of large clinical trials mainly for their ability to lower total and LDL-

cholesterol
79,80

. Their absorption is low compared to cholesterol. While cholesterol 

absorption is around 50%, absorption of sitostanol is 1%, sitosterol 4%, campesterol 

10% and campestanol 13%
7
. Their main action mechanism is based on the competition 

of absorption with cholesterol in the intestine which means that their presence affects 

the cholesterol solubilization into micelles, increasing its fecal excretion
78

 (Figure 12).  
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absorption 

Plant sterols

 

Figure 12. Simplified mechanism of action of phytosterols. 

                                                           
77

 Quílez, J., García-Lorda, P., & Salas-Salvadó, J. (2003). Potential uses and benefits of phytosterols 

in diet: present situation and future directions. Clinical Nutrition, 22(4), 343-351.  
78

 Gupta, R., Mathur, M., Bajaj, V.K., Katariya, P., Yadav, S., Kamal, R., & Gupta, R.S. (2012). 

Evaluation of antidiabetic and antioxidant activity of Moringa oleifera in experimental diabetes. 

Journal of Diabetes, 4(2), 164-171 
79

 Derdemezis, C.S., Filippatos, T.D., Mikhailidis, D.P., & Elisaf, M.S. (2010). Effects of plant sterols 

and stanols beyond low-density lipoprotein cholesterol lowering. Journal of Cardiovascular 

Pharmacology and Therapeutics, 15(2), 120-134.  
80

 Scholz, B., Guth, S., Engel, K., & Steinberg, P. (2015). Phytosterol oxidation products in enriched 

foods: Occurrence, exposure, and biological effects. Molecular Nutrition and Food Research, 

59(7), 1339-1352. 



Introduction 

 

 
71 

Despite existing controversies about the most effective dosage, most studies 

have consistently shown that the intake of 2-3 g/day of phytosterols is associated with 

significant lowering (5-15% range) of low-density lipoprotein (LDL-Cholesterol)
75,81

. 

Nevertheless, a few authors affirm that higher consumption of phytosterol (more than 

3 g/day) could produce adverse effects such as the reduction of β-carotene
79,82

. Even 

though the efficacy in cholesterol-lowering depending on the type of phytosterol (plant 

sterols or plant stanols) continues to be debated; many clinical trials have shown that 

both types have similar responses
75

. Although the effectiveness of plant sterols can be 

influenced by many factors
78

, due to their aforementioned properties, phytosterols and 

their fatty acids esters were one of the first bioactive compounds used to enrich 

foods
80

. 

2.3. Fatty acids 

Fatty acids are defined as carboxylic acids with a hydrocarbon chain of an even 

number of carbon atoms ranging from 16-26. The formation of the major fatty acids in 

plants starts by the novo synthesis of saturated long-chain fatty acids through the 

combined activity of acetyl-CoA carboxylase and fatty acid synthase
83

 (Figure 13).  
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Figure 13. The general biochemical pathway of synthesis of PUFAs in plants. Δ9, Δ
9
-

desaturase ; Δ12, Δ
12

-desaturase ; n3, n3-desaturase. Adapted from Wallis, et al.
83
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While fatty acids with only single bonds between adjacent carbon atoms are 

defined as saturated fatty acids, those with at least one C=C double bond, are called 

unsaturated fatty acids.  

Among unsaturated fatty acids, we find fatty acids that have only one double 

bond called monounsaturated fatty acids (MUFAs) and those which have two of more 

double bonds and which are commonly known as PUFAs (Figure 14). At the same 

time, PUFAs can be classified into short-chain fatty acids (up to 19 carbon atoms), 

long-chain fatty acids (between 20 to 24 carbon atoms) or very long-chain fatty acids 

(more than 25 carbon atoms). This nomenclature is based on the position of those 

bonds and the total chain length. The double bonds from the unsaturated fatty acids are 

counted from the methyl group determining the metabolic family, noted by ω-x or n-x, 

where x indicates the position of the first double bond relative to the methyl end. 
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Figure 14. Some of the most representative fatty acids in the diet according to Food & Agriculture 

Organization of the United Nations (FAO) and Fundación Iberoamericana de Nutrición (FINUT)
84
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On the topic of fatty acids, the current doctoral Thesis has been mainly focused 

on unsaturated fatty acids and for this reason; the following sections will be 

concentrated on these compounds. The main plant sources of MUFAs such as oleic 

acids or palmitoleic acid are nuts, all vegetable oils, especially olive, canola, 

sunflower, and avocado oils, among others. Oils, cereal-based products, cereals, 

vegetables, nuts, and seeds are an important source of n-6 fatty acids
85

. α-Linolenic 

acid, belonging to the n-3 series, has been found in walnuts, some green leafy 

vegetables, flaxseed, and rapeseed
86

. 

The quality of dietary fats plays a significant role in the development and 

progression of chronic diseases such as cardiovascular disease (CVD) and related 

pathologies. Actually, the types of fatty acid are more important in influencing the risk 

of CVD than the total amount of fat in the diet. For that reason the American Heart 

Association recommends the intake of unsaturated fatty acids instead of saturated fatty 

acids (http://www.heart.org/). Regarding MUFAs, oleic acid (C18:1) is one of the 

most studied. The seven-country study was the first major study that investigated the 

role of the diet and lifestyle in cardiovascular disease. This study revealed that the 

Mediterranean diet, in which olive oil (rich in oleic acid) is the main source of fat, was 

associated with a low incidence of CVD
87

. Subsequently, some clinical trials affirmed 

that when saturated fatty acids are replaced with monounsaturated fats from vegetable 

oils such as sunflower oil, favorable outcomes in blood lipids occur, mainly by 

decreasing LDL-cholesterol
88

. Another clinical trial carried out with men with mild 
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hypercholesterolemia and focusing on comparing different dietetic treatments 

consisting of palm oil, high oleic acid sunflower oil and medium-chain triacylglycerols 

oil, found that high oleic sunflower oil significantly reduced plasmatic total cholesterol 

(TC) and LDL-cholesterol (LDL-C) comparing with the other two treatments
89

. 

Despite that molecular mechanisms underlying this effect remain to be fully 

elucidated, some research has demonstrated that oleic acid inhibits fatty acids and 

cholesterol biosynthesis via a downregulation of two enzymes implicated in 

lipogenesis and cholesterogenesis (acetyl-coenzyme A carboxylase and 3-hydroxy-3-

methylglutaryl coenzyme A reductase, respectively)
90

 (Figure 15). Another theory 

also pointed out the decrease of apolipoprotein B (apo B) concentrations by means of 

oleic acid
91

. 
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Figure 15. Mechanism of action of oleic acid. 
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Within n-3 PUFAs, eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) have been extensively studied due to their ability to reduce the risk of heart 

disease
92

. The endogenous synthesis of EPA (C20:5) and DHA (C22:6) from α-linoleic 

acids is moderately inefficient, and thus dietary intake is necessary for the tissue 

accumulation. Recently, some studies have also correlated n-3 PUFAs with positive 

outcomes of inflammation
93

, Alzheimer‘s disease
94

 or cancer
95

, among others.  

Regarding DHA, its benefitial effects are focused on the increase of HDL and 

the reduction of TAG (Figure 16). However, some clinical trials have shown that a 

diet based on oil enriched in DHA increases TC by 2%
96

. By contrast, in another 

clinical trial carried out with subjects who consumed 4 g of purified DHA daily for 6 

weeks, no correlation was found between DHA and total cholesterol levels, but LDL-C 

concentrations were found to be significantly increased
97

. The rise in LDL-C levels 

with DHA intake has been associated with a larger LDL particle size, this in turn being 

negatively correlated with CV-risk factors
98

.   
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Figure 16. Nuclear mechanism of DHA. SREBP-1c, Sterol regulatory element binding 

protein-1c; PPAR, peroxisome-proliferator-activated receptor; TAG, triglycerides; VLDL, 

very low-density lipoprotein. Adapted from Clarke
99

. 

 

Recent theories about lowering cholesterol included the suppression of a novel 

proprotein called proprotein convertase subtilisin/kexin type 9 (PCSK9), which was 

discovered in 2003
100

, thus, allowing recycling the LDL receptor from endosomes to 

the cell surface (Figure 17). Despite that the FDA approved a new drug based on 

PCSK9 suppression in 2015, only a few studies have focused on finding relationship 

between diet and decreased PCSK9
101,102

.  
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Figure 17. LDL-C metabolism in the presence of PCSK9. Adapted from Dadu & 

Ballantyne
103

. 

After the choice of the target family of bioactive compounds to be studied, 

based on a diet-disease interaction, the selection of the appropriate extraction 

technique is a critical step that will determine the accuracy of the results. For this 

reason, following the workflow for nutraceutical and functional foods development, 

the next section focuses on the most widely used techniques for extracting bioactive 

compounds from plant and biological matrices. 

 EXTRACTION OF BIOACTIVE COMPOUNDS 

3.1. Extraction of bioactive compounds from plant sources 

In recent years, the interest in nutraceutical, functional foods, pharmaceutical, 

and cosmeceutical companies in developing biologically active compounds from 

natural sources is increasing. In addition, the use of herbal products has increased 
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dramatically during the last decade
104

. It should be highlighted that extraction is one of 

the first steps of any analytical process and plays a significant role in the final result. 

Given the industrial and nutritional value of natural sources, green extraction 

techniques that enhance yields while minimizing the impact of the quality of the end-

product are necessary.  

Plant and plant-based products are generally complex matrices made up of a 

wide range of compounds with different structures and polarities. The solubility of 

bioactive compounds is governed by the chemical nature of the compound, its possible 

interaction with other matrix components, as well as the polarity of the solvents used. 

As an example, phenolics may be associated with other plant components such as 

carbohydrates and proteins. This makes it difficult to establish a universal extraction 

procedure suitable for extraction of all plant phenolics. In addition, it should be borne 

in mind that in the plant kingdom different groups of bioactive compounds are 

commonly found in the same sample. In this case, additional steps may be necessary to 

remove the unwanted components which may interfere in the subsequent analysis, 

causing erroneous results. Different techniques are commonly employed to extract 

bioactive compounds from plant and plant-based products, depending on the target 

compound, namely conventional extraction (CE) and alternative extraction techniques 

such as ultrasound-assisted extraction (UAE), supercritical fluid extraction (SFE), 

pressurized liquid extraction (PLE) and microwave-assisted extraction (MAE). Figure 

18 summarizes these extraction techniques. Nevertheless, the extraction yield and the 

quality of the final extract depends on the type of solvent used, sample-to-solvent 

ratio, extraction time, temperature, chemical composition, and physical characteristics 

of the sample
105

. These parameters affect in different ways depending on the employed 
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extraction technique, and therefore they will be discussed in the following sub-

sections.  

Bioactive compounds extraction technologies

Conventional technologies Alternative technologies

Liquid-liquid

extraction (LLE)

Solid-liquid

extraction (SLE)

Solid-phase

extraction (SPE)

Ultrasound assisted

extraction (UAE)

Supercritical fluid 

extraction (SFE)

Pressurized liquid

extraction (PLE)

Microwave assisted

extraction (MAE)
 

Figure 18. Types of extraction techniques used for the extraction of bioactive compounds. 

3.1.1. Conventional extraction 

Conventional extraction (CE) methods have been repeatedly used for the 

extraction of bioactive compounds from plants and plant-based foods. CE is based on 

the selective transfer of the target compound from a solid or liquid matrix to a solvent. 

The efficiency of the technique will depend on the difference in solubility between the 

target compounds and the other compounds of the sample in the solvent employed for 

the extraction. Classical techniques to obtain bioactive compounds from plant and 

plant-based products include: liquid-liquid extraction (LLE), solid-liquid extraction 

(SLE), soxhlet extraction (SE), solid-phase extraction (SPE), hydrodistillation and 

maceration. The solvent employed may be chosen according to the chemical structure 

of target compounds. In this regard, polar solvents such as methanol, ethanol, acetone 

and their aqueous mixtures have been the most commonly employed solvents for 

extracting antioxidant compounds from plants and plant-based foods
106,107

 while 
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hexane, chloroform, dichloromethane, ethyl acetate, petroleum ether, and mixtures of 

hexane/isopropanol or hexane/acetone have been used for the extraction of non-polar 

compounds such as fatty acids or plant sterols from different plant and animal 

samples
108-110

. Comparing SPE and LLE, we find that the former does not require large 

quantities of organic solvents, can improve the recovery of some types of bioactive 

compounds, it is easy to automate, and its configuration into on-line systems is 

possible
111

. Among the main applications, both maceration and SE in different 

proportions of ethanol-water mixtures have been used for extracting phenolics and 

flavonoids from M. oleifera leaves
107

. Mixtures of methanol-water have also been used 

for recovering phenolic compounds from bitter melon
112

 by SE. Nevertheless, 

Murugan et al. showed that maceration with methanol can extract tannins more 

efficiently than SE does, while the latter was more effective in extracting phenolic 

constituents
113

.  

In SPE, different cartridges with a large variety of packing can be used
114

. In 

the case of extraction of phenolic compounds, different sorbents including silica 
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sorbents such as C18, polymeric materials, functionalized sorbents, carbon or a mixture 

of the aforementioned are commonly employed for separating phenolic compounds. 

However, silica-based cartridges have been the most widely used for this 

purpose
114,115

. Traditionally, the extraction of terpenes (terpenic alcohols and 

phytosterols) and fatty acids is performed by soxhlet, maceration or hydrodistillation. 

Among these, SE is probably the most commonly used technique for extracting fats 

and oils from food matrices
116,117

. In this regard, SE with ethyl acetate and maceration 

with ethanol were applied for extracting unsaturated fatty acids from pistachio 

(Pistacia vera L.) oil
109

 and SE extraction with chloroform:methanol gave the highest 

oil yield from Pistacia lentiscus seeds
118

. It should be mentioned that mechanical 

extraction systems are also frequently employed for the extraction of oils from plant 

matrices
117

. 

Despite that CE methods have been shown to be effective for extracting 

bioactive compounds of different types, they are usually time- and solvent-consuming 

with the associated risk for human and environmental health. For this reason, the 

development of ―modern‖ extraction techniques such as UAE, SFE, PLE, and MAE, 

with significant advantages over conventional methods is emerging as an alternative. 

In general, some of these advantages include a reduction in organic-solvent 

consumption, less degradation, elimination of additional sample clean-up, and 

concentration steps before chromatographic analysis, improvement in extraction 

efficiency, selectivity, and/or kinetics, or ease of automation
119
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3.1.2. Ultrasound-assisted extraction (UAE) 

Ultrasound-assisted extraction has been widely used during the last two decades 

for extracting bioactive compounds by food and pharmaceutical companies
120

. 

Ultrasound has been defined as a mechanical wave that necessitates an elastic medium 

to propagate. It differs from the audible sound by the wave frequency. UAE is based 

on the alteration between physical and chemical properties of the sample after its 

interaction with ultrasound waves. The cavitational effect facilitates the extraction 

process, increasing the mass transfer between the solvent and the sample by disrupting 

the plant-cell walls. When the bubbles collapse onto the solid sample, the high 

pressure and temperature released generate microjets and shock waves conducted to 

the solid phase
121

. Briefly, some of the parameters that affect the quality of the UAE 

are operating temperature, frequencies, ultrasound power and solvents. Most authors 

agree that elevated temperatures improve the efficiency of extraction because of 

enhanced diffusion rates and solubility of analytes in solvents
122

. However, it should 

not be forgotten that high temperatures can degrade thermolabile compounds and also 

solubilize impurities from the sample. Some authors have noticed that when high 

frequency ultrasound is used, the extraction yield does not significantly increase, but 

the degradation of the plant constituents is diminished
123

. In this sense, the common 

frequencies described to extract phenolic compounds are in the range from 20 and 45 

kHz
124

. Regarding ultrasound power, its increase can promote the formation and 

collapse of more cavitation bubbles. 
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The extraction of phenolic compounds through UAE has been especially 

addressed. Ma et al. showed that the extraction yields and the recovery of different 

phenolic acids were significantly higher than those by maceration
125

. This extraction 

technique has been applied to recover flavanones and anthocyanins from different 

plant matrices with promising results
126

. 

Despite that some authors have found UAE more effective than CE, both 

extraction techniques have enabled similar recoveries of TPC and total flavonoid 

content
127

. In addition, UAE has also been used for extracting bioactive compounds 

such as the triterpenoid charantin from Momordica charantia fruit and it was almost 3-

fold more efficient than SE
128

. To a lesser extent, UAE has been used for the recovery 

of oils from different samples. In this regard, UAE allowed the use of considerably 

smaller extraction time than soxhlet for the extraction of triacylglycerols and fatty 

acids from papaya seeds
129

. Another study showed that UAE was the best option for 

recovering fatty acids such as linoleic and palmitic acids from Piper gaudichaudianum 

Kunth leaves
130

 compared with SE. 

In summary, UAE allows shorter processing time and at a low cost than with 

conventional extraction techniques. However, its efficiency depends on the nature of 

the target compounds. In addition, it should be borne in mind that the distribution of 
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the ultrasonic wave is non-uniform and is limited to the vicinity of the ultrasound 

probe, making its implementation on a large scale an arduous task
105

. 

3.1.3. Supercritical fluid extraction (SFE) 

Supercritical fluid extraction (SFE) is a technique with promising applications 

in the food industry. SFE is a fast, efficient, and clean technique for extracting natural 

products from plant and plant-based matrices. Its importance resides in the fact that 

SFE allows the fabrication of products without toxic residues, with no degradation of 

active principles, and with high purity
131

. Due to their low viscosity and relatively high 

diffusivity, supercritical fluids have better transport properties than do liquids. For this 

reason they can diffuse easily through solid materials, thus, giving faster extraction 

rates
132

. One of their main characteristics is the possibility of modifying the density of 

the fluid by changing its pressure and/or temperature. Although many supercritical 

fluids can be used, for the extraction of non-polar bioactive compounds, carbon 

dioxide (CO2) is most commonly used to replace organic solvents for extraction, 

because it is inert, nonflammable, noncorrosive, inexpensive, easily available, 

odorless, tasteless, environmentally friendly, and it has GRAS status
133

. SFE consists 

principally of two different steps: extraction of the soluble substances from the solid 

substratum by the supercritical fluid solvent and separation of these compounds from 

the supercritical solvent after the expansion
131

. Figure 19 shows a general flow 

diagram of the equipment used to perform supercritical fluid extractions, consisting of 

a container for the solvent used for the extraction, CO2 in this case (A), a pump that 

allows the desired CO2 flow (B), an oven containing the extraction vessel (C), a back 
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pressure regulator that allows the pressurization of the system (BPR) (D), a trapping 

vessel (E) and optionally a modifier pump (F)
134

. 

A

F

B

C

D

E

 

Figure 19. Schematic diagram of the equipment used to perform supercritical fluid 

extractions. (A) Solvent reservoir, (B) pump, (C) heated extraction cell, (D) BPR, (E) 

collection vessel and (F) modifier. Adapted from Herrero et al.
134

 

The main parameters to optimize in SFE are temperature, pressure, co-solvent 

percentage and extraction time. Temperatures ranging from 32 to 86ºC were tested in 

order to recover the highest amount of lycopene from tomato by-products; the 

conclusion was that the percentage of lycopene extracted increased at higher 

temperatures
135

. Santos et al. also found that the highest temperature tested (70ºC) was 

the optimal, allowing the recovery of higher TPC from Eucalyptus globulus bark
136

. 

Additionally, operating pressure affects the solvating power of the solvent, and 

therefore the extraction. It is commonly known that the higher the pressure, the larger 

the solvation power and the smaller the extraction selectivity. SFE pressure values of 
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150–300 bars and temperature of 30-60°C have commonly been used for the 

extraction of bioactive compounds depending on different plant materials
137

.  

Also, CO2 pressures above 200 bars have been applied to extract oil from 

seeds
138

. The low polarity of CO2 makes it more effective for the extraction of apolar 

compounds from natural matrices. To cite some applications, SFE has been used for 

extracting oils, unsaturated fatty acids, tocopherol-enriched oils, and phytosterols from 

different plant matrices
139,140

. Nevertheless, when the target compounds are more 

polar, the use of polar cosolvents (modifiers) such as ethanol in small quantities 

(<10%) together with CO2 varies the polarity of the solvent significantly, enhancing 

the extraction of most polar compounds. Borrás-Linares et al. extracted bioactive 

phenolics from rosemary leaves by SFE using 6.6% of ethanol as a modifier
141

. The 

same methodology was used by Taamali et al. for the extraction of phenolic 

compounds from olive leaves
142

. In addition, as occur in other extraction techniques, 

the extraction time also influences the overall process. Some authors have reported 

that up to 120 min the extraction curves of TPC extraction start to decrease
143

. When 
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the objective is the extraction of the highest yield, the best way to establish the 

extraction time is by performing a kinetic until the sample is exhausted. In this sense, 

Balvardi et al. established 160 min for the recovery of oils from wild almond
144

.  

In relation to SFE, gas-expanded liquid (GXL) is a novel extraction system that 

is emerging as a promising technique for extracting bioactive compounds with 

different polarities. GXL current working definition is ―a liquid whose volume is 

increased when pressurized with a condensable gas such as CO2‖
145

. Thus, the 

expanded liquid phases resulting from the addition of miscible dense gases such as 

compressed CO2 to organic solvents such as ethanol offer enhanced properties that 

may be easily tuned by adjusting the pressure of the system
146

.  In addition, GXLs 

allow working at lower pressures compared with SFE, which makes industrial 

applications of this technique more attractive
146

. Despite the great potential that GXLs 

can offer, little research has taken advantage of this technique for the extraction of 

bioactive compounds from plant matrices
147-149

. 
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In a comparison with CE, Ara et al. concluded that SFE was more selective than 

the steam-distillation method
150

. However, Carvalho et al. reported that SE extraction 

was the most effective, allowing 58.93% of sesame oil vs. 26.47% obtained by SFE
151

. 

In spite of the large number of studies on SFE, the relatively high cost of investment 

should be taken into account. 

3.1.4. Pressurized liquid extraction (PLE) 

Pressurized liquid extraction (PLE) also known as accelerated solvent 

extraction (ASE) or pressurized hot-water extraction when the solvent employed is 

water (PHWE), is a technique that involves the extraction of target compounds using 

solvents at high pressures and temperatures. PLE enables a short extraction time (less 

than 30 min) under high-pressure conditions (up to 200 bars) and temperature (up to 

200ºC). The PLE system works in a similar way as the SE system. However, the most 

interesting advantage of PLE is that pressurized solvents remain in a liquid state above 

their boiling point, allowing, thus, higher extraction temperatures without degradation 

of bioactive compounds compared with CE. The scheme of the equipment required for 

performing PLE is displayed in Figure 20.  

In this case, the container for the solvent employed for the extraction is filled 

with water for PHWE or water and other organic solvents for PLE. Different types of 

solvents can be used in PLE, which allows the extraction of a wide range of bioactive 

compounds, as shown in Figure 21. 
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Figure 20. Schematic equipment used to perform pressurized liquid extractions. 
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Figure 21. Main types of compounds extracted by PLE from plant sources, and an example of 

each. 
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As stated above, for dealing with bioactive compounds, temperature is a 

critical parameter to be examined and optimized. High temperatures lower the 

viscosity of the solvent, thereby enhancing its penetration into the matrix and resulting 

in an improved extraction process
152

. Matshediso et al. studied the effect of 

temperature (50, 100, 150, and 200ºC) in TPC, myricetin, quercetin, and kaempferol 

extraction from plant leaves
153

. These researchers reported that optimum temperature 

for the extraction of flavonols was 100ºC and total phenols, kaempferol, and myricetin 

contents remained constant to 150ºC. Another recent study found that TPC recovery 

from aboveground parts of Phyllanthus amarus was significantly higher by PLE at 

192.4ºC than CE at 80-90ºC and UAE at 25ºC
154

. In accordance, temperatures between 

150 and 200ºC proved to be more suitable for the extraction of phenolic compounds 

than CE with methanol and SE water extraction
112

. 

Despite that pressure has been pointed out as an important parameter affecting 

PLE extraction, some authors have failed to find any significant influence of the 

extraction pressure
152

. Regarding extraction time, its influence is closely related to the 

operation mode, whether dynamic or static
134

. However, there is no commercial or 

high-throughput system for PLE in the dynamic mode. 

Unquestionably, PLE allows higher recoveries of bioactive compounds than CE 

methods. Authors concluded that PLE significantly decreased the total extraction time, 

the amount of solvent, and the manipulation of sample and solvents in comparison 

with SE and UAE. In addition, PLE was more effective for the extraction of terpenic 

alcohols and phytosterols, fatty acids and vitamin E
130

 than CE. However, PLE 
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involves high cost for the high-pressure equipment
155

. Compared with SFE, PLE 

allows the extraction of more polar compounds and it is able to provide higher 

extraction yields, although SFE might be more selective and environmentally 

friendly
141

 . 

3.1.5. Microwave-assisted extraction (MAE) 

Microwave-assisted extraction (MAE) is another technique that is gaining 

ground in the field of bioactive compounds extraction. Microwave consists of electric 

and magnetic fields that oscillate perpendicularly to each other in a frequency range 

from 0.3 to 300 GHz. Thus, microwave is considered an electromagnetic wave that can 

penetrate some materials, interact with polar compounds, and consequently generate 

heat. The combination of that heat and mass gradients working in the same direction 

accelerate the process and raise the extraction yield
156

. As occurs with the other 

extraction techniques, the solvent, extraction time, and temperature are the main 

factors to optimize. The extraction yield in MAE is commonly directly proportional to 

the extraction time but the increase in yield was found to be very small with further 

increase in time, as displayed in Figure 22.  

It should be taken into account that ethanol and water mixtures increase the 

heating capacity of the solvent combination, which could degrade target compounds if 

the extraction time is prolonged
157

. 
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Figure 22. Schematic representation of yield vs. time in extraction processes. Adapted from 

Veggi et al.
156

 

Pan et al. found that the extraction yield of phenolic compounds from tea leaves 

did not increase from 4-min extraction time. Also, they found that the extraction of 

phenolic compounds by MAE was higher than using maceration, UAE, or heat 

reflux
158

. In addition, optimized MAE at 46% ethanol was the best option for 

extracting TPC compared with conventional solvent extraction and UAE mixture
127

. 

MAE was also better than SE for extracting diterpenes
159

, despite that oil yields were 

higher using SE. Likewise, significantly more trans-lycopene was extracted via MAE 

than via CE
160

. In addition, Qu et al. showed that chemical compositions of fatty acids 

extracted with SE and MAE were mostly similar, whereas relative contents of the 
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same fatty acids had a few differences, MAE offering the advantage of much higher 

fatty acid yield
161

. 

The main advantages of MAE include its suitability for recovering a vast array 

of compounds. In addition, MAE involves moderate economic cost while allowing 

shorter extraction times compared with CE and other advanced extraction 

techniques
162,163

.  

3.2. Extraction of bioactive compounds from biological matrices  

Biological samples are extremely complex matrices containing many 

components which can interfere with the analyte analysis or be incompatible with 

subsequent separation techniques. The most common biological matrices in which 

bioactive compounds are measured include serum, plasma, and urine; however, other 

samples that can also be used are saliva, tissue, or feces.  

The presence of proteins or other organic compounds with structures similar to 

those of the compounds of interest can interfere in the extraction procedure. Therefore, 

in most cases it becomes necessary to use solid-phase extraction (SPE), liquid-liquid 

extraction (LLE) and/or protein precipitation
164

. In this regard, different extraction 

methods have been used for extracting plant sterols from serum samples. Mackay et al. 

proposed carrying out an alkaline hydrolysis following to two consecutive LLEs using 

water and cyclohexane as solvents
165

. A sterol hydrolyzation with ethanolic potassium 
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hydroxide solution and extraction by LLE with n-hexane was recommended by 

Matysik et al. for extracting plant sterols from plasma samples
166

. 

 ANALYTICAL TOOLS FOR CHARACTERIZING AND 

QUANTIFYING BIOACTIVE COMPOUNDS 

Analytical techniques are key in developing nutraceuticals and functional foods, 

providing knowledge of the physical and chemical stability of these products, aiding in 

the selection and design of the dosage form, and allowing the quantification of 

bioactive compounds and their metabolites. Analytical tools can be divided into two 

main groups: separation techniques, which are used to resolve the compounds from a 

mixture; and spectrometric techniques, which offer precise information on the 

structural characteristic of each compound analyzed. Roughly speaking, the most 

suitable techniques of characterizing polar and semi-polar compounds are high-

performance liquid chromatography (HPLC) and capillary electrophoresis (CE) 

whereas gas chromatography (GC) is used mainly to characterize non-polar 

compounds. Nuclear magnetic resonance (NMR) has also been used to elucidate the 

structure of some compounds from different matrices.  

Chromatography and spectrophotometry are the two most commonly applied 

techniques to qualitative and quantitatively characterize bioactive compounds. 

4.1. Chromatographic techniques 

The separation of analytes is an important step of the analysis of an unknown 

mixture. In this sense, chromatography, which is a combination of separation 

techniques based on differential distribution between two phases, appeared as the best 

option. In chromatography, compounds from a sample are transported by a fluid which 

moves in a definite direction (mobile phase) into a stationary phase that can be solid or 

liquid. Solutes from the sample usually have differential partitioning or interactions 
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with the mobile and stationary phases. Consequently, each analyte has a specific 

equilibrium constant and, thus, different elution rate. As a result, analytes that strongly 

interact with the stationary phase will be retained more (longer retention times) than 

compounds having lower or no interactions with the stationary phase.  

Among the main chromatographic techniques employed for analyzing bioactive 

compounds such as phenolic compounds, fatty acids, and phytosterols, it is noteworthy 

to emphasize high-performance liquid chromatography (HPLC) and gas 

chromatography (GC), which have been used in the current doctoral Thesis.  

4.1.1. High-performance liquid chromatography  

HPLC is the most widely used separation technique for complex naturally 

occurring molecules in plants. HPLC instrumentation is generally made up a pump, 

injector, column, detector, and data acquisition system as showed in Figure 23.  
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Figure 23. HPLC instrumentation. 

In HPLC, the mobile phase consists of a solvent or a mixture of solvents in 

which the pH is often altered by using acids, bases or regulatory solutions depending 

on the target compound to be separated. The mobile phase is pumped into the 

chromatographic column which contains the stationary phase necessary for the 

separation of the compounds. The most widely used HPLC mode is reversed-phase 

(RP) in which the stationary phase is non-polar, while the mobile phase is a polar 
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mixture of one or more organic solvents and water or a buffer
167

. The choice of a 

mobile phase depends on the column employed, the analytes of interest, the detection 

system coupled, while simultaneously the selection of an appropriate column is 

directly related to the nature of compounds to be separated. When all analytes elute 

from the column, they are detected, generating an analytical signal. The signal 

intensity and duration will depend on the quantity and nature of the analyte. Therefore, 

each analyte will be represented as a peak which has a specific retention time (RT) and 

area. 

The column represents the most determinant component in HPLC separation. 

Currently, a trend towards the use of still smaller particles (sub-2 µm, > 400 bar) is 

emerging in order to enhance the efficiency and speed of the analysis
168

. In the case of 

phenolic compounds, the most commonly used column is C18, which is filled with 

a packing of octadecylsilyl groups. It can range from 10 to 30 cm long, with an 

internal diameter from 3.9 to 4.6 mm, and the particle size from 1.8 to 10 µm. The use 

of C18 columns often involves the use of binary systems that consist of acidic aqueous 

solutions and organic solvents such as methanol or acetonitrile as mobile phases. The 

separation of more polar phenolic compounds depends heavily on the pH of the mobile 

phase
169

. The presence of the acid in the aqueous mobile phase avoids the ionization of 

these compounds, thereby enhancing their separation in the column
170

. However, 

flavonoids can be separated only by organic solvents because these compounds have 

                                                           
167

 Jandera, P. (2011). Stationary and mobile phases in hydrophilic interaction chromatography: a 

review. Analytica Chimica Acta, 692(1–2), 1-25.  
168

 Nguyen, D.T., Guillarme, D., Rudaz, S., & Veuthey, J. (2006). Fast analysis in liquid 

chromatography using small particle size and high pressure. Journal of Separation Science, 

29(12), 1836-1848.  
169

 Rehová, L., Škeríkova, V., & Jandera, P. (2004). Optimisation of gradient HPLC analysis of 

phenolic compounds and flavonoids in beer using a CoulArray detector. Journal of Separation 

Science, 27(15-16), 1345-1359. 
170

 Schieber, A., Keller, P., & Carle, R. (2001). Determination of phenolic acids and flavonoids of 

apple and pear by high-performance liquid chromatography. Journal of Chromatography A, 

910(2), 265-273.  

 



Introduction 

 

 
98 

less ionization capacity
171

. Despite that acidified water and acetonitrile has proved to 

be a good combination for separating flavonoids
172

, some researchers affirm that using 

acidified water and methanol as organic solvent constitutes the best choice for 

separating phenolic compounds from different plant matrices
173,174

.  

The time of analysis is another parameter that influences the separation of 

bioactive compounds such as phenolics. This time should range from 10 to 150 min at 

a flow speed of between 0.2 to 1.5 mL/min. In addition, HPLC has been used to 

separate lipids and individual plant sterols from plant-based products using different 

types of columns containing methanol and acetonitrile with water mixtures as mobile 

phases. The most frequently used columns for this purpose are made of octadecylsilica 

and range from 3 to 5 μm particle size
108

. As can be seen from the above, HPLC offers 

a high degree of versatility not found in other chromatographic systems due to its 

ability to easily separate a large variety of chemical mixtures from plant and plant-

based products as well as from biological samples. 

After the separation, the following step includes the detection of the mixture 

being eluted from the chromatographic column. A good detector has specific 

characteristics, including sensitivity, specificity, detectability, linearity, repeatability 

and dependability. However, no single HPLC detector has all the characteristics of a 

good detector. Figure 24 sums up the different detection systems.  
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Figure 24. The most widely used detection systems in liquid chromatography. 

In the current doctoral Thesis, UV-Visible (UV-Vis) and mass spectrometry 

(MS) have been used. Both will be described in depth in the following sub-sections. 

a) HPLC coupled to UV-Vis detector 

HPLC methods based on the UV-Vis detection are the most widely employed 

because they enable the characterization of a wide range of compounds and functional 

groups, and have good sensitivity, stability against temperature and flow changes, 

strong linearity, and high accuracy. Furthermore, UV-Vis detection is more rugged 

than many other detection systems
175

. Many molecules can absorb radiation UV-Vis 

and therefore this detector can be considered universal. Three different types of UV-

Vis detectors are available: fixed-wavelength, variable-wavelength, and diode array 

detectors (DAD). Among them, DAD is the most common for the detection of 

bioactive compounds because it provides the complete UV-Vis absorption spectra of 

analytes that pass quickly through a measuring cell. The use of DAD coupled to HPLC 

allows unknown phenolic compounds to be assigned to a specific phenolic class, 

taking into account its UV-Vis absorption maxima, since each family has specific 

absorption bands. In addition, HPLC-DAD has been used to characterize and quantify 
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16 different anthocyanidins from grape juice
176

 and from Mashua (Tropaeolum 

tuberosum)
177

. Despite this detection system can be useful for resolving analytical 

problems, it presents the disadvantage of low selectivity and it does not provide 

structural information, so that accurate identification of compounds is not possible 

without the use of commercial standards. 

b) HPLC coupled to mass spectrometry  

Mass spectrometry has played a key role in many phases of identifying 

bioactive compounds due to its sensitivity and speed, and thus has become a standard 

tool of many laboratories
178

. MS relies on the formation of gas-phase ions (anions or 

cations) that can be separated electrically or magnetically according to their mass-to-

charge ratio (m/z). Mass spectrometric analysis can provide important information 

about the analytes, including their structure and purity
179

. Despite that different mass 

spectrometers are available, all consist of an ionization source (interface), mass 

analyzer (ion-separation system according to their m/z) and a detector together with a 

signal processor (Figure 25). 
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Figure 25. Schematic representation of a mass spectrometer 

The combination of HPLC with mass spectrometry (MS) requires to use an 

interface, also known as the ionization source, where the eluent from the column is 

evaporated and ionized, allowing the sample molecules to be converted in gas-phase 

ionic species prior to their separation on the mass spectrometer. In the case of phenolic 

compounds, the most commonly used interface is electrospray ionization (ESI) 

which is useful mainly for analyzing polar, labile, and high-molecular-weight 

compounds. Ions in ESI are generated at atmospheric pressure by passing a solution-

based sample through a small capillary (internal diameter < 250 µm) that is at a 

potential difference relative to a counter electrode at voltages between ± 500 and ± 

4500 V
178 

(Figure 26). 

 

Figure 26. Schematic diagram of an ESI source
180

. 
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 Once the gas-phase ions have been produced, the next step consists of 

separating each ion according to its m/z prior to detection. The different types of mass 

analyzers separate the ions in different ways. Currently, four main mass analyzers are 

widely used: quadrupole (Q), ion-trap (IT), time-of-flight (TOF) and quadrupole-time-

of-flight (QTOF), which differ in terms of size, price, resolution, mass range, and the 

ability to perform tandem mass-spectrometry experiments (MS/MS)
179

. The current 

Thesis examines the use of quadrupole-time-of-flight (QTOF) mass analyzer.  

Quadrupole-time-of-flight (QTOF) mass analyzer 

In the quadrupole-time-of-flight (TOF) analyzer, ions previously formed are 

extracted and accelerated to a high velocity by an electric field into an analyzer 

consisting on a long, straight drift-tube. Thus, QTOF spectrometer separates ions 

based on their velocity. The velocity reached by an ion will be inversely proportional 

to its m/z value. This means that ions with higher m/z value take more time to cross 

the analyzer whereas, contrarily, smaller ions will reach the detector more quickly
181

. 

QTOF analyzer has high sensitivity due to the funnels from the ion transmission 

area which avoid the loss of ions during the ionic transmission and it includes a 

quadrupole and a collision cell previous to the time-of-flight-tube. As the name 

suggests, a quadrupole (Q) consists of four cylindrical rods set parallel to each other, 

enabling the ions to be selected for their fragmentation in a collision cell aided by a 

collision gas (commonly nitrogen). The quadrupole acts somewhat as a mass filter 

whereby the fragmented ions are separated into the TOF according to their m/z ratio in 

the same way as abovementioned. These pairing results are the best combination of 

some performance characteristic such as accurate mass measurement, the ability to 

carry out fragmentation.  
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Figure 27. Schematic representation of a QTOF mass spectrometer. 

 

QTOF offers the possibility of analyzing masses ranging from 50-20000 m/z 

with high resolution and precision of 3 ppm for internal calibration and 5 ppm with 

external calibration for precursor and fragment ions. QTOF is a powerful tool which 

can be used for metabolomic, bioavailability and pharmacokinetic studies
67

. QTOF has 

also been an efficient tool for the tentative characterization of bioactive compounds 

from plants for the first time in different plant matrices
182,183

.  

4.1.2. Gas chromatography  

Gas chromatography (GC) provides separation for volatile, thermally stable 

compounds in a broad variety of mixtures, from the simplest to the most complex 
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ones
184

.  In the case of GC, the mobile phase is a low-density carrier gas that does not 

take part in the analyte-distribution process between the two phases. The stationary 

phase is a liquid retained in a solid support in the column with specific physical and 

chemical characteristics. Therefore, when the stationary phase is fixed, the only 

parameter that can alter the equilibrium in the GC separation is temperature. 

Temperature limits commonly range from the lowest temperature at which the 

stationary phase remains fluid, to the upper limit where thermal degradation of the 

phase starts
185

. Currently, it is common to use temperature gradients in which the 

column is progressively heated. This way of operating allows better separation and 

resolution peaks in reasonable times of analysis. Figure 28 shows a scheme of a gas 

chromatograph consisting primarily of a system with a carrier gas (the most common 

being nitrogen and helium) and flow and pressure regulators to control these 

parameters in the carrier gas. The amount of sample before injection is regulated by a 

splitter and the column is inside an oven because the analyses are carried out at high 

temperatures to ensure that all the analytes are in the gas phase.  
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regulator

Flow

regulator

Injector Detector

Column

Data acquisition

system

Split

 

Figure 28. Scheme of a gas chromatograph. 

                                                           
184

 Marriott, P.J. (2004). Chapter 8 Gas chromatography. Journal of Chromatography Library, 69, 

319-368. 
185

 Wang, Z., & Jocelyn Paré, J.R. (1997). Gas chromatography (GC): Principles and applications. 

Techniques and Instrumentation in Analytical Chemistry, 18(C), 61-91.  
 



Introduction 

 

 
105 

Currently, this separation technique may be considered to be the main 

contribution for most of the knowledge of the fatty acid (FA) composition in oilseed 

plants, biosynthesis, and human metabolism.  

In this case, the most common capillary columns used in GC are those made of 

silica with different stationary phases such as nonpolar dimethylpolysiloxane (DB-1, 

DB-5 or CPSil-5) and more nonpolar polymers of polyethylene glycol including 

Carbowax
®
, DB-Wax, and HP-20M columns. In this regard, a 007-CW Carbowax has 

been used to separate the components of oils from plant matrices
144

 and a DB-5 and 

HP-5 have been employed to characterize volatile compounds from different plant 

extracts
186,187

. Temperature needs to be compatible with the stationary phase used 

because the liquid stationary phases can volatilize or decompose at high temperatures. 

Some authors have pointed out that in the case of sterols, high-temperature capillary 

GC columns provide better degrees of detection sensitivity and component 

resolution
108

. 

One of the main limitations of GC is that the analytes must be volatile and 

thermally stable, making it a derivatization step essential prior to GC analysis of many 

compounds. Due to their low volatility and presence of polar functional groups on 

their structure, this derivatization step is required for example to analyze triterpene 

pentacyclic acids in plants and plant-based foods
188

. Similarly, the polarity of OH 
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groups of phenolic compounds, together their thermal lability, makes their 

derivatization necessary prior to GC analysis
189

.  

 As with HPLC, several detectors can be used in GC. The GC detection systems 

employed in the current Thesis include a flame-ionization detector (FID) and a 

quadrupole mass analyzer.  

a) GC coupled to flame-ionization detector (GC-FID) 

FID is extensively used in GC for signal detection. It works basically because 

the burning of carbon compounds produces ions. When a carbon compound is eluted 

from the GC column into the hydrogen flame of the detector, the ions generated 

produce an electrical current which passes between electrodes located near the flame 

and held at a suitable potential, producing a recordable signal (Figure 29)
190

.  

 

Figure 29. Scheme of a flame-ionization detector. 

 

Notable among the main characteristics of FID are its ease of operation, wide 

linearity range, rapid response, and low detection limit
191

. FID is considered a 
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universal detector and is the most common choice in fatty acid composition analysis 

because of the aforementioned properties
191

. GC coupled with FID has also been 

effectively used to characterize essential oils from a good number of sources
184

. In 

addition, 15 phytosterols from virgin olive oil were characterized and quantified by 

GC-FID
192

. Nevertheless, GC-FID has been more frequently used for analyzing and 

quantifying bioactive compounds such as fatty acids and plant sterols from biological 

samples
193

. However, at the same that UV-Vis, FID does not provide structural 

information, so, the accurate identification of compounds is not possible without the 

use of commercial standards, and consequently this detector is not suitable to identify 

unknown compounds. 

b) GC coupled to a quadrupole mass analyzer 

Quadrupole is probably the most widely used mass analyzer in routine 

laboratories due to its high sensitivity and reproducibility, and because it provides 

spectrometric information on separated compounds
194

. As mentioned above, Q 

consists of four cylindrical rods, set parallel to each other, and each opposing rod pair 

is oppositely charged to the other nearby rod pair, as shown in Figure 30. Its 

resolution depends on the number of ion oscillations on crossing the quadrupole. The 

higher the oscillation numbers, the higher will be the resolution achieved. 
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Figure 30. Scheme of a quadrupole mass analyzer. 

In the case of GC-MS, the most accepted type of the ionization is electron 

impact (EI) ionization (Figure 31). During EI ionization, the vaporized molecules 

enter the MS ion source, where they are bombarded with free electrons emitted from a 

heated filament, and then the kinetically activated electrons (70 eV) collide with the 

molecules, causing their ionization and fragmentation in a characteristic and 

reproducible way
195

.  

 

Figure 31. Scheme of a GC-MS with EI ionization and quadrupole mass analyzer. 

In contrast to GC-FID, GC–MS is widely used for the characterization of 

bioactive compounds from plants and plant-based products. In fact, GC-MS is the 

most important technique for the characterization of essential oils. Mass spectrometry 

was also chosen for the analysis of pentacyclic triterpenes and oils from various plant 

and plant-based food extracts
139

 as well as for characterizing flavonoids from Ginkgo 

biloba L.
189

. 
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4.2. Spectrophotometric techniques   

Spectrophotometry is defined as the quantitative measurement of the reflection 

or transmission properties of a material as a function of wavelength. Despite that 

chromatographic techniques are the best choices for quantifying individual bioactive 

compounds, other methodologies based on spectrophotometry are very useful 

approaches for screening purposes and for acquiring a general estimate of some groups 

of bioactive compounds in different matrices. These methods are based on natural UV 

absorption and chemical reactions, and their main advantages include their low time 

and labor consumption. In this regard, the total phenolic content (TPC), total flavonoid 

content (TFC) or proanthocyanidin quantification can be estimated by colorimetric 

methods. Likewise, enzyme-linked immunosorbent assay enables the quantification of 

antigens by spectrophotometry.  

4.2.1. Total phenolic content (TPC) 

The Folin-Ciocalteu assay is based on the chemical reduction of Folin-Ciocalteu 

reagent (made up molybdenum and tungsten) in the presence of certain reducing 

agents such as phenolic compounds in alkaline medium, leading a blue complex. The 

intensity of the color, which is measured at 760 nm, will be directly correlated with the 

presence of reducing substances. For many years the Folin-Ciocalteu assay has been 

the most widely specrophotometric assay used to measure total phenolics in food, 

beverages, and plant materials.  

For example, the TPC assay has been used on P. lentiscus aboveground parts
196

, 

M. oleifera leaves
107

, 23 commercially available vegetable juices
197

, different 

berries
198

, and even in plasma samples
199

. 
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Although some authors have affirmed that this method could overestimate the 

content of phenolic compounds because some other compounds such as sugars, some 

organic acids, and amino acids can interfere
200

, Folin-Ciocalteu assay could be 

considered the standardized specrophotometric assay for determining TPC in 

analytical and routine laboratories due to its ease and rapidity, serving for the 

screening of numerous samples in a relatively short period of time and at low cost
201

. 

4.2.2. Total flavonoid content (TF) 

The total flavonoid content (TF) assay, based on aluminum chloride complex 

formation, is the most commonly accepted analytical procedure applied to determine 

the flavonoid content. The principle of the analysis involves the formation of stable 

complexes with either the C-3 and C-5 hydroxyl groups of flavones and flavanols and 

acid labile complexes with the orthodihydroxyl groups in the A- or B-ring of 

flavonoids with aluminum chloride (AlCl3) producing a yellow color
202

. The 

absorbance of these complexes are subsequently measured at 425 nm, using quercetin 

as standard. As the same that occurred with Folin-Ciocalteu assay, some researchers 

pointed out that flavones/flavonols did not react uniformly with AlCl3 in comparison 

with different flavonoids, indicating that this method is inadequate for estimating the 

total flavonoid content in unknown samples
203

. Nevertheless, a large number of 
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research articles following publication of this method have described the TFC in fruits, 

vegetables, cereals, spices, and medicinal plant samples
107-205

. 

  4.2.3. Dimethylaminocinnamaldehyde (DMAC) assay 

Proanthocyanidins constitute the other main class of phenolic compounds 

measured by spectrophotometry. Different methods such as vanillin and DMAC assays 

have been used to determine proanthocyanidins from plants and plant-based products. 

However, DMAC has shown up to 5-fold higher sensitivity than in the vanillin assay, 

and some authors have concluded that DMAC is fairly specific for PACs while the 

vanillin assay tends to overestimate the PAC content
206,207

. DMAC is an aromatic 

aldehyde that reacts with flavan-3-ols and PAC to form a green chromophore with 

maximum absorbance at approximately 640 nm. The condensation of DMAC with 

PACs (Figure 32) is measured spectrophotometrically and quantified with a PAC 

standard curve using procyanidin A2. This method served mainly for PAC 

quantification in cranberry and cranberry-based products
208
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Figure 32. Product of the DMAC reaction with the flavan-3-ol terminal unit of 

proanthocyanidins. Adapted from Wallace, et al.
209

. 

Although there is no universally accepted method for the quantification of 

cranberry PACs, recent studies have proposed the use of DMAC assay as a standard 

method for cranberry
115,209

 because it is inexpensive, rapid, and simple to perform, and 

it is less likely to undergo interferences from other sample components
73

. In fact, this 

method has been used to substantiate the French health claims from the AFSSA 

(Agence Française de Securité Sanitaire des Aliments) related to the bacterial anti-

adhesion activity of cranberry juice concentrate and juice concentrate extract powder 

granted in 2004, cranberry juice cocktail in 2005, and fresh frozen and pureed 

cranberry in 2007
115

. 

4.2.4. Enzyme-linked immunosorbent assay (ELISA) 

Enzyme-linked immunosorbent assay (ELISA) is a biochemical technique used 

to detect the presence and to quantify peptides, proteins, antibodies, and hormones in a 

sample. Basically, ELISA consists of immobilizing an antigen on a solid surface and 

then complexing it with an antibody that is linked to an enzyme. Then, a substance is 

added to be converted by the enzyme into a detectable signal, commonly a color 

change in a chemical substrate (Figure 33). 

                                                           
209

 Wallace, T.C., & Giusti, M.M. (2010). Evaluation of parameters that affect the 4-

dimethylaminocinnamaldehyde assay for flavanols and proanthocyanidins. Journal of Food 

Science, 75(7), C619-C625.  

 



Introduction 

 

 
113 

1.Antigen in coated 

onto wells

2.Wells are washed to 

get rid of free antigen

3.Antibody conjugated 

with enzyme is added 

and incubated with 

antigen
4.Wells are washed to

eliminate unbound

conjugate

5.Substrate/chromophor

e is added and color 

development

6.The reaction is 

stopped and read in a 

spectrophotometer

 

Figure 33. ELISA performance. Adapted from Crowther
210

. 

Since PCSK9 was discovered in 2003
100

, many research groups have developed 

ELISAs for PCSK9 using different approaches, species, and/or antigens to produce the 

polyclonal antibodies, finding different results due to sample, methodology, antibody 

specificities, and the standard used for the absolute quantification of PCSK9
211

. 

Commercially specific kits are also available for PCSK9 quantification. In this Thesis, 

we carried out the quantikine human PCSK9 immunoassay which is a 4.5-hour solid-

phase ELISA designed to measure in cell-culture supernates, cell lysates, serum, and 

plasma using natural PCSK9 to make the calibration curve. In the final step, the yellow 

color that appears after adding the stop solution is measured spectrophotometrically at 

540 nm where the intensity of the color is directly proportional to the PCSK9 plasma 

concentration. Although the commercial kits are quite expensive, they present 

advantages such as being highly sensitive, accurate, reproducible, time saving, and 

specific. In addition, ELISA kits provide all the reagents and material necessary to 

perform the assay. 
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 FRACTIONATION AND PURIFICATION OF BIOACTIVE 

COMPOUNDS 

The isolation of individual target compounds to test their biological activity is 

following an increasing trend. In this context, the necessity of isolating and purifying 

bioactive compounds becomes essential. Nevertheless, the complexity of each matrix 

makes it difficult to establish a universal methodology for purifying bioactive 

compounds from plants and plant-based foods. Therefore it frequently becomes 

necessary to divide the extract into various fractions containing compounds with 

similar polarity. To do so, chromatography has proved to be a powerful tool. In recent 

years, classical liquid-column chromatography, vacuum liquid chromatography, flash 

chromatography, and low-pressure chromatography have been extensively 

employed
212

. Currently, the most frequently used techniques are the so-called high-

speed countercurrent chromatography (HSCCC), semipreparative high-performance 

liquid chromatography (semiprep-HPLC) and preparative-HPLC (prep-HPLC). All 

have been successfully used to separate and purify phenolic compounds from 

propolis
213

.  

Given that only semiprep-HPLC has been used in this Thesis, we will focus 

only on this technique. Semiprep-HPLC is a robust, versatile, and usually rapid 

technique which allows the fractionation of compounds from complex mixtures. The 

main difference with respect to other liquid chromatographic techniques is the 

diameter and length of the column. Early research demonstrated its capacity for 

isolating tocopherols and tocotrienols from different matrices
214

. Recently, Cádiz-

Gurrea et al. demonstrated that semiprep-HPLC was a powerful technique to isolate 
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phenolic compounds from Theobroma cacao extract
215

. However, prep-HPLC good 

resolution in one-step separation for crude extract may be difficult due to the complex 

composition. In addition, a large volume of solvent is necessary to get an acceptable 

weight of the isolated compound for certain purposes (e.g. in vivo assay requires 

grams) and therefore many cycles are often necessary. 

 METHODOLOGIES FOR DETERMINING THE BIOACTIVITY 

As mentioned above, bioactive compounds from natural sources have drawn the 

attention of the scientific community in the health area. Regarding nutraceutical and 

functional foods development, after the analytical identification of bioactive 

compounds from a sample, the next step is the determination of their in vitro 

bioactivity. In this regard, in vitro antioxidant and antibacterial activities have been 

studied in the present Thesis and will be examined in the following sections. 

6.1. In vitro evaluation of antioxidant activity 

The evaluation of antioxidant activity in foods, plants, and plant-derived foods 

is important for being associated with a notable health-protecting factor against 

diseases triggered by oxidative stress, including coronary heart disease, cancer, and 

neurodegenerative pathologies
55

. As no consensus exists on the most appropriate 

method for analyzing antioxidant activity, more than one in vitro chemical-based assay 

should be applied in order to gain more accurate information on the antioxidant 

potential of a sample
54

.  

6.1.1. 2,2'-diphenyl-1-picrylhydrazyl radical (DPPH
•
) assay 

The 2,2'-diphenyl-1-picrylhydrazyl radical (DPPH) assay is based on the 

determination of the antiradical capacity by measuring the absorbance of the solutions 

of a stable DPPH
•
 at 516 nm after the addition of different quantities of the antiradical 

compound (Figure 34). The antiradical capacity is commonly expressed as 
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EC50 values, which indicate the concentration of the antiradical compound necessary 

to lower the initial DPPH
•
 absorbance to 50%

216
. 

Purple 516 nm Colorless

 

Figure 34. Reaction of the stable radical DPPH with an antiradical compound (RH). Adapted 

from De Oliveira, et al.
216

 

This method has found widespread applications in evaluating the antiradical 

capacity of pure natural compounds and of complex mixtures extracted from 

plants
217,218

 and biological sources
219

. The extensive application of this assay can be 

attributed to factors such as ease of performance, speed, automatability, 

reproducibility, and usability at ambient temperature
201-221
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6.1.2. Trolox equivalent antioxidant capacity (TEAC) 

The Trolox equivalent antioxidant capacity (TEAC) is based on the variation in 

the long-wavelength absorption (λmax = 734 nm) of the 2,2′-azinobis-(3-

ethylbenzothiazoline-6-sulfonic acid) radical (ABTS
•+

). The formation of ABTS
•+

,
 

which is bluish green, stable, and has a UV-Vis spectrum, is inhibited in the presence 

of antioxidant compounds such as phenolic compounds, giving a colorless non-radical 

product. The generation of ABTS
•+

 requires a prior stoichiometric reaction (1:0.5) at 

room temperature, without light and for 12 to 16 hours (Figure 35). 

 

Figure 35. Oxidation reaction of ABTS by potassium persulfate to generate ABTS
•+ 

and its 

reaction with an antioxidant compound (AOH)
216

. 

 

This method has been used because it is the fastest one and it allows the 

analyses of both lipophilic and hydrophilic compounds
56

. Although some authors have 

noted that TEAC does not necessarily reflect the antioxidant effect of only one family 
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of compounds
222

, TEAC assay is a useful tool for determining unknown antioxidants 

in complex mixtures from foods such as fruits and vegetables
54

, beverages, vegetable 

oils
223

, and plant extracts
224

. 

Despite that the results found from the TEAC assay have been correlated to 

those of DPPH assay, research has demonstrated that TEAC offers better antioxidant 

capacity estimations in foods, particularly in fruits, vegetables, and their derivative 

beverages, thus, TEAC is a better choice than DPPH for plant-based foods rich in 

lipophilic, hydrophilic and highly pigmented contents
225

. 

6.2. In vitro evaluation of antibacterial activity 

Innumerable in vitro studies illustrate how bioactive compounds such as 

phenolic compounds have antibacterial properties against several types of 

bacteria
61,226

. Generally, the processes involving bacterial infection are exposure to 

pathogens, surface adherence (i.e. influenced by surface hydrophobicity, among other 

factors), invasion, colonization and growth, and tissue damage that can result in 

diseases (Figure 36). 
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Figure 36. Scheme of bacterial pathogenesis. From Pearson Education, Inc. 

In addition, bacteria such as Escherichia coli are capable of forming biofilms. 

In this case, the adhesion of bacteria to host surfaces is finally a key element in the 

formation of biofilms, which constitutes a protected mode of growth that on one hand 

allows bacteria to survive in hostile environments and on the other hand makes 

bacteria more resistant to host defenses or antibiotic treatments
227

. Hydrophobic 

interactions are crucial in the adherence of microorganisms to a wide variety of 

surfaces, facilitating biofilm formation due to bacterial adhesion
228

. For this reason, the 

study of bioactive compounds that can influence adherence and pathogenicity are 

attracting the attention of pharmaceutical, nutraceutical and functional food 

companies. 

For the measurement of the hydrophobic surface properties of bacteria, the 

salt aggregation test (SAT) has been one of the most widely used. The SAT uses a 

salting-out agent (for instance ammonium sulfate) to induce the aggregation of cells 

for determining bacterial cell-surface hydrophobicity
229

 followed by its 

spectrophotometric measurement at 540 nm. Although hydrophobicity measurement 
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depends considerably on the method used
230

, the SAT method has proven to be rapid, 

simple, and effective to quantify bacterial cell-surface hydrophobicity
67,231

. 

One of the most widely used methods for determining the rate of adherence and 

subsequent biofilm formation is the tube method (TM). In this method, the bacterial 

film lining a culture tube is stained with a cationic dye and visually scaled, after which 

the optical density (OD) of the stained bacterial film is determined 

spectrophotometrically at 570 nm
232

. Despite that some researchers have concluded 

that other methods such as tissue culture plate are more accurate and reproducible
233

, 

TM has the advantage of enabling researchers to rapidly analyze adhesion of multiple 

bacterial strains or growth conditions within each experiment
234

. 

 PLANT-BASED MATRICES UNDER STUDY 

 Following the workflow of nutraceutical and functional foods development 

presented in Section 1, Pistacia lentiscus and Moringa oleifera leaves and Cucumis 

melo varieties (melon) were chosen as potential sources of bioactive compounds for 

the extraction, characterization, and identification of relevant markers due to their 

traditional use in folk medicine or for being a common food included in the 

Mediterranean diet. In addition, nutraceuticals based on cranberry (Vaccinium 

macrocarpon) were selected to study their stability and the in vitro bioactivity of their 

bioactive compounds against uropathogenic Escherichia coli strains. Finally, canola 

oil enriched in different fatty acids served as a basis for carrying out in vivo studies.  
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 7.1. Natural sources of bioactive compounds 

 7.1.1. Pistacia lentiscus 

 Pistacia lentiscus L., commonly known as mastic tree 

which belongs to the family Anacardiaceae, is a shrub or small 

tree widely distributed in the Mediterranean basin where it grows 

wild. Traditionally, different parts of P. lentiscus have been used 

to treat stomach ache, dyspepsia, stomach ulcer, hypertension, 

eczema, diarrhea, and other pathologies
235

. 

Due to its great traditional potential, in recent years interest has grown 

regarding the health effect of this plant. Recent studies, both, in vitro and in vivo, have 

shown antioxidant
196,218

, anti-inflammatory
236

, antiulcerogenic
237

, antimicrobial
238

, 

anticancer
238

, anti-diabetic, cytoprotective
236

, and hypocholesterolemic activities
239

 of 

extracts, mainly from the aboveground parts.  

These effects are attributed to its composition in bioactive compounds. 

Probably, one of the most studied parts of P. lentiscus is mastic (a natural resin) highly 

rich in essential oils
240

. The most remarkable compounds from its fruits are 
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unsaturated fatty acids, mainly oleic and linoleic acids
241

 and some sterols as β-

sitosterol and campesterol
242

. On its behalf, mastic leaves are a rich source of essential 

oils
243

 and phenolic compounds that constitute over 7.5% of dry weight, gallic acids 

and myricetin derivatives being the predominant ones
244

. 

 7.1.2. Cucumis melo 

 Melon (Cucumis melo, Cucurbitaceae), a common fruit in the Spanish 

Mediterranean diet, and has been included in the so-called ―five-a-day‖ healthy diet of 

fruit and vegetables
245

.  

Despite that their consumption is associated with summer 

time, it is currently possible to find melons year round. 

Specifically, the most consumed market varieties in Spain are 

Galia, Cantaloupe, and Piel de Sapo. Their consumption 

increased 15.9% in January 2015 compared with the previous 

year
246

. 

 

                                                           
241

 Akdemir, O.F., Tilkat, E., Onay, A., Keskin, C., Bashan, M., Kilinç, F.M., Kizmaz, V., & Süzerer, 

V. (2015). Determination of the fatty acid composition of the fruits and different organs of 

lentisk (Pistacia lentiscus L.). Journal of Essential Oil-Bearing Plants, 18(5), 1224-1233.  
242

 Trabelsi, H., Cherif, O. A., Sakouhi, F., Villeneuve, P., Renaud, J., Barouh, N., Boukhchina, S., & 

Mayer, P. (2012). Total lipid content, fatty acids and 4-desmethylsterols accumulation in 

developing fruit of Pistacia lentiscus L. growing wild in Tunisia. Food Chemistry, 131(2), 434-

440.  
243

 Negro, C., De Bellis, L., & Miceli, A. (2015). Chemical composition and antioxidant activity of 

Pistacia lentiscus essential oil from Southern Italy (Apulia). Journal of Essential Oil Research, 

27(1), 23-29.  
244

 Romani, A., Pinelli, P., Galardi, C., Mulinacci, N., & Tattini, M. (2002). Identification and 

quantification of galloyl derivatives, flavonoid glycosides and anthocyanins in leaves of 

Pistacia lentiscus L. Phytochemical Analysis, 13(2), 79-86. 
245

 Moing, A., Aharoni, A., Biais, B., Rogachev, I., Meir, S., Brodsky, L., Allwood, J. W., Erban, A., 

Dunn, W.B., Kay, L., de Koning, S., de Vos, R.C.H., Jonker, H., Mumm, R., Deborde, C., 

Maucourt, M., Bernillon, S., Gibon, Y., Hansen, T.H., Husted, S., Goodacre, R., Kopka, J., 

Schjoerring, J.K., Rolin, D., & Hall, R.D. (2011). Extensive metabolic cross-talk in melon fruit 

revealed by spatial and developmental combinatorial metabolomics. New Phytologist, 190(3), 

683-696. 
246

 Boletin Mensual de Estadística. Junio. (2015). Ministerio de Agricultura, Alimentación y Medio 

Ambiente (MAGRAMA).  

 



Introduction 

 

 
123 

Traditionally, melon has been used for its diuretic and antihelminth activity but 

also for its effects in appetite suppression, weight loss, urinary-tract infections, 

constipation, and ulcers
247

. Its healthy effects have been associated with its low caloric 

content and its composition in vitamins and minerals. However, scant research has 

focused on minority bioactive compounds
248,249

, and the complete composition is not 

yet well established.   

Phytochemical studies have revealed that the edible portion of melon contains 

mainly phenolics
250,251

 and organic acids
252

 that allow its characteristic flavor
247

. In 

addition, melon, specifically the cantaloupe variety, has proved to be a rich source of 

SOD, which has shown antioxidant and anti-inflammatory properties
253

.  
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7.1.3. Moringa oleifera 

 Moringa oleifera (M. oleifera) is commonly known as 

―tree of life‖ or ―miracle tree‖ because every part of the tree can 

be used for food, medication, and industrial purposes
254

. This 

cultivar is considered a fast-growing tree capable of germinating 

in practically any type of soil
255

 in arid and semi-arid areas. 

Native to southern Asia, M. oleifera is currently cultivated 

throughout the tropics in Africa, India, Central and South 

America, and in Spain, specifically in the Canary Islands
256

.  

This plant supplies the necessary requirement of micro-nutrients for a healthy 

diet
255

. In particular, M. oleifera leaves contain:  30% protein, covering essential 

amino acids including the sulfur-containing amino acids
257

; 7% lipids, which include 

n-3 and n-6 fatty acids
258

; and 11% fiber, minerals, vitamins, essential oils, and 

phenolic compounds
254,259

. Not surprisingly, in some developing countries M. oleifera 

leaves, according to FAO, are used as fresh food or dried and ground into powder. In 

addition, some Non-Governmental Organizations (NGOs) such as ―Agua de coco‖ are 

carrying out campaigns to furnish the social community kitchens and child population 

with supplements of M. oleifera leaves. 
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So far, ample research has demonstrated that its leaves have in vitro and in vivo 

therapeutic potential for hyperglycemia and hyperlipidemia
260

, antioxidant, 

antimicrobial
258

, antidiabetic
78

, anti-inflammatory
261

, and anticancer
262

 effects. Despite 

that the mechanisms by which M. oleifera exerts its healthy effects remain to be 

clarified, research is available on the effect of certain bioactive compounds from M. 

oleifera leaves. In this sense, the glucosinolate from this plant, called glucomoringin, 

has shown anti-inflammatory
261

 and antitumoral activities
263

. Flavonols and phenolic 

acids have been related to its anti-inflammatory, antioxidant, and antibacterial 

activity
264

. 

7.2. Nutraceuticals and functional foods 

7.2.1. Vaccinium macrocarpon 

 Cranberry (Vaccinium macrocarpon) is a berry from an evergreen dwarf shrub 

native to North America. According to FAO‘s latest estimations, the global cranberry 

industry is dominated by production in the United States and Canada (FAO, 2012). 

Different cranberries forms are available on the market: fresh, frozen, dried, 

dehydrated, concentrated or powdered. These fruits are commonly treated in order to 

counteract their tartness and can be used as juices, beverages, sauces, etc.. However, 

cranberries are also used by the food companies as colorants and preservatives and by 

the pharmaceutical companies to formulate capsules commercialized as dietary 

supplements.  
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In general, American cranberry-based products have proven to have antioxidant 

activity, in vitro anti-cancer effects
265

, in vitro and in vivo antibacterial activities
31,67 

and properties to manage hypercholesterolemia, hypertension, and diabetes
266,267

. The 

bioactivity of this fruit has been associated with its composition in anthocyanins, 

proanthocyanidins (PACs), flavonol glycosides, low-molecular-weight phenolic acids, 

organic acids, and sugars
268

.  

Nutraceuticals based on cranberry are currently used 

mainly alone or in combination with antibiotics for preventing 

urinary-tract infections (UTIs) with satisfactory in vivo 

results
68,269

 as a way to solve the problem associated to the 

increase in bacterial resistance to antibiotics and the selection of 

multiresistant bacterial flora
31

.  

Traditionally, the antibacterial activity of cranberry has been associated with its 

content in fructose, which may inhibit the adhesion of E. coli mediated by type 1 

fimbriae and PACs with at least one A-type linkage that block the expression of p 

fimbriae in E. coli, when added to bacterial culture medium, thereby preventing 

adhesion
270

. Nevertheless, some authors highlight that there is a synergism between 
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different compounds present in cranberry extracts
67,271

 while other researchers call for 

studies focusing on bioactive compounds from cranberry instead of the entire fruit
272

. 

Despite the lack of an approved health claim related to PACs and antibacterial 

activity, an attempt to reach this endorsement was made in 2013
273

. Since then, many 

studies are emerging in order to accumulate scientific evidence to achieve that goal.  

7.2.2. Canola oil 

In Europe, rapeseed (Brassica napus) is a crop that contains high concentration 

of erucic acid (> 40%). After the intoxication that occurred in Spain in 1981, many 

Europeans associated canola oil with that oil and were reluctant to consume it. 

However, canola has become one of the most important oilseed crops in the world. In 

fact, according to the United States Department of Agriculture (USDA), canola oil, 

made from crushing canola seed, was the third-most-produced vegetable oil globally in 

2008/09
274

. Although both canola and rapeseed belong to the cabbage and mustard 

family Brassicaceae, differences exist between them. 

The regulated definition of canola is ―seeds of the 

genus Brassica (Brassica napus, Brassica rapa or Brassica 

juncea) from which the oil shall contain less than 2% erucic 

acid in its fatty acid profile and the solid component shall 

contain less than 30 micromoles of any one glucosinolates per 

gram of air-dried, oil-free solid‖
275

. 
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Canola oil has a healthy lipidic profile that includes 7% saturated fats, 32% 

PUFAs (21% linoleic acid and 11% α-linolenic acid), and 61% MUFAs
276

. When this 

profile is compared to that of olive oil, the latter contains 2-fold more content in 

saturated fats, less than half the content in polyunsaturated fats, and nearly 75% the 

content in monounsaturated fat. Although canola oil does not have a phenolic fraction; 

it is rich in plant sterols, which, as mentioned in Section 2.2, have been demonstrated 

to be effective in lowering cholesterol absorption. Several clinical trials have shown 

the benefits of canola oil consumption in the improvement of biomarkers beyond 

blood lipids
277,278

. Furthermore, trials testing the effect oleic and DHA enriched canola 

oils are emerging with promising results
96

. 
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Abstract 

Moringa oleifera Lam. is considered one of the most useful trees in the World 

because every part of the Moringa tree can be used such as nutritional supplement, for 

medication, and industrial purposes. Conventional solid-liquid extraction and 

ultrasound-assisted extraction (UAE) were performed using different solvents and 

mixtures of solvents with water. The total phenolic content was determined using the 

Folin-Ciocalteu assay. UAE using ethanol:water (50:50) was the best extraction 

procedure, which allowed 47 ± 4 mg gallic acid equivalents (GAE)/g dry leaf to be 

obtained. In addition, high-performance liquid chromatography coupled to 

electrospray ionization quadropole-time of flight mass spectrometry (HPLC-ESI-

QTOF-MS) was used to characterize the bioactive compounds in the resulting extract. 

Consequently, 59 compounds were tentatively characterized, phenolic acid derivatives 

and flavonoids being the most abundant. Furthermore, 30 of these compounds were 

tentatively identified for the first time in M. oleifera leaves. This study shows that 

leaves from M. oleifera are a good nutritional resource used as a nutritional 

supplement and may carry additional opportunities for food ingredient innovations, 

pharmaceutical and cosmetics products. 

Keywords: maceration; ultrasound-assisted extraction; Folin-Ciocalteu; 

bioactive compounds; HPLC-ESI-QTOF-MS. 
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 Introduction 

Moringa oleifera (Moringaceae), also known as ―the tree of life‖, is mainly 

native to India and Africa. It is considered one of the most useful trees in the World 

because every part of the Moringa tree can be used for food, medication and industrial 

purposes (Moyo et al., 2011). In particular, the leaves can be eaten fresh in salad, 

cooked, or stored as dried powder for many months without loss of nutritional value. 

For this reason, in some areas of Africa, various relief organizations are promoting 

consumption of its leaves as a nutritional supplement together with rice and other 

foods to prevent malnutrition in the poorest countries. Apart from treating 

malnutrition, in rural areas of Uganda, its leaves are used to treat a wide range of 

medical conditions such as HIV/AIDS-related symptoms, bronchitis, ulcers, malaria 

and fever, among others (Kasolo et al., 2010). 

Its benefits could be attributed to their composition of phenolic compounds. The 

search for new antioxidants and phenolics from herbal sources has garnered great 

attention in the last decade. In this regard, leaf extracts of Moringa oleifera (M. 

oleifera) have been reported to exhibit antioxidant activity both in vitro and in vivo due 

to their abundance of phenolic acids and flavonoids (Vongsak et al., 2013). This fact, 

together with the possibility of the phenolic compounds interacting with other plant 

components, makes the extraction probably the most important step in sample 

pretreatment. The extraction of phenolic compounds depends greatly on the solvent‘s 

polarity, method and extraction time, which determine both the quantitative and 

qualitative composition of those compounds. The polarities of phenolic compounds 

vary significantly and it is difficult to develop a single method for optimal extraction 

of all phenolic compounds (García-Salas et al., 2010). The total phenolic content 

determined from the same plant and its corresponding antioxidant activity may vary 

widely depending on the extraction conditions applied. Due to the aforementioned, the 

necessity of optimizing the extraction method for each sample prior to carrying out the 

analytical characterization seems indispensable. The optimal extraction method should 

be simple, rapid and economical. 
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Another point to keep in mind is that there are considerable variations in the 

nutritional value of M. oleifera, which depend on several factors like genetic 

background, environment and cultivation methods, as reported by Moyo et al.  (Moyo 

et al., 2011). 

Previous phytochemical analyses of M. oleifera from different countries have 

shown that the leaves are particularly rich in potassium, calcium, phosphorous, iron, 

vitamins A and D, essential amino acids, as well as known antioxidants such as β-

carotene, vitamin C, and flavonoids (Mbikay, 2012). However, M. oleifera from 

Madagascar (South Africa) has been little studied. Authors such as Moyo et al. have 

proclaimed the necessity of studying the nutritional value of M. oleifera of the South 

African ecotype (Moyo et al., 2011). 

For this reason, the purposes of this study were: 1) to determine the best way to 

extract the greatest amount of phenolics and other bioactive compounds from the 

leaves of M. oleifera; 2) to characterize the bioactive compounds using HPLC-ESI-

QTOF-MS in order to provide an exhaustive compositional information. 

 Materials and methods 

Chemicals 

HPLC–MS acetonitrile was purchased from Fisher (Thermo Fisher Scientific 

UK, Bishop Meadow Road, Loughborough, Leicestershire, UK). Acetic acid of 

analytical grade (purity > 99.5%) was acquired from Fluka (Switzerland). Methanol 

and acetone used to extract the phenolic compounds from M. oleifera were purchased 

from Panreac (Barcelona, Spain). Ethanol, gallic acid and Folin-Ciocalteu reagent 

were from Sigma-Aldrich (Steinheim, Germany). Ultrapure water with a resistivity 

value of 18.2 MΩ was obtained from a Milli-Q system (Millipore, Bedford, MA, 

USA). 
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Plant material 

The leaves of M. oleifera collected from Madagascar in 2010 were identified by 

the National Centre for environmental research (CNRE), Antanarivo, (Madagascar, 

Africa) where the voucher specimen was deposited. Branches from the tree were 

plucked by hand and laid on shelves 3 meters long, 30 cm wide and 50 cm apart in a 

dry place with good ventilation and in darkness. Two weeks later, the leaves were 

crushed with a stone mortar and the dust obtained was stored in darkness in a dry, 

fresh place until their treatment. 

Methods for extracting phenolic compounds from M. oleifera leaves 

Several extraction methods were performed using different percentages of 

different solvents and mixtures of solvent with water as shown in Figure 1. 

Conventional solid-liquid extraction (maceration) and ultrasound-assisted extraction 

(UAE) were tested as extraction methods.  

Solvent

Methanol Ethanol Acetone

Percentage of each solvent: water

100% 70:30 50:50  

Figure 1. Percentage of different solvents and mixtures of solvents with water used for each 

method of extraction. 

Conventional solid-liquid extraction 

First, 0.5 g of plant material was extracted with 25 mL methanol:water (50:50, 

v:v). Maceration was carried out at different times (1, 3, 6 and 12 hours) at room 
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temperature in order to know the timeframe in which most of the compounds were 

extracted. There were no significant differences among the times of extraction with 

maceration. For this reason, the time selected for the other macerations was 1 hour.  

After that, 0.5 g of plant material was extracted with 25 mL of the 

corresponding solvent for 1 h on a stir plate at room temperature. Then, samples were 

centrifuged for 10 min at 984 × g using a centrifuge to remove solids. Next, the 

solvent was evaporated using a rotary evaporator under vacuum at 40ºC, and the dried 

residue was redissolved in 2 mL of the corresponding solvent. These solutions were 

filtered through a 0.45-µm syringe filter and kept at -20ºC in amber bottles to avoid 

degradation until analysis. 

Each extraction was done in triplicate. 

Ultrasound-assisted extraction (UAE) 

Afterwards, ultrasound-assisted extraction was carried out as described by 

Rodríguez-Pérez et al., with some modifications (Rodríguez-Pérez et al., 2013b). First, 

0.5 g of each M. oleifera extract was extracted using 25 mL of different solvents in a 

sonicator Branson B3510 for 15 min at room temperature. Then, the samples were 

centrifuged for 10 min at 984 × g using a centrifuge to remove solids. After 

centrifugation, the pellets were extracted with fresh solvent under the same conditions 

in such a way that 4 consecutive extractions were made. The supernatants were dried 

in a rotary evaporator under vacuum at 40ºC, and the dried residue was redissolved in 

2 mL of methanol, ethanol or acetone. These solutions were filtered through a 0.45-μm 

syringe filter and kept at -20ºC in amber bottles to avoid degradation until analysis.  

Each extraction was done in triplicate. 

Determination of total phenolic content 

The total phenolic content of the obtained extracts was determined using the 

Folin-Ciocalteu assay (Herrero et al., 2011) with some modifications. The total 

volume of the reaction mixture was reduced to 1 mL. 600 µL of water and 10 µL of 

sample were mixed, to which 50 µL of undiluted Folin–Ciocalteu reagent was 
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subsequently added. After 10 min, 150 µL of 2% (w/v) Na2CO3 were added and the 

volume was made up to 1.0 mL with water. After 2 h of incubation at room 

temperature in darkness, 200 µL of the mixture was transferred into a well of a 

microplate. The absorbance was measured at 760 nm using a Synergy Mx 

Monochromator-Based Multi-Mode Micro plate reader, by Bio-Tek Instruments Inc., 

(Winooski, VT) and compared to a gallic acid calibration curve (5 to 150 µg/mL) 

elaborated in the same manner. The total phenolic content was calculated as mean ±SD 

(n=6) and expressed as mg of gallic acid (GAE) per g of dry leaves. 

Chromatographic separation 

HPLC analyses were carried out using an Agilent 1200 Series Rapid Resolution 

LC system (Agilent Technologies, Palo Alto, CA, USA), equipped with a vacuum 

degasser, a binary pump, an autosampler, and a diode array detector (DAD). The 

column used for the chromatographic separation was a Zorbax Eclipse Plus 

C18 (1.8 μm, 150 mm × 4.6 mm) (Agilent Technologies, Palo Alto, CA, USA). 

Acidified water (0.5% formic acid, v/v) and acetonitrile were used as mobile phases A 

and B, respectively. The gradient was programmed as follows: 0 min, 5% B; 10 min, 

35% B; 65 min, 95% B; 67 min, 5% B; and finally a conditioning cycle of 3 min under 

the initial conditions. The flow rate was set at 0.50 mL/min throughout the gradient 

and the effluent from the HPLC column was split using a T-type splitter before being 

introduced into the mass spectrometer (split ratio = 1:2) to provide a stable spray and, 

consequently, reproducible results. The injection volume in the HPLC system was 

10 μL.  

ESI-QTOF-MS analyses 

The HPLC system was coupled to a micrOTOF-Q II mass spectrometer (Bruker 

Daltonik GmbH, Bremen, Germany) equipped with electrospray ionization (ESI) 

operating in negative mode. Detection was carried out considering a mass range of 50–

1100 m/z and using a capillary voltage of + 4000 V, a dry gas temperature of 210°C, a 

dry gas flow of 8.0 L/min, a nebulizer pressure of 2.0 bar, and spectra rate of 1 Hz. 
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Moreover, automatic MS/MS experiments were performed using nitrogen as the 

collision gas, adjusting the collision energy values as follows: m/z 100, 

20 eV; m/z 500, 25 eV; m/z 1000, 30 eV. 

To attain the mass accuracy necessary to identify the compounds, external 

instrument calibration was used. For this, the calibrant used was sodium formate 

clusters consisting of 5 mM sodium hydroxide and water: 2-propanol 1:1 (v/v) with 

0.2% formic acid. This calibrant was injected at the beginning of the run using a 

74900-00-05 Cole Palmer syringe pump (Vernon Hills, IL, USA) directly connected to 

the interface, equipped with a Hamilton syringe (Reno, NV, USA). 

The accuracy of the mass data for the molecular ions was controlled by the 

newest DataAnalysis 4.0 software (Bruker Daltonik), which provided a list of possible 

elemental formulas by using the SmartFormula™ editor. The Editor uses a CHNO 

algorithm, which provides standard functionalities such as minimum/maximum 

elemental range, electron configuration, and ring-plus double-bond equivalents, as 

well as a sophisticated comparison of the theoretical with the measured isotope pattern 

(sigma value) for increased confidence in the suggested molecular formula. 

Statistical analysis 

Quantitative data are represented as mean ± SD. To evaluate the differences at a 

95% confidence level (p ≤ 0.05), a one-way analysis of variance (ANOVA) was 

followed by Tukey‘s test using Origin (version Origin Pro 8 SR0, Northampton, MA, 

USA). 

 Results and discussion 

Extraction methods and phenolic content  

The extraction of phenolic compounds is demanding due to their chemical 

structures. Their interactions with other food components are not fully understood and 

many factors, such as solvent composition, time of extraction, temperature, pH, solid-

to-liquid ratio and particle size, may significantly influence the solid–liquid extraction 



Chapter 1 

 

 
142 

(Dent et al., 2013). Consequently, several extraction procedures were tested including 

maceration and UAE using methanol, ethanol, acetone and 70:30 and 50:50 mixtures 

with water as extracting solvents. The use of solvent mixtures was found to enhance 

the extraction yields by improving the solubility and increasing interaction of the 

targeted analyte with the extraction solvent (Mustafa and Turner, 2011).  

Table 1 shows the total phenolic compounds obtained by the Folin-Ciocalteu 

assay, expressed in mg of GAE per g of dry leaves, using conventional extraction 

(maceration) and UAE with different solvents and solvent-water mixtures.  

The results showed that using 100% organic solvent, the quantity of phenolic 

compounds extracted by both methods is lower than using the solvent mixed with 

water. The exception was UAE with 100% methanol, which allowed the extraction of 

24 ± 2 mg GAE/g dry leaf. It is no wonder that these results were obtained since 100% 

methanol has previously been used to extract phenolic compounds from other plant 

leaves, obtaining good results (Amessis-Ouchemoukh et al., 2014; Rodríguez-Pérez et 

al., 2013a). 

As reported by Proestos and Komaitis, a decline in the quantity of phenolic 

compounds was noted with decreasing polarity of the solvent (Proestos and Komaitis, 

2006). In this way, the lowest total phenolic content values were obtained by using 

100% acetone with either maceration or UAE. However, there were no significant 

differences between maceration using 100% ethanol, methanol and acetone and using 

UAE with 100% ethanol and 100% acetone. 

A higher total phenolic content was obtained with UAE than using maceration. 

It could be due to using ultrasounds can disrupt plant cell walls with a subsequent 

increase in solvent penetration, which helps in obtaining a higher extraction yield 

(Vinatoru, 2001). For this reason this technique seems to be the best choice to extract 

phenolic compounds from M. oleifera leaves. On the other hand, a 50% concentration 

of each solvent was found to be the most efficient under these parameters. There were 

no significant differences between UAE using either methanol:water (50:50) or 
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ethanol:water (50:50). Dent et al. reported that hydroalcoholic mixtures of ethanol are 

possibly the most suitable solvent systems for the extraction of sage polyphenols due 

to the different polarities of the bioactive constituents and the acceptability of this 

solvent system for human consumption (Dent et al., 2013). Furthermore, other authors 

investigated the influence of solvents on the quantity of extracted phenolic acids and 

concluded optimal extraction capacity was achieved with a 30 to 60 % aqueous 

solution of ethanol (Wang et al., 2004). For all these reasons, UAE with ethanol: water 

(50:50) was the selected extraction method for characterizing the phenolic compounds 

from M. oleifera leaves and preparing an effective M. oleifera leaf extract in order to 

develop further pharmaceutical and/or nutraceutical products. 

The final extraction was carried out for three consecutive times in order to 

obtain the greatest quantity of phenolic compounds. The extraction was done in 

triplicate and each extract was directly analyzed. 
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Table 1. Total phenolic content from extracts obtained by one conventional solid-liquid extraction 

(maceration) and by four successive UAE extractions using different solvents. Et: Ethanol; Me: 

Methanol; Ac: Acetone. The numbers correspond to the organic solvent percentage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Extraction 

number 
Solvent 

Maceration 

Total phenolic content 

(mg GAE/ g dry leaf) 

UAE 

Total phenolic content 

(mg GAE/ g dry leaf) 

1st Et70  24.3 ± 0.3  12.6 ± 0.2  

2nd Et70  -- 4.4 ± 0.4 

3th Et70  -- 1.2 ± 0.5 

4th Et70  -- 0.8 ± 0.3 

Total  24.3 ± 0.3 
e, i

 19 ± 1 
b
 

1st Et50  27 ± 2  24 ± 3  

2nd Et50  -- 18.4 ± 0.4 

3th Et50  -- 4.6 ± 0.5 

4th Et50  -- 0.29 ± 0.07 

Total  27 ± 2 
e, f, i, j

 47 ± 4 
a
 

1st Et100  3.82 ± 0.09  1.7 ± 0.2  

2nd Et100  -- 2.84 ± 0.06 

3th Et100  -- 2.2 ± 0.4 

4th Et100  -- 1.9 ± 0.2 

Total  3.82 ± 0.09 
h, k, l

 8.6 ± 0.7 
c
 

1st Me70  20 ± 1  27 ± 2 

2nd Me70  -- 4.2 ± 0.2 

3th Me70  -- 1.22 ± 0.01 

4th Me70  -- 0.24 ± 0.06 

Total  20 ± 1 
g
 33 ± 3 

d
 

1st Me50  27 ± 3  22 ± 1 

2nd Me50 -- 11 ± 1 

3th Me50 -- 9.2 ± 0.2 

4th Me50 -- 3.25 ± 0.02 

Total  27 ± 3 
b, e, i

 46 ± 3 
a
 

1st Me100  3.6 ± 0.3  12 ± 1  

2nd Me100 -- 5.8 ± 0.6 

3th Me100 -- 4.5 ± 0.4 

4th Me100 -- 1.39 ± 0.08 

Total  3.6 ± 0.3 
h, k

 23 ± 2 
e
 

1st Ac70  26 ± 2  16.7 ± 0.4  

2nd Ac70 -- 5.12 ± 0.06 

3th Ac70 -- 3.18 ± 0.07 

4th Ac70 -- 0.84 ± 0.03 

Total  26 ± 2 
e, f, i, j, m

 25.8 ± 0.5 
d, f

 

1st Ac50  26 ± 2  28 ± 1  

2nd Ac50 -- 4.2 ± 0.7 

3th Ac50 -- 0.84 ± 0.05 

4th Ac50 -- 0.16 ± 0.02 

Total  26 ± 2 
e, f, i, j, m

 33 ± 2 
d, g

 

1st Ac100  2.0 ± 0.2  1.83 ± 0.04  

2nd Ac100 -- 1.4 ± 0.1 

3th Ac100 -- 0.98 ± 0.01 

4th Ac100 -- 1.10 ± 0.09 

Total  2.0 ± 0.2 
h, k, l

 5.3 ± 0.2 
c, h

 

    Data are expressed as mean ± standard deviation. Mean values with different 

superscript letters are significantly different (p < 0.05). 
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Compound identification 

The base peak chromatograms of the M. oleifera leaves extracted with 

ethanol:water (50:50) resulting from the HPLC-ESI-QTOF-MS method described 

above are shown in Figure 2, where the peaks are numbered according to their elution 

order. The compounds were tentatively identified by interpreting their MS and MS/MS 

spectra determined by QTOF-MS and also considering data from the literature and 

open-access mass-spectra databases such as Metlin and MassBank. Table 

2 summarizes the MS data of the compounds tentatively identified. A total of 59 

compounds were tentatively characterized; among them, amino acids, one nucleoside, 

organic acids, phenolic acid and derivatives, thyoglicosides, lignans and flavonoids. 

Thirty of these compounds were tentatively identified for the first time in M. oleifera 

leaves. 
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Figure 2. Base-Peak Chromatogram (BPC) of M. oleifera leaves by HPLC-ESI-QTOF-MS 

analysis in the negative ion mode. 

 

 

 



 

 

 

 

Table 2. HPLC-ESI-QTOF-MS data of the compounds identified in Moringa oleifera leaf extracted by UAE with ethanol:water (50:50) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

Value 
Fragments

b
 Compound 

Aminoacids 

5 4.79 130.0872 C6 H13 N O2 130.0874 1.1 5.3 128.0367 (100%) Leu/Ilec 

10 13.19 164.0719 C9 H11 N O2 164.0717 1.4 4.6 147.0456 (100%) Phenilalanine 

15 
16.89 203.0829 C11 H12 N2 O2 203.0826 1.6 1.3 

116.0507 (100%); 142.0656 

(40.4%); 117.0535 (10.6%) 
L-tryptophan 

Nucleosides 

9 11.6 266.0896 C10 H13 N5 O4 266.0895 0.6 32 134.0470 (100%) Adenosine 

Organic acids 

1 3.27 195.0521 C6 H12 O7 195.051 5.4 1.4 129.0196 (100%); 99.0073 (10%) Gluconic acid 

2 3.47 191.057 C7 H12 O6 191.0561 4.9 2.4 127.0398 (100%) Quinic acid 

3 3.95 133.0145 C4 H6 O5 133.0142 1.7 6.8 115.0048 (100%) Malic acid 

4 
4.44 191.0205 C6 H8 O7 191.0197 4.1 8.4 

111.0085 (100%); 129.0222 

(5.3%) 
Citric acid 

42 

32.55 187.0979 C9 H16 O4 187.0976 1.9 9.6 

125.0868 (100%); 126.1023 

(11.5%); 123.0817 (10%); 

169.0885 (10%) 

Azelaic acid 

52 38.49 201.1136 C10 H18 O4 201.1132 1.9 52.2 183.1012 (100%); 139.1120 (69%) Sebacic acid 

55 
44.87 327.2184 C18 H32 O5 327.2177 2.2 2.6 

211.1347 (100%); 171.1027 

(84.6%) 

Trihydroxyoctadecadienoic acid isomer 

1 

56 
45.27 327.2184 C18 H32 O5 327.2177 2.2 3 

211.1350 (100%); 229.1463 

(54.3%); 171.1027 (18%) 

Trihydroxyoctadecadienoic acid isomer 

2 

57 
45.67 327.2182 C18 H32 O5 327.2177 1.5 6 

171.1034 (100%); 211.1358 

(96.2%) 

Trihydroxyoctadecadienoic acid isomer 

3 

58 
46.06 327.2182 C18 H32 O5 327.2177 1.5 7.9 211.1337 (30%) 

Trihydroxyoctadecadienoic acid isomer 

4 

59 
46.42 327.2182 C18 H32 O5 327.2177 1.5 1.3 

211.1349 (100%); 171.1034 

(34.3%) 

Trihydroxyoctadecadienoic acid isomer 

5 

 



 

 

 

 

 

Table 2. (Continued) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

Value 
Fragments

b
 Compound 

Phenolic acids and derivatives 

11 13.76 353.0876 C16 H18 O9 353.0878 0.5 40.1 
179.0372 (100%); 191.0568 

(87.3%); 135.0453 (49.2%) 
Caffeoylquinic acid isomer 1 

12 14.03 353.0878 C16 H18 O10 353.0878 0 39.8 
179.0357 (100%); 191.0564 

(59.8%); 135.0452 (33.8%) 
Caffeoylquinic acid isomer 2 

13 15.12 353.0883 C16 H18 O11 353.0878 1.4 22.7 
191.0570 (100%); 179.0358 

(71.9%) 
1-Caffeoylquinic acid 

14 15.81 353.0879 C16 H18 O12 353.0878 0.1 0.6 
191.0567 (100%); 179.0355 

(70.3%); 135.0452 (31.3%) 
3-Caffeoylquinic acid 

16 17.18 337.0927 C16 H18 O8 337.0929 0.7 47.7 

163.0373 (100%); 177.0227 

(70.8%); 173.0466 (70%); 

119.0492 (40.9%) 

Coumaroylquinic acid isomer 1 

17 17.72 337.0935 C16 H18 O8 337.0929 1.7 5.4 

163.0401 (100%); 119.0505 

(37.5%); 191.0559 (8.1); 173.0456 

(10%) 

Coumaroylquinic acid isomer 2 

18 18.59 367.1036 C17 H20 O9 367.1035 0.4 5.1 193.0513 (100%); 134.0373 (32%) Feruloylquinic acid isomer 1 

19 19.02 353.088 C16 H18 O9 353.0878 0.7 3.7 

173.0461 (100%); 179.0357 

(80.2%); 191.0566 (73.5%); 

135.0454 (44.6) 

4-Caffeoylquinic acid 

20 19.87 337.093 C16 H18 O8 337.0929 0.3 6.2 

173.0459 (100%); 191.0567 

(22.4%); 163.0398 (21.1 %); 

119.0505 (16.4%) 

Coumaroylquinic acid isomer 3 

22 21.13 337.093 C16 H18 O8 337.0929 0.3 2.3 
173.0467 (100%); 163.0400 

(25.5%); 119.0503 (10%) 
4-p-Coumaroylquinic acid 

24 21.73 367.1036 C17 H20 O9 367.1035 0.1 8.7 193.0510 (70%); 134.0375 (12%) Feruloylquinic acid isomer  2 

 



 

 

 

Table 2. (Continued) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

Value 
Fragments

b
 Compound 

Thioglycosides (Glucosinolates) 

6 6.05 570.0956 C20 H29 N O14 S2 570.0957 0.2 3 96.9594 (20%); 328.0861 

(10%) 
Glucomoringin isomer 1 

7 6.72 570.095 C20 H29 N O14 S2 570.0957 1.2 6.1 96.9598 (20%); 328.0856 

(10%) 
Glucomoringin isomer 2 

8 10.08 570.0964 C20 H29 N O14 S2 570.0957 1.3 2 96.9595 (20.1%); 328.0856 

(6%) 
Glucomoringin isomer 3 

Lignans 

25 22.77 521.201 C26 H34 O11 521.2028 3.5 16.4 359.1487 (100%) Isolariciresinol glycoside/lariceresinol 

glycoside isomer 1 

27 25.06 519.1872 C26 H32 O11 519.1872 0.1 44 357.1358 (100%); 151.0406 

(43.9%) 
Pinoresinol/epipinoresinol glycoside 

28 25.45 521.2028 C26 H34 O11 521.2018 1.9 3.4 341.1408 (100%); 179.0529 

(30%) 
Isolariciresinol glycoside/lariceresinol 

glycoside isomer 2 

31 27.37 523.2165 C26 H36 O11 523.2185 3.8 21.6 361.1640 (100%); 199.0980 

(27%) 
Secoisolariciresinol glycoside 

Flavonoids 

21 20.69 609.1456 C27 H30 O16 609.1461 0.9 14.3 
447.0927 (100%); 285.0419 

(40%); 179.0389 (10%) 
Kaempferol diglycoside 

23 21.25 593.1508 C27 H30 O15 593.1512 0.6 5.4 
593.1518 (100%); 473.1083 

(22%); 353.0370 (10%) 
Multiflorin B 

26 23.84 625.1428 C27 H30 O17 625.141 2.9 35.2 
463.0873 (100%); 301.0362 

(53.6%) 
Quercetin diglycoside 

29 25.55 431.0973 C21 H20 O10 431.0984 2.6 3 
311.0572 (100%); 341.0982 

(13%); 283.0620 (10%) 
(Vitexin) Apigenin glucoside isomer 1 

30 27.02 431.0977 C21 H20 O10 431.0984 1.6 2.3 
311.0567 (100%); 341.0675 

(52.2%); 431.0982 (13%) 
(Vitexin) Apigenin glucoside isomer 2 

32 28.22 463.0873 C21 H20 O12 463.0882 2 44.2 
300.0276 (100%); 301.0363 

(56.7%) 
Quercetin glycoside 

 



 

 

 

 

Table 2. (Continued) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

Value 
Fragments

b
 Compound 

33 28.78 463.0876 C21 H20 O12 463.0882 1.4 5 
300.0288 (100%); 301.0350 

(55%); 463.0884 (20%) 
Quercetin 3-O-glucoside 

34 29.24 549.0896 C24 H22 O15 549.0886 1.8 2.2 
300.0288 (100%); 301.0353 

(57.9%); 463.0883 (5.6%) 
Quercetin malonylglucoside isomer 1 

35 29.55 549.088 C24 H22 O15 549.0886 1.1 2.9 
300.0276 (100%); 301.0345 

(61.7%); 505.0983 (63.2%) 
Quercetin malonylglucoside isomer 2 

36 30 607.1299 C27 H28 O16 607.1305 0.8 1.3 

505.0989 (100%); 463.0885 

(81%); 301.0353 (36%); 300.0285 

(31%); 

Quercetin-hydroxy-methylglutaroyl 

glycoside 

37 30.57 589.1206 C27 H26 O15 589.1199 1.2 15.9 
301.0365 (90%); 463.0897 

(73.5%); 300.0290 (65%) 
Quercetin triacetylgalactoside 

38 30.87 505.0982 C23 H22 O13 505.0988 1 4.6 300.0291 (100%); 301.0317 (54%) Quercetin-acetyl-glycoside isomer 1 

39 31.32 505.0985 C23 H22 O13 505.0988 0.5 3.7 
300.0288 (100%); 301.0351 

(50.4%); 463.0874 (10%) 
Quercetin-acetyl-glycoside isomer 2 

40 32 447.0931 C21 H20 O11 447.0933 0.5 4.7 284.0342 (100%); 285.0399 (40%) Kaempferol 3-O-glucoside 

41 32.25 477.1031 C22 H22 O12 477.1038 1.6 0.9 314.0445 (100%); 315.0488 (23%) Isorhamnetin 3-O-Glucoside 

43 32.8 489.1036 C23 H22 O12 489.1038 0.4 2.8 
284.0337 (100%); 285.0409 

(53.4%) 
Kaempferol acetyl glycoside isomer 1 

44 33.32 489.1037 C23 H22 O12 489.1037 0.3 4.6 
284.0337 (100%); 285.0409 

(53.4%) 
Kaempferol acetyl glycoside isomer 2 

 

 

 

 



 

 

 

 

 

Table 2. (Continued) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

Value 
Fragments

b
 Compound 

45 33.32 533.0938 C24 H22 O14 533.0937 0.3 2.5 284.0338 (100%); 285.0407 (54%) Kaempferol  malonylglucoside 

46 33.6 591.1358 C27 H28 O15 591.1355 0.4 9.7 

489.1034 (100%); 285.0413 

(80%); 447.0937 (49.8%); 

529.1360 (32.4%); 284.0330 

(30%) 

Kaempferol glycoside-hydroxy-

methylglutarate 

47 34.02 519.1142 C24 H24 O13 519.1144 0.5 4.7 
315.0502 (100%); 314.0443 

(94%); 300.0271 (10%) 
Isorhamnetin-acetil-glycoside 

48 34.4 531.1134 C25 H24 O13 531.1144 1.9 15.5 
300.0287 (100%); 301.0352 

(51.4%);  463.0873 (18.8%) 
Quercetin derivative 

49 35.21 489.1032 C23 H22 O12 489.1038 1.3 11.6 
284.0337 (100%); 285.0401 

(34.2%) 
Kaempferol acetyl glycoside isomer 3 

50 36.7 301.0358 C15 H10 O7 301.0354 1.3 5 

151.0038 (100%); 178.9987 

(40.2%); 121.0296 (18.5%), 

107.0144 (10%) 

Quercetin 

51 38.1 515.1184 C25 H24 O12 515.1195 2.2 8.8 284.0328 (100%); 285.0405 (70%) Kaempferol-di-acetyl-rhamnoside 

53 41.22 285.0402 C15 H10 O6 285.0405 0.9 17.1 
285.0407 (100%); 219.0231 

(10%); 131.0142 (6.3%); 
Kaempferol 

54 44.08 573.061 C28 H30 O13 573.0614 0.7 3.9 
300.0280 (100%); 301.0360 

(65.4%); 463.0897 (41.2%) 
Quercetin derivative 

a  Peak numbers assigned according to the overall elution order,  b Numbers in brackets show the relative abundance of each MS/MS fragment expressed in percentage, c Amino acids are 

denoted by the three letter code: isoleucine, lle, leucine, Leu. 
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Amino acids and nucleosides 

M. oleifera leaves are a good source of amino acids (Moyo et al., 2011). This 

method is not designed to identify this type of compound; however, it allowed 

characterization of three amino acids: leucine or isoleucine (peak 5), phenylalanine 

(peak 10) and tryptophan (peak 15). In addition, the nucleoside adenosine at RT 11.6 

was identified in this sample. All of them were previously described in M. oleifera 

leaves and their fragments were compared with the Metlin database. 

Organic acids  

Eleven organic acids were tentatively identified in the leaves of M. oleifera, 8 

of them being tentatively characterized for the first time in this sample. In this way, 

peak 1, which presented two main fragments at m/z 129 and m/z 99, was characterized 

as gluconic acid. Gluconic acid is an abundant mild organic acid available in plants, 

which is derived from the glucose by a simple oxidation reaction. In general, this 

organic acid is sold for use in the formulation of food, pharmaceutical and hygienic 

products (Ramachandran et al., 2006). Its two main fragments were compared with the 

Metlin database. 

Peak 2 presented a characteristic fragment at m/z 127 and was tentatively 

identified as quinic acid, which has been previously identified as one of the major 

compounds in M. oleifera leaves (Mbikay, 2012). Peaks 3 and 4 were tentatively 

identified as malic acid and citric acid, respectively. These two compounds have not 

been extensively described in M. oleifera leaves. Malic acid presented a fragment at 

m/z 115 due to loss of a water molecule, while citric acid had a major fragment at m/z 

111 due to [M-H-CO2-2H2O]
-
. Citric acid is used as a natural food preservative and 

both, together with other organic acids and compounds such as glucose, sucrose and 

some vitamins present in M. oleifera extracts, produce protective effects in renal tissue 

against DMBA-induced toxicity, which acts as a potent carcinogen by generating 

various reactive metabolic intermediates leading to oxidative stress (Sharma and 

Paliwal, 2012). 
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Peak 42 was characterized as azelaic acid, a 9-carbon saturated dicarboxylic 

acid found naturally in some plants which takes part in plant systemic immunity and is 

involved in priming defenses (Jung et al., 2009). It main fragment at m/z 125 was due 

to the loss of one of the acid groups and further dehydration. This organic acid was 

tentatively identified for the first time in leaves of M. oleifera. Another compound that 

was tentatively identified in these leaves was sebacid acid (peak 52). Its MS/MS 

spectrum showed two fragments at m/z 183 and 139, the same reported in the Metlin 

database. Sebacic acid belongs to the medium-chain dicarboxylic acids, naturally 

occurring in higher plants, and some authors affirm that it is a promising alternative 

energy substrate (Mingrone et al., 2013). This organic acid is soluble in water and 

some studies suggest this compound could help improve glucose metabolism in type 2 

diabetes, presenting a high potential as a natural food ingredient for patients with this 

illness (Mingrone et al., 2013).  

In addition, five isomers of 9, 12, 13-trihydroxyoctadecadienoic acid (peaks 55 

to 59) were also tentatively characterized for the first time in this sample. They 

presented two main fragments at m/z 211 and 229 due to C12-C13 bond cleavage and 

subsequent dehydration of the formed product ion, according to Rodríguez-Pérez et al.  

(Rodríguez-Pérez et al., 2013b). 

Phenolic acid and derivatives 

Phenolic acids are aromatic secondary plant metabolites, widely spread 

throughout the plant kingdom. Eleven phenolic acids and derivatives were tentatively 

characterized in the present sample, 6 of them being identified for the first time in M. 

oleifera leaves and in the Moringaceae family.  

Among them, 5 isomers of caffeoylquinic acid (peaks 11, 12, 13, 14 and 19) 

were characterized. In this way, and according with their fragmentation pattern, it was 

possible to distinguish between 1-caffeoylquinic acid (peaks 13) and 3-caffeoylquinic 

acid (peak 14) which were tentatively identified in agreement with Clifford et al. 

(Clifford et al. 2005). These compounds are part of the M. oleifera composition as 

reported previously (Amaglo et al., 2010; Kashiwada et al., 2012). Their main 
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fragments at m/z 179, 191 and 135 were the same as previously described by (Jaiswal 

et al., 2013). 

In addition, 2 isomers of feruloylquinic acid (peaks 18 and 24) were tentatively 

characterized for the first time in M. oleifera leaves according with Jaiswal et al. 

(Jaiswal et al. 2010). These compounds presented two different fragments at m/z 134 

and 193. The fragment at m/z 134 corresponded to [M-CH3-CO2-H]
−
 from ferulic acid 

while the fragment at m/z 193 corresponded to loss of the ferulic acid. 

On the other hand, peak 19 was tentatively identified as 4-caffeoylquinic acid, a 

compound previously described in M. oleifera (Bennett et al., 2003), according to 

Clifford et al., who described its fragments and used them to discriminate among 

different caffeoylquinic acids. Furthermore, peaks 16, 17 and 20 showed an [M–H]
−
  

at m/z 337 and were tentatively identified as isomers of coumaroylquinic acid. As well 

as peak 22 was characterized as 4-p-coumaroylquinic acid according to Clifford et al. 

(Clifford et al., 2003). These compounds were tentatively characterized for the first 

time in M. oleifera leaves and the Moringaceae family. 

The coumaroylquinic acid isomers (peaks 16, 17 and 20) and 4-caffeoylquinic 

acid were apparently some of the more abundant phenolic acids and derivative 

compounds in M. oleifera leaf extracts. Some hydroxycinnamates such as caffeic, 

ferulic or ρ-coumaric acids have been shown to protect LDL particles against 

oxidation in vitro, which is a key step in the formation of atherosclerotic plaques (Guy 

et al., 2009). 

Thioglycosides (glucosinolates) 

Glucosinolates are natural compounds present in species of the 

order Brassicales and the precursors of bioactive isothiocyanates. In recent years, they 

have been studied mainly for their chemopreventive as well as novel chemotherapeutic 

properties (Galuppo et al., 2013). In this regard, 3 isomers of glucomoringin (peaks 6, 

7 and 8) were tentatively identified in M. oleifera leaves. Their fragmentation pattern 
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is shown in Figure 3. Glucosinolates have usually been found in the seeds of certain 

plants. Their identification in leaves is less common due to plant age and 

environmental factors having significant effects on the level of glucosinolates that may 

also affect their distribution among plant organs (Fahey et al., 2001). The same author 

(Fahey et al., 2001) explained the attention paid to these metabolites due to their 

cancer-preventive potential, primarily as inducers of phase 2 enzymes but with 

potential antiproliferative, apoptosis-promoting, redox regulatory and phase 1 enzyme 

inhibiting roles as well. Other authors have described glucomoringin as a bioactive 

compound that can reduce myeloma growth in nude mice (Brunelli et al., 2010). 

96

328

 

Figure 3. Fragmentation pattern for glucomoringin. 

Lignans 

Lignans are one of the major phytostrogens found in plants, which also act as 

antioxidant compounds. Although they have been widely described in plants, lignans 

have not been found before in M. oleifera leaves, nor in the Moringaceae family. In 

this regard, 4 lignans, which showed low intensities in the chromatogram, were 

tentatively characterized for the first time in M. oleifera leaves (peaks 25, 27, 28 and 

31). Peak 27 was tentatively characterized as pinoresinol or epipinoresinol glycoside. 

This compound showed a fragment at m/z 357 due to loss of the glycoside moiety. 

Peaks 25 and 28 were tentatively identified as lariceresinol glycoside or 

isolariceresinol glycoside isomers. Their two main fragments at m/z 341 and 179 are 

due to loss of the glycoside moiety (m/z 179) while the rest of the molecule 

corresponds to the fragment at m/z 341, whereas the compound at RT 22.77 showed a 

fragment at m/z 359 after the neutral loss of the glycoside moiety. The fragmentation 



Chapter 1 

 

 
155 

pattern of these compounds is displayed in Figure 4. In addition, peak 31 was 

tentatively characterized as secolariciresinol glycoside. Its main fragment at m/z 361 

corresponds to the loss of the lariciresinol moiety. 

 Flavonoids 

As expected, the predominant group of phenolic compounds in M. oleifera 

leaves was the flavonoid group, with kaempferol and quercetin derivatives being the 

most predominant flavonoids in M. oleifera leaves. Thus, 26 different flavonoids were 

tentatively characterized in this sample, with 12 of them being tentatively identified 

for the first time in this plant. 

Kaempferol and kaempferol derivatives have been previously described in M. 

oleifera leaves (Coppin et al., 2013). In this regard, the compound at RT 40.85 was 

tentatively identified as kaempferol, which presented its typical main ion at m/z 285, 

while peak 40 was tentatively characterized as kaempferol 3-O-glucoside, which 

presented the expected fragments at 284 and 285. On the other hand, some kaempferol 

derivatives were also tentatively identified in the present sample (peaks 21, 43, 44, 45, 

46, 49 and 51). These compounds were tentatively characterized for the first time in 

M. oleifera leaves. In this regard, peak 21 was tentatively identified as kaempferol 

diglycoside, which presented different fragments at m/z 447 corresponding to the 

kaempferol glycoside, at m/z 285 due to loss of the kaempferol moiety, and at 179 due 

to the other glycoside moiety. The others compounds were tentatively identified as 

isomers of kaempferol acetyl glycoside (peaks 43, 44 and 49), kaempferol 

malonylglycoside (peak 45), kaempeferol glycoside-hydroxy-methylglutarate (peak 

46) and kaempferol diacetyl rhamnoside (peak 51). All of them presented the 

characteristic fragments of the kaempferol core at m/z 284 and 285. As well as, 

fragmentation pattern of peak 46 is displayed in Figure 4b. 
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Figure 4. Fragmentation pattern for (A) quercetin hydroxy methylglutaroyl glycoside; (B) 

kaempferol hydroxy methylglutaroyl glycoside; (C) isolariciresinol/lariciresinol glycoside; 

(D) pinoresinol/epipinoresinol glycoside and (E) apigenin glycoside (vitexin). 
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Epidemiological studies have shown an inverse relationship between 

kaempferol intake and cancer, and it has been demonstrated that kaempferol alters 

several different mechanisms in the regulation of cancer cells. Not only is kaempferol 

a potent promoter of apoptosis but it also modifies a host of cellular signaling 

pathways. At the molecular level, kaempferol has been reported to modulate a number 

of key elements in cellular signal transduction pathways linked to apoptosis, 

angiogenesis, inflammation, and metastasis (Berger et al., 2013; Chen and Chen, 2013; 

Chen et al., 2013). 

According to some authors, kaempferol derivatives together with quercetin 

derivatives are the main flavonoids in M. oleifera leaves (Coppin et al., 2013). 

Quercetin is a ubiquitous flavonoid that was also tentatively identified in this sample 

(peak 50). This compound showed its typical fragments, according to the Metlin 

database, at m/z 151, 178, 121 and 107. Apart from quercetin, eleven quercetin 

derivatives were tentatively characterized in M. oleifera leaves. Four of them (32, 33, 

34 and 35) have been previously described in M. oleifera leaves (Bennett et al., 2003; 

Coppin et al., 2013; Karthivashan et al., 2013; Kashiwada et al., 2012) as quercetin 

glycoside, quercetin 3-O-glucoside (Ablajan, K. et al. 2006), quercetin 

malonylglycoside and quercetin-hydroxy-methylglutaroyl glycoside (Figure 4a). As 

shown in Figure 2, these three compounds were among those that showed more 

intensity in the BPC. 

The other five compounds (peaks 37, 38, 39, 48 and 54) were tentatively 

characterized for the first time in M. oleifera leaves as quercetin triacetylglycoside, 

isomers of quercetin acetyl glycoside and two unspecified quercetin derivatives, 

respectively. All these compounds showed common fragments at m/z 300 and 301 due 

to the quercetin core and at 463 corresponding to quercetin glycoside.  

Quercetin represents the main dietary flavonoid that has emerged as a molecule 

possessing multiple properties that are all directed at ameliorating pathological 

conditions associated with degenerative diseases due to its antioxidant and anti-
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inflammatory properties, which have also been associated with the prevention and 

therapy of cardiovascular diseases and cancer (Russo et al., 2012). 

As well, apart from the aforementioned, other flavonoids were characterized in 

M. oleifera leaves. Peak 23 was identified as multiflorin B. This bioactive compound 

with all its fragments has been previously characterized in M. oleifera leaves 

(Karthivashan et al., 2013). Compounds 29 and 30 were tentatively characterized as 

isomers of apigenin glycoside, commonly known as vitexin. These compounds and 

their fragments have also been previously identified in M. oleifera leaves 

(Karthivashan et al., 2013) and its fragmentation patterns are available in Figure 4e. 

These two compounds showed good intensity in the BPC (Figure 2), being some of 

the most intense peaks in the chromatogram. The importance of those compounds 

derives from the fact that apigenin has gained particular attention in recent years as a 

beneficial and health promoting agent because of its low intrinsic toxicity. 

Specifically, vitexin and isovitexin, naturally occurring C-glycosylated derivatives of 

apigenin, have been shown to possess potent anti-diabetic, anti-Alzheimer‘s, and anti-

inflammatory activities (Choi et al., 2014). 

Moreover, two isohramnetin glycosides were tentatively identified (peaks 41 

and 47). Despite peak 47 being acetylated, both of them showed the same fragments at 

m/z 314 and 315 characteristic of isorhamnetin. In this regard, peak 41 was 

characterized as isohramnetin 3-O-glucoside. A mass difference of 162 and the 

significantly higher abundance of the [Y0 – H]
−•

 ion at m/z 314 than that of the Y0
–
 ion 

at m/z 315 clearly revealed the structure of methoxylated flavonoid-3-O-glucoside, 

according to Sriseadka et al. (Sriseadka et al. 2012). 

Flavonoids such as quercetin and kaempferol have been shown to be more 

powerful antioxidants than traditional vitamins (Coppin et al., 2013). For all these 

reasons, flavonoids may offer many opportunities as innovative food ingredients and 

for commercial development due to the health benefits they provide, which are being 

studied by many authors. 
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 Conclusions 

After studying two different extraction procedures, UAE using ethanol:water 

(50:50, v/v) produced an extract of M. oleifera leaves with the largest amount of 

phenolic compounds. HPLC-ESI-QTOF-MS is a powerful technique which allowed us 

to determine that leaves from M. oleifera are a good source of bioactive compounds, 

flavonoids and phenolic acid derivatives being the most abundant of these bioactive 

compounds. This study has shown that leaves from M. oleifera could be a good source 

of bioactive compounds if used as a nutritional supplement overall in those developing 

countries where this tree is autochthonous, as well offering new opportunities for food 

companies to develop nutraceuticals, cosmetic and pharmaceutical products. 
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Abstract 

This work aims at studying the optimization of microwave-assisted extraction (MAE) 

and pressurized liquid extraction (PLE) by multi-response surface methodology 

(RSM) to test their efficiency towards the extraction of phenolic compounds from M. 

oleifera leaves. The extraction yield, total phenolic content (TPC), total flavonoid 

content (TF), DPPH scavenging method and trolox equivalent antioxidant capacity 

(TEAC) assay were considered as response variables while effects of extraction time, 

percentage of ethanol, and temperature were studied. Extraction time of 20 min, 42% 

ethanol and 158°C were the MAE optimum conditions for achieving extraction yield 

of 26 ± 2%, EC50 15 ± 2 µg/mL, 16 ± 1 Eq Trolox/100 g dry leaf, 5.2 ± 0.5 mg Eq 

quercetin/g dry leaf, and 86 ± 4 mg GAE/g dry leaf. Regarding PLE, the optimum 

conditions that allowed extraction yield of 56 ± 2%, EC50 21 ± 3 µg/mL, 12 ± 2 mmol 

Eq Trolox/100 g dry leaf, 6.5 ± 0.2 mg Eq quercetin/g dry leaf, and 59 ± 6 mg GAE/g 

dry leaf were 128°C, 35% of ethanol, and 20 min. PLE enabled the extraction of 

phenolic compounds with a higher number of hydroxyl-type substituents such as 

kaempferol diglycoside and its acetyl derivatives and those that are sensitive to high 
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temperatures (glucosinolates or amino acids) while MAE allowed better recoveries of 

kaempferol, quercetin, and their glucosides derivatives. 

Keywords: HPLC-ESI-QTOF-MS, Microwave-assisted extraction, Moringa oleifera, 

Pressurized liquid extraction, Response-surface methodology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

 

 
169 

 Introduction 

During the last few years researchers have shown growing interest in Moringa 

oleifera Lam. (M. oleifera) leaves due to its potential for preventing or treating 

diabetes, cardiovascular diseases [1], and cancer [2], among other pathologies. Such 

beneficial properties have been related mainly to leaf composition in phenolic 

compounds such as flavonols. Furthermore, these compounds have major industrial 

applications in many fields such as cosmetics, pharmaceutics or agriculture. Therefore, 

there is a trend based on the environmentally friendly extraction methods for phenolic 

compounds by using technologies which are safe and effective while providing 

improved yields and minimizing the impact of the quality of the end-product.  

Different extraction techniques such as ultrasound-assisted extraction [3], solid-

liquid extraction [3,4], pressurized hot-water extraction (PHWE) [5], soxhlet 

extraction [4] or supercritical fluid extraction (SFE) [6] have been used to extract 

bioactive compounds from M. oleifera leaves. However, pressurized liquid extraction 

(PLE) and microwave-assisted extraction (MAE) have not previously been employed. 

The recovery of bioactive compounds by these extraction techniques is a promising 

trend in the field of nutraceutical and functional-food development. Both extractions 

techniques provide shorter extraction times due to the increase of the analyte solubility 

in the extraction media when surface tension and solvent viscosity decreases, 

improving the extraction efficiency [7]. Nevertheless, differences in the action 

mechanism should be pointed out. On one hand, PLE, which is also referred to in the 

literature as pressurized fluid extraction (PFE) or accelerated solvent extraction (ASE), 

is a technique that involves the use of pressurized solvents at high temperatures under 

conditions that allow solvents to be maintained in the liquid state during the extraction 

process [8]. Pressure is applied inside the extraction cells to achieve the high 

temperatures. For instance, compounds such as flavonoids and other phenolic 

compounds [9, 10] or fatty acids [11] have been extracted from different plant leaves 

by PLE. On the other hand, MAE has been also used for the same extraction purpose 

[9,12] with the difference that MAE is based on the use of electromagnetic radiation at 
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frequencies from 0.3 to 300 GHz.  This allows rapid heating of solvent and suspension 

due to the transformation of rapid energy delivery [13]. The non-ionizing 

electromagnetic energy is applied directly to the raw material. This heating acts on the 

molecules by ionic conduction and dipole rotation, inducing a migration of dissolved 

ions. This increases solvent penetration into the matrix, thereby facilitating the 

recovery of compounds of interest [14].  

Due to the complexity and the chemical characteristic of plant extracts, the 

optimization of the extraction procedure is a critical step to produce high-added-value 

extracts. However, most previous studies have used the one-factor-at-a-time approach, 

in which only one factor is variable at a time while all others are kept constant. This 

approach is time-consuming, expensive, and does not allow the possible effects 

between variables to be evaluated [5]. These disadvantages can be overcome by using 

response-surface methodology (RSM), which is a compilation of mathematical and 

statistical techniques based on the fit of a polynomial equation to the experimental 

data, in order to describe the behavior of a data set with the aim of making statistical 

predictions [15]. 

Despite that the guaranteed availability of bioactive compounds in M. oleifera 

leaves, the extraction process requires working on the most cost-effective feasible 

process that allows the highest extraction efficiency. Therefore, the goal of this study 

was to optimize the effect of solvent composition, extraction time, and temperature on 

the extraction yield, total phenolic content (TPC), total flavonoids (TF), and 

antioxidant activity from Moringa oleifera leaves by using technologies such as MAE 

and PLE combined with green solvents. In addition, the effect of those parameters on 

the metabolite profiling was evaluated by high-performance liquid chromatography 

coupled to electrospray ionization quadrupole time-of-flight mass spectrometry 

(HPLC-ESI-QTOF-MS). 
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 Material and methods 

Plant material and reagents 

The leaves of M. oleifera collected from Madagascar in 2010 were identified by 

the National Center for environmental research (CNRE), Antanarivo, (Madagascar, 

Africa) where the voucher specimen was deposited. Branches from the tree were 

removed by hand and laid on shelves 3 m long, 30 cm wide and 50 cm apart in a well-

ventilated dry place in darkness at room temperature. Two weeks later, the leaves were 

crushed with a stone mortar and the resulting powder was stored in darkness in a dry, 

cool place until treatment. 

Absolute ethanol for extractions was purchased from TechniSolv (VWR 

International, France). HPLC–MS acetonitrile was purchased from Fisher (Thermo 

Fisher Scientific UK, Bishop Meadow Road, Loughborough, Leicestershire, UK). 

Ethanol, gallic acid, apigenin, folin–Ciocalteu reagent, 2,2-diphenyl-1-picrylhydrazyl 

radical (DPPH), ABTS [2,2′-azinobis (3-ethylbenzothiazoline-6-sulphonate)], trolox 

(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), potassium persulfate, 

quercetin and aluminum chloride were from Sigma–Aldrich (Steinheim, Germany). 

Sea sand was from Panreac (Barcelona, Spain). Ultrapure water with a resistivity value 

of 18.2 MΩ was obtained from a Milli-Q system (Millipore, Bedford, MA, USA).  

Extraction methods 

Microwave-assisted extraction (MAE) 

MAE extraction was carried out by a microwave extraction reactor (Anton Paar 

GmbH, Graz, Austria) composed by a Monowave 300 operating at a maximum power 

of 850 W with a frequency of 2,455 MHz, and an autosampler MAS 24. The system 

can be operated at a maximum pressure of 30 bar over the sample vial, which depends 

on the solvent composition and volume, and on the working temperature. One gram of 

dried M. oleifera leaves was placed into 20-mL extraction cells. It is commonly know 

that the extraction yield strongly depends on the solvent employed. In this study, two 
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different green solvents (water and ethanol) and their mixtures were used for the 

experiment. Ten milliliters of different water, ethanol:water, and ethanol 

concentrations were used for the extraction.  After cooling, samples were centrifuged 

at 5000 rpm for 15 min and the supernatant was collected. Samples extracted with 

ethanol 100% were dried under N2, samples extracted with ethanol and water mixtures 

were firstly dried under N2 and then freeze-dried in a freeze-dryer (Lyobeta, Telstar, 

Terrassa, Spain), while those extracted with water were directly freeze-dried.  

Pressurized Liquid Extraction (PLE)  

PLE extraction of M. Oleifera leaves was performed using an accelerated 

solvent extractor (ASE 200, Dionex, Sunnyvale, CA, USA), equipped with a solvent 

controller. The equipment has been exhaustively described elsewhere [16]. One gram 

of dried M. oleifera leaves was mixed with 2 g of sea sand and placed into an 11-mL 

volume extraction cells. Samples were extracted under the following conditions: the 

time was fixed at 20 min, pressure: 10 MPa (1500 psi), heat-up time: 5 min; static 

time: 5 min; flush volume: 60%; purge: N2, 60 s; number of cycles: 1. For removing 

the solvent, the abovementioned processes were used.  

Determination of total phenolic content (TPC) 

The total phenolic content of the resulting extracts was determined using the 

Folin–Ciocalteu assay [3], measuring the absorbance at 760 nm. Briefly, 600 μL of 

water and 10 μL of sample were mixed, to which 50 μL of undiluted Folin–Ciocalteu 

reagent was subsequently added. After 10 min, 150 μL of 2% (w/v) Na2CO3 were 

added and the volume was made up to 1 mL with water. After 2 h of incubation at 

room temperature in darkness, 200 μL of the mixture was transferred into a microplate 

well. The absorbance was measured at 760 nm using a Synergy Mx Monochromator-

Based Multi-Mode Microplate reader, by Bio-Tek Instruments Inc. (Winooski, VT, 

USA) and compared to a gallic acid calibration curve (5 to 150 μg/mL) prepared in the 

same manner. The total phenolic content was calculated as mean ± SD (n = 6) and 

expressed as mg of Eq gallic acid (GAE) per g of dry leaves. The TPC of M. oleifera 
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leaves‘ extracts was measured by a Synergy Mx Monochromator-Based Multi-Mode 

Micro plate reader, by Bio-Tek Instruments Inc. (Winooski, VT, USA) by using 96-

well polystyrene microplates.  

Determination of total flavonoids (TF) content 

The total flavonoid content was measured by the aluminum chloride 

colorimetric modifying assay of Woisky et al. [17]. First, 240 µL of methanolic 

reference solutions of quercetin (from 4 to 14 µg/mL) and 100 µL of each sample, and 

then 60 µL of AlCl3 8 mM, were added to each well. After 30 min of incubation in 

darkness, the absorbance was measured at 425 nm. The total flavonoid content was 

calculated as mean ± SD (n = 6) and results were expressed as mg of Eq quercetin/g of 

dry leaves. The TF content was measured with the aforementioned apparatus.  

Antioxidant activity assays 

The antioxidant activity was measured by DPPH scavenging method following 

Brand-Williams et al. [18]. Briefly, 20 µL of each extract at different concentrations 

(ethanol 100% extracts: 40-200 ppm; water 100% and ethanol:water mixtures extract: 

20-70 ppm) were added into a 980 μL of DPPH diluted solution (50 μmol/L). The 

mixture was incubated 1 h at room temperature in darkness, and then, 200 μL of the 

mixture was transferred to a well of the microplate, and the absorbance was measured 

at 516 nm. A calibration curve was calculated in order to determine the DPPH 

concentration remaining in each well, and then the percentage of the remaining DPPH 

was represented against the extract concentration to determine the amount of sample 

necessary to decrease the initial DPPH concentration by 50% or EC50. Measurements 

were made in triplicate.  

The trolox equivalent antioxidant capacity (TEAC) assay was conducted using 

the modified method proposed elsewhere [19]. This antioxidant assay is based on the 

reduction of the radical cation of 2,2′-azinobis (3-ethylbenzothiazoline-6-sulphonate) 

(ABTS) by antioxidants. In brief, the ABTS radical cation (ABTS
+

) was produced by 

reacting ABTS stock solution with 2.45 mM potassium persulfate (final concentration) 

http://www.sciencedirect.com/science/article/pii/S175646461400190X#bib0030
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and keeping the mixture in darkness at room temperature for 16 h before use. For the 

assay, the ABTS
+

 solution was diluted with water until reaching an absorbance value 

of 0.70 (± 0.02) at 734 nm. For the spectrophotometric assay, 300 μL of the 

ABTS
+
 solution and 30 μL of the extract were mixed and measured immediately after 

5 min. The readings were performed at 734 nm and 25ºC. The result of each sample 

was then compared with a standard curve made from the corresponding readings of 

trolox (0.5–30 μM in the microplate wells). Measurements were made in triplicate.  

The antioxidant activity was measured with the aforementioned apparatus and 

calculated as mean ± SD (n = 3) and data were expressed as EC50 (µg/mL) and mmol 

Eq Trolox/100 g of dry leaves, respectively. 

RSM experimental designs 

Extraction conditions were optimized using response surface methodology 

(RSM) in order to determine the relationship between the responses selected (extract 

yield, total flavonoids, total phenolic content, and antioxidant activity) and the 

independent variables such as percentage of solvent (0-100% ethanol), extraction time 

(3-20 min) and temperature (50-180°C). In the case of MAE, a box-behnken design 

with 3 central points was used. For PLE extraction, the effect of solvent concentration 

and temperature were studied using a full factorial experimental design at three levels 

(3
2
). The range and central point values of four independent variables used in these 

studies are summarized in Table 1 (PLE) and Table 2 (MAE). 

Optimal PLE and MAE extraction conditions were estimated by multiple linear 

regressions using Statgraphics Centurion XVI software (Statpoint Technologies, 

Warrenton, Virginia, USA). 
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Table 1. PLE 3-level factorial design (3^2) of the two-level and five-variable and observed 

responses under different experimental conditions. Predicted and observed values of each 

individual response 

  
Independent 

variables 
Investigated responses 

Run 
Solvent 

(%) 

T   

(°C) 

Yield 

(%) 

DPPH (EC50 

µg/mL) 

TEAC 

(mmol Eq 

Trolox/100 g 

dry leaf) 

TF (mg Eq 

quercetin/g  

dry leaf) 

TPC (mg 

Eq GAE/g  

dry leaf) 

1 50 115 44.51 27.81 12.85 8.08 72.63 

2 0 50 38.15 31.43 13.22 3.59 60.67 

3 0 115 43.77 26.29 12.60 4.50 62.04 

4 0 180 63.82 29.05 14.37 4.28 69.38 

5 50 50 40.39 20.93 13.15 7.24 69.37 

6 50 115 42.14 25.51 12.63 7.33 69.93 

7 50 180 33.96 36.85 10.41 7.50 70.55 

8 100 50 9.76 91.04 2.31 8.08 29.07 

9 100 115 47.76 68.33 4.23 8.71 51.79 

10 100 180 21.19 85.88 2.76 7.48 45.79 

11 50 115 46.65 35.98 11.60 7.86 75.63 

  Optimized desirability 0.8567. Extraction conditions: 128°C; 35% ethanol, 20 min 

 
Response Predicted Observed 

 
Yield (%) 49.3966 56 ± 2 

 
DPPH (EC50 µg/mL) 22.0509 21 ± 3 

 
TEAC (mmol Eq Trolox/100 g dry leaf) 13.4024 12.3 ± 1.6 

 
TF (mg Eq quercetin/g dry leaf) 7.1695 6.5 ± 0.2 

 
TPC (mg Eq GAE/g dry leaf) 75.629 59 ± 6 
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Table 2. MAE Box-behnken design of the three-level and three-variable and observed 

responses under different experimental conditions.  Predicted and observed values of each 

individual response 

 

Independent 

variables 
Investigated responses 

Run 
Solvent 

(%) 

T  

(°C) 

t 

(min) 

Yield 

(%) 

DPPH (EC50 

µg/mL) 

TEAC (mmol 

Eq Trolox/100 

g dry leaf) 

TF (mg Eq 

quercetin/g  

dry leaf) 

TPC (mg 

Eq GAE/g  

dry leaf) 

1 50 115 11.5 19.44 27.67 14.12 6.28 67.02 

2 0 50 11.5 17.02 48.88 11.65 2.13 47.21 

3 100 50 11.5 5.72 55.95 3.45 10.40 41.16 

4 0 180 11.5 21.26 45.81 12.84 1.61 59.76 

5 100 180 11.5 14.24 140.99 1.34 4.12 23.69 

6 0 115 3 17.03 37.46 12.76 2.38 53.98 

7 100 115 3 9.68 44.13 7.01 13.86 63.87 

8 50 115 11.5 19.00 30.59 14.66 6.01 68.08 

9 0 115 20 15.25 41.68 14.48 2.35 51.78 

10 100 115 20 11.18 43.04 2.52 9.93 59.06 

11 50 50 3 21.68 22.55 13.33 6.27 67.01 

12 50 180 3 17.71 22.65 12.46 5.19 80.69 

13 50 50 20 22.31 23.25 13.12 6.21 63.93 

14 50 180 20 24.34 19.72 13.01 7.52 105.70 

15 50 115 11.5 16.58 23.13 13.44 6.43 72.27 

 
  Optimized desirability 0.78. Extraction conditions: 158°C; 42% ethanol, 20 min 

  
Response Predicted Observed 

  
Yield (%) 23.2463 25.75 ± 2.26 

  
DPPH (EC50 µg/mL) 17.2265 15 ± 2 

  

TEAC (mmol Eq Trolox/100 g dry 

leaf) 
14.4373 16.4 ± 1.1 

  
TF (mg Eq quercetin/g dry leaf) 6.3292 5.2 ± 0.5 

  
TPC (mg Eq GAE/g dry leaf) 91.992 86 ± 4 
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Verification of the predicted models 

To verify the suitability of the quadratic equations for predicting the optimal 

response values, the verification experiments for each type of extraction were carried 

out under optimal conditions. The extractions with the optimal values were made in 

triplicate. 

Statistical analysis 

The differences were evaluated at a 95% confidence level (p ≤ 0.05) between 

optimal values obtained by PLE and MAE, using a one-way analysis of variance 

(ANOVA) followed by Tukey‘s test using Origin (version Origin Pro 8 SR0, 

Northampton, MA, USA). 

Characterization of PLE and MAE M. oleifera leaves extracts by HPLC-

ESI-QTOF-MS 

Analyses were made using an Agilent 1200 series HPLC (Santa Clara, CA, 

USA). Compounds were separated at room temperature using a Zorbax Eclipse Plus 

C18 rapid resolution column (1.8 μm, 150 × 4.6 mm) (Agilent Technologies, Palo Alto, 

CA, USA) according to the method used previously [3].  The system was coupled to a 

6540 Agilent Ultra-High-Definition (UHD) Accurate-Mass QTOF LC/MS (Palo Alto, 

CA, USA) equipped with an ESI interface operating in negative ionization mode. To 

maintain mass accuracy during the run time, continuous infusion of a reference mass 

solution containing ions m/z 112.985587 (trifluroacetate anion) and 1033.988109 

(trifluroacetic adduct of hexakis (1H, 1H, 3H-tetrafluoropropoxy)phosphazine or HP-

921) was used. The data were processed using MassHunter Workstation Software 

(Version B.06.00 Qualitative Analysis, Agilent Technologies, Santa Clara, CA, USA). 

Compound characterization was performed by generation of the candidate formula 

with a mass accuracy limit of 10 ppm and also considering their retention time (RT), 

tandem mass spectrometry (MS
2
) data and literature. 
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The optimal MAE and PLE extracts were injected at the same concentration (5 

mg/mL). For the comparison of the compounds presented in both extracts, the relative 

area was calculated by using apigenin (0.05 mg/mL) as internal standard in order to 

compensate for the potential variations in the instrumental analysis and between 

different extracts obtained under optimal MAE and PLE conditions. 

 Results and discussion 

Analysis of multi-response surfaces 

RSM was employed to maximize extract yield, TPC, TF, and antioxidant 

activity through the optimization of three independent variables, namely the extraction 

temperature, extraction time, and water:ethanol ratio in the solvent mixture at three 

levels. The results are presented in Table 1 and 2 corresponding to PLE and MAE, 

respectively.  

The type of solvent used for the extractions was one of the most thoroughly 

investigated factors. Thus, ethanol and water are the most appropriate solvents used in 

the food and nutraceutical industry, because they are easily removed from the final 

product and they increase the efficiency of the extraction of phenolic acids and 

flavonoids [20]. Ethanol effectively extracts flavonoids and their glycosides, catechols, 

and tannins from raw plant materials but the solubility of these compounds can be 

enhanced by using a mixed solvent over a limited compositional range [21]. An 

ANOVA for each response was performed in order to fit and optimize the statistical 

models corresponding to the Derringer‘s desirability function, which allows the 

simultaneous optimization of several responses. Figure 1 shows the 3D plots of the 

response surface for the effects of the solvent percentage and temperature on the 

overall desirability in MAE (Figure 1a) and PLE (Figure 1b) extractions. The 

numerical ranges specified were set to minimize DPPH. The program was designed to 

maximize extraction yield, TPC, TF, and TEAC.  
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Figure 1. 3D plots of response surface for the effects of solvent (% ethanol in the mixture) 

and temperature on the overall desirability in MAE (a) and PLE (b) extractions. 

The optimum MAE conditions given by the model were as follows: 158ºC, 42% 

ethanol, and 20 min extraction time. The optimal conditions and predicted values were 

determined on the basis of the desirability function, which was 0.78 (Figure 1a). 

Tables 1 and 2 present the optimum extraction responses, which will be discussed 

throughout this section. In the case of PLE, the optimum values provided by the 

function were temperature of 128ºC and 35% ethanol. For this experiment, the 

extraction time was fixed at 20 min, taking into account the optimal extraction time in 

MAE extraction and based on the effective results from previous research in 
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recovering phenolic compounds from leaf matrices [22, 23]. In this case, the 

optimization desirability for PLE was 0.86 (Figure 1b), the optimum extraction 

responses being displayed in Table 1.  

Recently, research on the extraction of bioactive compounds from M. oleifera 

leaves by ultrasound-assisted extraction (UAE) has shown that the most efficient 

solvent for extracting phenolic compounds was close to 50% ethanol [3]. In 

comparison to our previous experiments, the TPC of M. oleifera leaves found under 

optimum PLE conditions was significantly higher (p < 0.05) than using UAE. In 

addition, the extraction of moringa leaves at optimum conditions of MAE (Table 2), 

gave 2-fold higher values of TPC than using UAE [3]. Other studies based on 

traditional extraction (maceration) concluded that the use 70% ethanol gave the best 

results [4]. However, no studies are available regarding the optimum values for 

recovering phenolic compounds from M. oleifera leaves via MAE and PLE 

extractions. 

Experiments performed under the optimum conditions provided results closer to 

the predicted ones (Tables 1 and 2). This means that the experimental validation was 

consistent with the mathematical description of the model, indicating the suitability of 

RSM in optimizing the extraction of phenolic compounds from M. oleifera leaves. 

Tukey‘s post hoc test showed that PLE provided a significantly higher extraction yield 

than did MAE. Recently, Taamalli et al. concluded, after optimizing extraction 

conditions, that extraction yields from olive leaves were higher when using PLE 

compared to MAE [7]. Despite that high temperatures are reported to improve 

extraction efficiency because of enhanced diffusion rates and solubility of analytes in 

solvents [24], the extraction yield was higher using a temperature of 128°C (PLE) than 

when using 158°C (MAE). The flavonoid content was also significantly higher in PLE 

extracts (6.5 ± 0.2 vs. 5.2 ± 0.5). It is important to bear in mind that the effect of 

temperature should not be generalized since it strongly depends on the typology of the 

compounds. In this sense, flavonoids are reportedly temperature sensitive and MAE 

extraction was carried out using higher temperatures than for PLE, which could have 
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been unfavorable to prevent degradation and oxidation of flavonoid derivatives. 

Tukey‘s post hoc test also confirmed that the TPC and antioxidant activity were higher 

in MAE extracts. The increment of TPC, previously observed in other plant matrices, 

could be attributed to the high pressure achieved in the plant cell that could lead to the 

breaking down of cell walls and the release of phenolic compounds [25]. Following 

the same trend as TPC, antioxidant activity measured by TEAC was higher in M. 

oleifera leaves extracted under MAE than under PLE conditions. Antioxidant activity 

measured by DPPH was also apparently better under MAE conditions. However, 

despite TEAC and DPPH are both based on electron transfer and involve the reduction 

of a colored oxidant, there were no significant differences between the EC50 values 

found by both extraction methods. Some authors have highlighted that TEAC allows 

the measurement of both hydrophilic and lipophilic compounds while DPPH has a 

limitation for interpreting the role of hydrophilic antioxidants in plant samples [26]. In 

this regard, high temperature decreases the viscosity of the solvent, thereby enhancing 

its penetration into the matrix and resulting in an improved extraction process of both, 

polar and less polar compounds [14]. This could explain the higher TEAC values 

obtained under MAE conditions. In agreement with the aforementioned results, some 

authors have affirmed that the increased extraction temperature resulted in higher 

TEAC values [27,28]. 

Chemical characterization of the extract yielded by MAE and PLE 

As mentioned, extraction is a crucial step for recovering bioactive compounds 

from plant material. MAE and PLE, apart from being considered green technologies, 

present some advantages such as reduction in extraction time, energy savings, and 

increased extraction yield compared with traditional extraction [7].  

It is commonly known that extracts yielded by different extraction techniques 

can be completely different in terms of chemical composition and therefore, a 

complete characterization is necessary to evaluate the complete potential of the 

different extraction techniques [7]. Figure 2 shows the base-peak chromatogram 
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extracted by MAE (A) and PLE (B) resulting from the HPLC–ESI–QTOF–MS method 

described above. Each peak was numbered according to its elution order. A total of 62 

compounds were tentatively characterized in both extracts. In addition, Table 3 

summarizes the MS data of the compounds tentatively identified considering their MS 

and MS/MS spectra determined by QTOF–MS and data from the literature. For the 

acquisition of chemical-structure information and data from the literature, the 

following databases were employed: SciFinder Scholar (http://scifinder.cas.org), 

MassBank (http://massbank.jp), and METLIN Metabolite Database 

(http://metlin.scripps.edu).   

http://scifinder.cas.org/
http://massbank.jp/
http://metlin.scripps.edu/
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Figure 2. Base-Peak Chromatogram (BPC) of M. oleifera leaves extracted under optimal MAE conditions (a) and extracted under optimal 

PLE conditions (b) analyzed by HPLC-ESI-QTOF-MS in negative ion mode. 

 



 

 

 

 

Table 3. HPLC-ESI-QTOF-MS data of the compounds identified in Moringa oleifera leaf extracted by MAE and PLE at 

optimum conditions 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
       Compound 

Relative Area
c
  

MAE    PLE 

Aminoacids 

5 4.56 128.0354 C5 H7 N O3 1.3 
128.0358 (100); 82.0299 (39.29); 

52.0188 (16.42) 
Pyroglutamic acid 0.06 0.15 

10 10.32 164.071 C9 H11 N O2 4.5 
103.0554 (100); 72.0093 (80); 

147.0455 (16.16) 
L-Phenilalanine 0.11 0.31 

16 13.04 203.0824 C11 H12 N2 O2 1 116.0507 (100%); 142.0656 (40.4%) L-tryptophan isomer ND 0.02 

17 13.33 203.0819 C11 H12 N2 O2 3.7 
116.0588 (100); 74.0251 (37.1); 

142.067 (15.12); 117.0536 (10) 
L-tryptophan isomer ND 0.15 

Nucleosides 

9 8.6 266.0896 C10 H13 N5 O4 0.6 134.0475 (100); 59.014 (10.5) Adenosine 0.07 0.09 

Organic acids 

1 3.06 195.0514 C6 H12 O7 2 
75.0096 (100); 59.0163 (81.2); 71.0137 

(11) 
Gluconic acid 1.94 1.33 

2 3.26 191.0574 C7 H12 O6 2 127.0402 (100) Quinic acid 2.3 1.68 

3 3.75 133.0139 C4 H6 O5 2.9 
71.0144 (100); 72.9936 (49.68); 

115.0045 (17.33); 59.0147 (12.22) 
Malic acid 0.03 0.03 

4 4.25 191.0193 C6 H8 O7 2 
87.0089 (100); 111.0088 (72.69); 

85.0297 (48.62); 57.0348 (48.19) 
Citric acid isomer 0.18 0.06 

 



 

 

 

Table 3. (Continued) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
       Compound 

Relative Area
c
  

MAE    PLE 

6 5.45 191.0209 C6 H8 O7 6.3 
87.0088 (100); 111.0089 (68.63); 

57.0347 (52.23) 
Citric acid isomer ND 0.24 

58 42.86 327.2161 C18 H32 O5 4.7 211.1351 (100); 171.1027 (92) 
Trihydroxyoctadecadienoic 

acid isomer 
0.13 0.09 

59 43.32 327.2168 C18 H32 O5 2.7 
211.1350 (100); 229.1452 (54.3); 

171.1027 (10) 

Trihydroxyoctadecadienoic 

acid isomer 
0.22 0.18 

60 43.72 327.2161 C18 H32 O5 4.8 171.102 (100); 211.1357 (89.63) 
Trihydroxyoctadecadienoic 

acid isomer 
0.15 0.11 

61 47.1 307.1898 C18 H28 O4 5.5 139.1129 (100); 171.139 (52) Methylgingerol isomer 0.1 0.12 

62 47.36 307.1897 C18 H28 O4 5.9 139.113 (100); 171.1387 (45.3) Methylgingerol isomer 0.07 0.08 

Phenolic acids and derivatives 

12 11.51 315.1059 C14 H20 O8 8.5 153.056 (100); 123.0453 (74.06) Vanillin glucoside 0.04 0.26 

13 12.12 353.0888 C16 H18 O9 2.7 
191.0601 (100); 135.0481 (72.39); 

179.0386 (64.45) 
Caffeoylquinic acid isomer 1.65 1.66 

14 12.58 353.0883 C16 H18 O9 1.3 
191.059 (100); 135.0471 (72.72); 

179.0372 (63.66) 
Caffeoylquinic acid isomer 0.3 0.23 

15 12.84 353.087 C16 H18 O9 2.1 
191.0568 (100); 135.0452 (65.36); 

179.0354 (55.95) 
Caffeoylquinic acid isomer ND 0.02 

18 13.83 337.0949 C16 H18 O8 5.9 
163.0429 (100); 119.0526 (95.86); 

191.0576 (12.26) 
Coumaroylquinic acid isomer ND 3.13 

 

 



 

 

 

 

Table 3. (Continued) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
       Compound 

Relative Area
c
  

MAE    PLE 

19 14.06 337.0936 C16 H18 O8 2.2 
163.0427 (100); 119.0522 (96.34); 

191.0572 (12.08) 
Coumaroylquinic acid isomer 0.56 ND 

20 14.8 367.1041 C17 H20 O9 1.7 134.0365 (100); 193.0495 (92.73) Feruloylquinic acid isomer 0.97 0.15 

21 15.22 353.0884 C16 H18 O9 1.7 
173.047 (100%); 135.0467 (95.77); 

191.0581 (89.43); 179.0361 (82.54)  
4-Caffeoylquinic acid  1.65 1.11 

24 17.14 337.0905 C16 H18 O8 7.1 173.0462 (48.89) 4-p-Coumaroylquinic acid  0.56 0.91 

26 17.98 367.1025 C17 H20 O9 2.7 
173.0462 (100); 134.0375 (34.76); 

193.0512 (19.51) 
Feruloylquinic acid isomer 0.22 0.1 

27 18.71 355.0741 C16 H16 O8 9.4 -- Caffeoylshikimic acid 0.09 ND 

Thioglycosides (Glucosinolates) 

7 6.92 570.0956 C20 H29 N O14 S2 0.2 96.962 (100); 328.0888 (10) Glucomoringin isomer ND 16.61 

8 7.52 570.0963 C20 H29 N O14 S2 1.2 96.9624 (100); 328.0876 (12) Glucomoringin isomer ND 8.04 

Lignans 

28 19.23 521.2013 C26 H34 O11 3 359.1514 (100) 

Isolariciresinol 

glycoside/lariciresinol 

glycoside  

0.21 0.1 

31 21.76 519.1833 C26 H32 O11 7.5 151.0406 (100); 357.1358 (48.27) 
Pinoresinol/epipinoresinol 

glycoside 
0.02 0.04 

34 24.13 523.2155 C26 H36 O11 5.6 361.1666 (100) Secoisolariciresinol glycoside 0.07 0.02 

 

 



 

 

 

Table 3. (Continued) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
       Compound 

Relative Area
c
  

MAE    PLE 

Flavonoids 

11 10.65 595.1363 C26 H28 O16 9.8 -- 
Quercetin sambubioside/ 

Quercetin-3-vicianoside  
0.06 ND 

22 15.49 625.1385 C27 H30 O17 4 463.0875 (100); 301.0360 (52) Quercetin diglycoside 0.29 0.25 

23 17.11 609.1425 C27 H30 O16 5.9 447.0925 (100); 285.042 (38) Kaempferol diglycoside 0.29 1.56 

25 17.63 593.1498 C27 H30 O15 2.3 
593.1519 (100); 473.1118 (20.54); 

353.0691 (16.27) 
Multiflorin B 0.53 0.74 

29 20.34 625.1365 C27 H30 O17 7.2 463.087 (100); 301.0360 (52.1) Quercetin diglycoside 0.11 0.05 

30 20.7 447.0918 C21 H20 O11 3.3 284.0338 (100); 285.040 (20) 
Kaempferol 3-O-glucoside 

isomer 
0.08 0.02 

32 22.14 431.0974 C21 H20 O10 2.3 311.0561 (100); 283.0626 (17.77) 
(Vitexin) Apigenin glucoside 

isomer 
0.42 0.38 

33 23.68 431.0974 C21 H20 O10 2.2 
311.0532 (100); 283.0621 (13.63); 

341.068 (13.55)  

(Vitexin) Apigenin glucoside 

isomer 
0.49 0.5 

35 25.39 463.0896 C21 H20 O12 2.9 
300.0336 (100); 301.0399 (57.32); 

271.0265 (24.75) 
Quercetin 3-O-glucoside 5.04 4.27 

36 26.14 549.0856 C24 H22 O15 5.4 300.029 (100); 301.0366 (18.09) Quercetin malonylglucoside ND 2.86 

37 26.77 607.1289 C27 H28 O16 3 
300.028 (100); 301.0352 (90.43); 

463.0885 (87.76); 505.0984 (83.89) 

Quercetin-hydroxy-

methylglutaroyl glycoside 
0.14 0.21 

38 27.36 589.1173 C27 H26 O15 4.4 
301.0353 (100); 300.0279 (77.23); 

463.0889 (54.32) 
Quercetin triacetylgalactoside 0.03 0.02 

39 27.63 505.0976 C23 H22 O13 2.3 300.0328 (100); 301.0388 (53.93) 
Quercetin-acetyl-glycoside 

isomer 
ND 0.05 

40 28.16 505.0984 C23 H22 O13 2.3 300.0305 (100); 301.0343 (69.65) 
Quercetin-acetyl-glycoside 

isomer 
3.46 1.00 

41 29 447.0935 C21 H20 O11 0.6 
284.0374 (100); 285.0429 (49.69); 

255.0332 (48.81); 227.0365 (37.98) 

Kaempferol 3-O-glucoside 

isomer 
3.39 2.84 

42 29.15 477.1031 C22 H22 O12 1.6 314.0443 (100); 315.05 (12.39) Isorhamnetin 3-O-Glucoside 0.71 0.53 

         



 

 

Table 3. (Continued) 

Peak
a
 RT 

m/z 

experimental 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
       Compound 

Relative Area
c
  

MAE    PLE 

43 29.62 489.102 C23 H22 O12 3.8 
284.0338 (100); 285.0408 (76.24); 

255.0308 (15.22) 

Kaempferol-acetyl-glycoside 

isomer 
ND 0.07 

44 29.79 489.1037 C23 H22 O12 3.2 
284.0366 (100); 285.0436 (86.98); 

255.0319 (10) 

Kaempferol-acetyl-glycoside 

isomer 
ND 0.07 

45 30.02 505.0985 C23 H22 O13 2.2 300.0268 (100); 301.0353 (16.48)  
Quercetin-acetyl-glycoside 

isomer 
0.48 ND 

46 30.2 489.1054 C23 H22 O12 3.1 284.035(100); 285.0412 (12.05) 
Kaempferol-acetyl-glycoside 

isomer 
ND 1.2 

47 30.66 591.1327 C27 H28 O15 2.1 
489.1029 (100); 285.0399 (75.16); 

447.094 (50.2); 284.0325 (20) 

Kaempferol -glycoside-

hydroxy-methylglutarate 
0.04 0.04 

48 31.02 519.1142 C24 H24 O13 0.5 
314.0458 (100); 315.0509 (26.39); 

271.0269 (11.52) 

Isorhamnetin-acetyl-glycoside 

isomer 
ND 0.08 

49 31.21 489.0991 C23 H22 O12 5.1 
284.0333 (100); 285.0392 (38.32); 

255.0304 (27.48) 

Kaempferol-acetyl-glycoside 

isomer 
0.07 ND 

50 31.57 531.1137 C25 H24 O13 1.3 
300.0279 (100); 301.0348 (55.67);  

463.0870 (15) 
Quercetin derivative 0.34 0.06 

51 32.39 489.1025 C23 H22 O12 2.8 
284.0329 (100); 285.0387 (38.75); 

255.0296 (29.14); 277.0347 (16.38) 

Kaempferol-acetyl-glycoside 

isomer 
1.84 0.16 

52 32.86 519.1126 C24 H24 O13 3.5 314.042 (100); 315.0471 (27.05) 
Isorhamnetin-acetyl-glycoside 

isomer 
0.23 ND 

53 33.83 301.0352 C15 H10 O7 0.6 
151.0039 (100); 178.9985 (25.57); 

121.0294 (24.4), 107.0135 (21.68%) 
Quercetin 0.68 0.07 

54 35.54 515.1182 C25 H24 O12 2.4 
284.0321 (100); 285.0387 (54.83); 

255.0297 (15.63) 

Kaempferol-di-acetyl-

rhamnoside 
0.03 ND 

55 35.69 621.1611 C32 H30 O13 0.4 284.0341 (100); 285.039 (27) Kaempferol derivative  ND 0.67 

56 38.7 285.0396 C15 H10 O6 0.4 
285.0425 (100); 229.0515 (4.8); 

151.0041 (4.72) 
Kaempferol 0.28 0.04 

57 42.06 573.158 C28 H30 O13 5.9 
300.0301 (100); 301.0372 (50.56); 

463.0915 (20.89) 
Quercetin derivative 1 0.08 

Total area 1.89 x 108 1.09 x 108 

a 
 Peak numbers assigned according to the overall elution order;  

b
 Numbers in brackets show the relative abundance of each MS/MS fragment 

expressed in percentage; 
c
 Relative area (calculated using apigenin as  internal standard); ND, non-detected. 
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In a recent study, we characterized in depth, via HPLC-ESI-QTOF-MS, the 

composition of M. oleifera leaves extracted by an optimized ultrasound-assisted 

extraction [3], which has been used as a basis for identifying the compounds detected 

in the current study. The characterization allowed the grouping of different compounds 

such as essential amino acids, one nucleoside, organic acids, phenolic acids and 

derivatives, glucosinolates, lignans, and flavonoids.  

It can be noted on the HPLC profiles that the extraction techniques do not 

induce large selectivity since no major differences of the extract fingerprints were 

detected. Extracts obtained under MAE and PLE conditions showed a similar 

qualitative composition. Optimum PLE conditions allowed 55 compounds to be 

characterized, while by the MAE extraction system, 49 compounds were tentatively 

characterized. The most remarkable qualitative differences can be seen in Table 3, 

which displays the retention time (RT), experimental m/z of negative molecular ions, 

molecular formula, mass error, main MS
2
 fragments, and the relative abundance or 

each compound. In general, the extraction of amino acids was lower in the MAE 

extract; in fact the essential amino acid L-tryptophan was not detected and the 

extraction of L-phenylalanine was two-fold higher under PLE conditions. In addition, 

no thioglycosides isomers (glucomoringin) were detected in MAE extracts. This 

finding agrees with previous studies that ascribed temperatures above 100ºC as the 

main factor in glucosinolate degradation [29,30]. The optimal temperature in MAE 

extraction (158ºC) was much higher than in PLE (128ºC), and this probably caused the 

thermal degradation of glucomoringin isomers.  

In addition, 10 organic acids were characterized in M. oleifera leaves. 

Apparently, both MAE and PLE conditions showed similar efficiency extracting this 

group of compounds. Nevertheless, MAE demonstrated higher extract recovery; over 

15% of organic acids vs. PLE extract that extracted over 6% could be related to an 

increase of their solubility under these extraction conditions. 
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Phenolic acids are aromatic secondary metabolites that constitute an important 

group of phytochemicals in M. oleifera leaves. Their identification can be difficult due 

to their structural complexity, polarity, and their capacity of existing not only as free, 

esterified, glycosylated or polymeric compounds but also complexed with proteins, 

carbohydrates, lipids or other plant compounds [31]. However, both MAE and PLE 

extractions enabled the detection of 11 phenolic acids derivatives. PLE showed the 

best recoveries for vanillin glucoside, coumaroylquinic acid isomer (peak 18), 4-p-

coumaroylquinic acid, and caffeoylquinic acid isomer (peak 15). Previous research has 

revealed that when the temperature is increased from 125ºC to 150ºC, nearly 20% of 

vanillin is lost [32]. By contrast, feruloylquinic acid isomers (peaks 20 and 26) were 

two-fold higher under MAE conditions, and 4-caffeoylquinic acid was also higher 

under these conditions. Moreover, an isomer of coumaroylquinic acid (RT 14.06) and 

caffeoylshikimic acid was detected only under MAE extraction conditions. 

Regarding lignans, although these compounds have been previously 

characterized in M. oleifera leaves, their concentration is very low compared to those 

of other bioactive compounds such as flavonoids. However, it bears mentioning that 

MAE seemed to extract isolariciresinol glycoside/lariciresinol glycoside and 

secoisilariciresinol glycoside better than did PLE.    

On the other hand, flavonoids have been demonstrated to exert positive effects 

on human health. These phytochemicals are the major bioactive constituents of M. 

oleifera leaves, led by quercetin and kaempferol derivatives, which are reported to be 

more powerful antioxidants than traditional vitamins are [33]. In addition, flavonoids 

from M. oleifera leaves also present anti-inflammatory effects [33]. Therefore, the 

selection of the extraction method is a critical step that should be carefully selected. In 

this sense, quercetin malonylglucoside (peak 36), quercetin-acetyl-glycoside isomer 

(peak 40), most of kaempferol acetyl glycoside isomers (peaks 43, 44 and 46), 

isorhamnetin-acetyl-glycoside isomer (peak 48), and kaempferol derivative (peak 55) 

were detected only in PLE extract, while quercetin sambubioside (peak 11), an isomer 

of quercetin-acetyl-glycoside (peak 45), an isomer of kaempferol acetyl glycoside 
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(peak 49), isorhamnetin-acetyl-glycoside (peak 52), and kaempferol-di-acetyl-

rhamnoside (peak 54) were detected in M. oleifera MAE extract but not in PLE 

extract. Consequently, it is necessary to adjust the extraction method depending of the 

target compounds which want to be analyzed. 

Quantitatively, the present results show that quercetin, kaempferol, quercetin-3-

O-glucoside, and both kaempferol-3-O-glucoside isomers and kaempferol acetyl 

glycoside isomer (RT 32.39) were also better extracted with MAE. As aforementioned, 

the use of higher temperatures can be beneficial for increasing solubility of compounds 

due to the increased intermolecular interaction in the solvent [14]. Previous reports 

have noted that compounds which have a greater number of hydroxyl groups are more 

easily degraded under high extraction temperatures [32]. This could be the case of 

kaempferol diglycoside, which was less efficiently extracted under higher temperature 

extraction conditions (MAE). However, the recovery of quercetin diglycoside, which 

has one more hydroxyl group in its skeleton, was similar under both extraction 

conditions. Coppin et al. observed that the flavonoid malonyl derivatives are not 

thermally stable and can easily lose malonyl groups to yield their respective flavonoid 

glycosides [33]. Our results showed that quercetin malonylglucoside was not detected 

in MAE extract, whereas quercetin-3-O-glucoside (peak 36) recovery was higher 

under the same conditions, a finding that reinforces the aforementioned observation. 

Despite that not all compounds followed the same trend, it is worth mentioning 

that other glycosylated compounds such as quercetin-hydroxy-methylglutaroyl 

glycoside (peak 37), quercetin-acetyl-glycoside isomers (peaks 39 and 40), kaempferol 

acetyl glycoside isomers (peaks 43, 44 and 46), isorhamnetin-acetyl-glycoside isomer 

(peak 48) or kaempferol derivative (peak 55) were mainly or only detected under PLE 

conditions (128ºC). As can be seen in Figure 2 and Table 3, flavonoids quercetin and 

kaempferol were better extracted under MAE conditions than under PLE. Thus, under 

optimal MAE conditions which implied using 42% of ethanol, the flavonol skeleton 

was prone to dissolve into ethanol. However, under PLE extraction conditions using 
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35% of ethanol, attached sugars had relatively high affinity with water due to their 

polarity and most of them were better extracted.  

Conclusions 

The current work shows that multi-RSM can be successfully used to optimize 

the extraction of bioactive compounds from M. oleifera leaves by MAE and PLE for 

maximizing TPC, TF, and antioxidant activity. Extraction yield under optimal PLE 

conditions was two-fold higher than MAE. Although TF content was also higher in M. 

oleifera PLE extract, the antioxidant activity and TPC were higher in MAE extract. In 

general, MAE and PLE seem to be good choices to extract bioactive compounds. 

Nevertheless, the extraction method should be selected depending on the target 

compounds to be isolated. In this sense, MAE conditions were not as suitable as those 

of PLE for extracting phenolic compounds having a higher number of hydroxyl-type 

substituents (kaempferol diglycoside and its acetyl derivatives or malonyl, hydroxyl or 

acetyl glycosylated of quercetin) and those that are sensitive to high temperatures 

(glucosinolates or amino acids). On the contrary, MAE allowed better recoveries of 

kaempferol, quercetin, and their glucosides derivatives. Despite that MAE and PLE 

have proven to be user friendly and techniques that provide short extraction times; 

optimal PLE conditions required less organic solvent and lower temperature than 

MAE for extracting bioactive compounds from M. oleifera leaves.    
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Abstract 

A green platform based on a three-step downstream processing included the use of 

supercritical carbon dioxide (ScCO2), carbon dioxide-expanded ethanol (CXE) and 

pressurized hot water (PHWE) extractions has been developed to obtain different 

fractions from Moringa oleifera leaves. Each process was optimized based on the 

extraction yield. Optimal extracts were functionally characterized by measuring total 

phenolic (TPC) and total flavonoid contents (TF). The antioxidant activity by TEAC 

assay was also tested. Moreover, a chemical characterization of the extracts was 

performed by GC-MS and HPLC–ESI–QTOF–MS. The extraction yields of the 

optimized process were 3.1, 29.5 and 30.2% respectively. The extraction of total 

phenolics was higher in PHWE than in CXE extract (62.4 vs. 20.3 GAE/g leaves) 

while TF showed the opposite (3.8 vs. 9.6 mg quercetin/g leaves respectively). ScCO2 

fraction was rich in fatty acids such as α-linoleic acid and alkanes. CXE fraction was 

richer in glycosylated flavonoids than PHWE while the latest fraction was richer in 

phenolic acids which could explain the higher antioxidant activity of this fraction (13.4 

g dry leaves) compared to CXE (6 mmol Eq trolox/100 g dry leaves). 
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 Introduction 

Nowadays, the demand of the functional foods, nutraceutical, pharmaceutical 

and cosmetic industries of new sources of bioactive compounds is increasing together 

with the public interest in herbal medicines and natural products. To achieve this goal, 

green technologies are emerging as the best alternative due to its reduction of energy 

consumption, allowing the use of alternative solvents, and because they ensure safe 

and high-quality extracts [1,2]. In this regard, extraction with compressed fluids  such 

as supercritical fluid extraction (SFE) or pressurized liquid extractions (PLE) using 

ethanol, water or CO2 as green solvents is being successfully used for the extraction of 

nutraceuticals from plant matrices [3-7]. Supercritical fluids are defined as substances 

with physicochemical properties intermediate between gases and liquids at 

temperature and pressure above their critical points. Among available supercritical 

fluids, CO2 (critical point: 7.4 MPa and 32ºC) is the most commonly used to extract 

volatiles and essential oils from plants due to its low polarity, mild critical conditions, 

non-flammability, availability with high purity at relatively low cost, and easiness to 

be removed from the extract leaving no residues [8,11,12]. However, the use of co-

solvents becomes sometimes necessary to increase the extraction efficiency of SFE 

when the target compounds present mid-polarity [9,13]. In this regard, ethanol 

(concentrations from 1 to 10%) is the most employed because it is easily available in 

high purity, has a low cost, is completely biodegradable and GRAS (Generally 

Recognized as Safe) for the food industry; moreover, it favors the extraction of 

polyphenols and flavonols, among other bioactive compounds, from plant matrices [2]. 

The use of a co-solvent at higher concentration allows working in the region of gas-

expanded liquids (GXLs) [14], which are mixed solvents composed of an organic 

solvent and a compressible gas, usually CO2. This approach has proven to decrease 

interfacial tension, to reduce viscosity and to improve diffusivity compared to pure 

solvent, thus producing an enhancement of mass transfer in a similar way that scCO2 

[15]. Despite the great potential that GXLs have demonstrated, only a few studies have 
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been described in the literature focused on the extraction of valuable compounds 

(mainly pigments and fatty acids) from algae [8,16,17].  

On the other hand, PLE has been extensively employed for the extraction of 

phenolic compounds, lignans, carotenoids, among other bioactive compounds from 

plants [4-6,18]. There are many excellent reviews which explain the fundamentals and 

applications of PLE [9,19,20]. Briefly, PLE uses liquid solvents at elevated 

temperatures, above their atmospheric boiling point, and controlled pressure enhancing 

the solubility and mass transfer properties [19]. When the solvent employed is pure 

water this technique is so-called pressurized hot water extraction (PHWE) or 

subcritical water extraction (SWE). The main parameter that affects the extraction is 

the temperature due to the change in the physicochemical properties of water at high 

temperatures. This change can be positive since can affect the selectivity of the water 

as a solvent (by change on the dielectric constant of water and therefore on its polarity) 

[21] or negative since large exposition at high temperatures can cause thermal 

decomposition of labile compounds [22]. 

Nevertheless, bioactive compounds have been traditionally extracted depending 

on the target family group adapting, thus, the most suitable extraction system for each 

group of compounds and comparing two or several extraction techniques. Recent 

trends in the development of green processes for extracting bioactive compounds focus 

on the idea of developing a platform involving multiple sequential processes in order 

to exhaust the sample. In this way, the downstream processing emerged as a successful 

way to obtain valuable compounds from different fractions of plant materials using 

consecutive extraction techniques over the same matrix [16].  

Moringa oleifera Lam (M. oleifera), commonly known as moringa, has been 

used in traditional medicine [23,24]. Apart from its high potential as antioxidant, other 

studies in vivo have revealed the remarkable activity of moringa leaves as antidiabetic 

[25], anticarcinogenic [26,27], hepato-protective [28], hypotensive and 

cardioprotective, among other activities. In addition, M. oleifera leaves have been 
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orally tested as antifungal agent [29]. Its bioactivity is related to its chemical 

composition. Particularly, moringa leaves have proved to be a complex matrix that 

includes essential oils, fatty acids, aminoacids and derivatives, organic acids, phenolic 

acid and derivatives, thioglycosides, lignans and flavonoids [23,30,31]. Few studies 

have been conducted on the use of advanced green technologies for the extraction of 

bioactive compounds from M. oleifera leaves [5,30,31]. Besides, no extraction studies 

for downstream processing of bioactive compounds from moringa or moringa leaves 

are available. Then, the main objective of the present work was to develop a green 

platform, based on the use of compressed fluids, to extract the main valuable bioactive 

compounds from M. oleifera leaves in order to achieve different fractions with 

different composition. Thus, a three-step downstream processing has been studied 

including the use of supercritical carbon dioxide, CO2-expanded ethanol and 

pressurized hot water extraction. An in depth chemical and functional characterization 

of the different fractions has been carried out in order to better understand the 

applicability and possibilities of the different extraction processes integrated in the 

platform.  

 Materials and methods 

Samples and chemicals 

The leaves of M. oleifera collected from Madagascar in 2010 were identified by 

the National Center for environmental research (CNRE), Antanarivo, (Madagascar, 

Africa) where the voucher specimen was deposited. Branches from the tree were 

plucked by hand and laid on shelves 3 m long, 30 cm wide and 50 cm apart in a dry 

place with good ventilation and in darkness. Two weeks later, the leaves were crushed 

with a stone mortar and the dust obtained was stored in darkness in a dry, fresh place 

until their treatment. 

Ethanol absolute was purchased from TechniSolv (VWR International, France), 

sea sand was from Panreac (Barcelona, Spain), HPLC–MS acetonitrile was purchased 

from Fisher (Thermo Fisher Scientific UK, Bishop Meadow Road, Loughborough, 
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Leicestershire, UK), hexane from VWR and acetic acid of analytical grade (purity 

> 99.5%) was acquired from Fluka (Switzerland). Distilled water with a resistance of 

18.2 MΩ was deionized in a Milli-Q system (Bedford, MA, USA). 

Downstream processing  

The green compressed fluids platform was designed using a home-made 

supercritical fluid extractor that consists in two pumps for CO2 and ethanol PU2080 

from Jasco (Tokyo, Japan), a home-built oven and a manual back pressure regulator 

LF-540 from Pressure Tech (Hadfield, United Kingdom).  

For the extraction, 1 g of sample was mixed with 1 g of sea sand, and glass 

wool was packed at both ends of the extractor to stop entrainment of the sample. Three 

consecutive steps, in increasing order of polarity, were carried out namely supercritical 

CO2 (ScCO2), carbon dioxide-expanded ethanol (CXE) and pressurized hot water 

extraction (PHWE). The extraction vessel were weighed before and after each 

extraction to determine the extraction yield, expressed as the percentage of the mass 

extracted to the dry mass of M. oleifera leaves loaded into the extraction vessel. 

Step 1. The first step consisted on a SFE of the non-polar fraction using ScCO2.  

A constant flow rate of premier quality CO2 (Carburos metálicos, Madrid, Spain) was 

established at 2 mL/min and temperatures from 40 to 60°C and pressure from 10 MPa 

to 20 MPa were tested, leading to six experimental combinations which were done in 

duplicate. In order to fix the extraction time, a kinetic study was performed at the 

midpoint of the experimental conditions (50°C, 15 MPa) for 180 min. During this 

time, the extraction yield was measured every 20 min and extracts were collected in 15 

mL-falcon tubes protected from light that were placed in an ice bath. Finally the 

extracts were stored under -80°C to prevent their degradation until analysis. 

Step 2. In order to increase the polarity of the extract, a carbon dioxide-

expanded ethanol (CXE) extraction was carried out. The extraction was performed in 

the residual biomass from the first step. In this step, a low extraction pressure was 
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selected (7 MPa), temperature was fixed at 50ºC and the co-solvent pump was 

operated at 1, 1.2 and 1.4 mL/min to obtain mixtures containing 50, 60 and 70% of 

ethanol (w/w) respectively. Each extraction was done in duplicate. In this experiment a 

kinetic study was also carried out at the central point of the experimental conditions, 

that is, 1.2 mL/min (ethanol 60%), collecting the extract every 20 min for a total 

extraction time of 200 min and using the biomass remained from the previous step 

Extracts by CXE were collected in 100 mL-bottles protected from light which were 

placed in an ice bath during the dynamic extractions. Solvent from all extracts was 

removed under a stream of N2. Finally the extracts were stored under -80°C to prevent 

their degradation until analysis. 

Step 3. The last step involved the use of Pressurized Hot Water Extraction 

(PHWE) to extract the most polar compounds from the residue from the previous two 

extractions. In this step, pressure was maintained at 7 MPa. After performing a kinetic 

study at 125°C for 160 min, samples were freeze-dried in a freeze-dryer (Lyobeta, 

Telstar, Terrassa, Spain) and weighed; the extraction time was selected based on these 

results. Temperatures from 50 to 200°C were tested. Extracts by PHWE were collected 

in 100 mL-bottles protected from light which were placed in an ice bath during the 

dynamic extractions. Once the samples were freeze-dried, the extracts were stored 

under -80°C to prevent their degradation until analysis. 

After optimizing all the extraction methods, the optimal extraction conditions were 

reproduced in triplicate. 

Total phenolic content (TPC) and total flavonoid content (TFC) 

The total phenolic content (TPC) of the obtained extracts was determined using 

the Folin–Ciocalteu assay [31] measuring the absorbance at 760 nm, and was 

calculated as mean ± SD and expressed as mg of Eq gallic acid per g of dry leaves. 

The total flavonoid content (TFC) was measured by means of the aluminum chloride 

colorimetric method proposed by Woisky et al. [32]  with some modifications. Briefly, 

240 µL of methanolic reference solutions of quercetin (from 4 to 14 µg/mL) and 100 
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µL of each sample, following by 60 µL of AlCl3 8 mM were added into each well. 

Then, the absorbance was measured at 425 nm after 30 min of incubation in darkness, 

The TF content was calculated as mean ± SD and results were expressed as mg of Eq 

quercetin/g of dry leaves. 

All measurements were made in triplicate by a Synergy Mx Monochromator-

Based Multi-Mode Micro plate reader, by Bio-Tek Instruments Inc. (Winooski, VT, 

USA) by using 96-well polystyrene microplates. 

Trolox equivalent antioxidant capacity (TEAC) assay 

In order to determine the antioxidant activity of the more polar extracts, the 

trolox equivalent antioxidant capacity assay was carried out according with the 

modified method proposed by Morales-Soto et al. [33]. This assay is based on the 

variation in the long wavelength absorption (λmax = 734 nm) scavenging of the 2,2′-

azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) radical (ABTS
•
) converting it into a 

colorless product in the presence of antioxidant compounds such as phenolic 

compounds. The antioxidant activity was calculated as mean ± SD and data were 

expressed as mmol Eq Trolox/100 g of dry leaves respectively. Measurements were 

made in triplicate by the abovementioned Micro plate reader.  

Extract composition  

Gas chromatography-mass spectrometry analysis of moringa extracts 

A GCMS-QP2010 plus system (Shimadzu, Kyoto, Japan) equipped with a DB-

5ms column (30 m × 0.25 mm I.D. × 0.25 µm df, Quadrex Corporation, Woodbridge, 

CT) was used. The separation was performed according with the method proposed by 

Sánchez-Camargo et al. [34]. The data collection and handling were performed using 

the GCMS solution (ver. 2.50 SU3, Shimadzu) software. The system was equipped 

with a commercial mass spectral database (Wiley) that was employed to identify the 

separated compounds as well as using their respective linear retention indices (LRIs). 
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For determination of the LRIs, a hydrocarbon mixture ranging from C8 to C30 was 

employed, and it was analyzed under the same experimental conditions as the samples. 

HPLC-ESI-QTOF-MS characterization of moringa extracts 

Analyses were carried out by an Agilent 1200 series HPLC (Santa Clara, CA, 

USA) equipped with a binary pump, an autosampler and DAD. Separation was made 

at room temperature using a Zorbax Eclipse Plus C18 rapid resolution column (1.8 μm, 

150 × 4.6 mm I.D.) (Agilent Technologies, Palo Alto, CA, USA), according to the 

method previously described in Rodríguez-Pérez et al. [31]. The compounds detection 

was carried out using a quadrupole time-of-flight (QTOF) mass spectrometer (Agilent 

6540) equipped with Jet Stream dual electrospray ionization (ESI) interface operating 

in negative ionization mode. To maintain mass accuracy during the run time, a 

reference mass solution containing ions m/z 112.985587 (trifluroacetate anion) and 

1033.988109 (trifluroacetic adduct of hexakis (1H, 1H, 3H-tetrafluoropropoxy) 

phosphazine or HP-921) was continuously infused. Automatic MS/MS experiments 

were performed adjusting the collision energy values as follows: m/z 100, 

20 eV; m/z 500, 30 eV; m/z 1000, 35 eV; and using nitrogen as the collision gas. Data 

acquisition in profile mode was governed via MassHunter Workstation Software 

(Agilent Technologies). Data analysis was performed on MassHunter Qualitative 

Analysis Version B.06.00 (Agilent Technologies).  

Statistical analysis 

A one-way analysis of variance (ANOVA) following by Tukey‘s test using 

Origin Pro 8 SR0 (OriginLab Corporation, Northampton, MA, USA) was done in 

order to evaluate the statistical differences at 95% confidence level (p ≤ 0.05) between 

each studied extraction parameter. 

 Results and discussion 

A green processing platform based on the use of compressed fluids (scCO2, 

ethanol and water) was developed and optimized in our laboratory as a downstream 
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process to recover the maximum amount and variety of bioactive compounds from M. 

oleifera leaves. To do so, three sequential steps were designed considering an 

increasing order of polarity of the solvents: SFE with CO2, GXL with ethanol and 

PHWE with water.  

Extraction kinetics 

Figure 1 shows the overall extraction curves obtained for the three kinetic 

extraction processes in terms of mg extracted versus time. As can be seen, the curves 

profiles are quite different, not only in terms of amount extracted but also in its shape.  

Several authors have previously described adjusted mathematical models for 

extraction kinetics [35,36]. Extraction curves are characterized by three time periods: a 

constant extraction rate period (CER), characterized by the extraction of the solute 

contained in the surface of the particles, that is, easily accessible. The mass transfer in 

this step is controlled by convection. A falling extraction rate period (FER), in which 

most of the easily accessible solute has been extracted and mass transfer starts to be 

controlled by diffusion. And, finally a diffusion controlled rate period (DCR), in which 

the easily extractable solute has been completely removed and the extraction process is 

controlled by the diffusion of the solvent inside the particles and the diffusion of solute 

+ solvent to the surface. Those periods have been marked with different dashed lines 

in Figure 1 for the three extraction processes considered in the present work. 

In the SFE (50°C and 15 MPa) kinetics extraction curve (Figure 1, top) more 

than 60% of the total extractable material was extracted in the first 20 min. The rate of 

extraction was 1.12 mg/min in the CER period. Meanwhile, in the FER period the rate 

decreased to 0.55 mg/min and finally in the last period (DCR) the extraction rate 

decreased to 0.03 mg/min. After 60 min, the extraction recovery was 92.33% (data not 

shown), thus, 60 minutes were considered enough to extract most of the valuable 

material and therefore was the time selected for further studies. 
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A similar extraction curve can be observed for CXE 50ºC, 7 MPa and 60% 

EtOH (Figure 1, middle), but in this case the extraction can be considered more 

efficient. The first period extracted the 35% of the total extractable material at a rate of 

2.07 mg/min in 20 min, then the second period showed a slightly higher extraction rate 

than SFE, in this particular case, 0.62 mg/min, and, finally, the diffusion period had a 

faster extraction rate than SFE, 0.27 mg/min. The optimal extraction time, that allowed 

extracting 87.91% of the total weight (data not shown), was established as 160 min.   

In Figure 1, bottom, the kinetics for PHWE at 125ºC and 7 MPa is shown. As 

can be seen, only two periods could be appreciated. This was the faster extraction of 

the three. In the CER period more than 80% of the total extractable material was 

obtained at a rate of 14.67 mg/min in 30 min. No FER period was found and, finally, 

the diffusion controlled rate was 0.44 mg/min. The kinetics study revealed an optimal 

extraction time of 60 min that allowed close to 90% of the total weight (data not 

shown). 
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 1 
 

Figure 1. Kinetics of the three different steps evaluated at midpoint of the corresponding 

experimental conditions: a) SFE 50°C and 15 MPa; b) CXE 50ºC, 7 MPa and 60% EtOH; c) 

PHWE 125ºC and 7 MPa. Different dashed lines indicate different periods of extraction: – – 

(CER), – ·· – (FER), – · – (DCR) (see text for explanation). 
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Optimization of supercritical CO2 extraction of moringa leaves (Step 1) 

Most works devoted to the extraction of bioactive compounds from vegetable 

matrices by SFE have concentrated in temperatures within 40-60ºC to avoid 

degradation of thermal labile compounds; therefore, conditions selected to perform the 

study were: 40 and 60ºC at 10 and 20 MPa and 50ºC at 15 MPa. The different 

experiments provided extraction yields ranging from 13.7 mg/g to 31 mg/g 

(corresponding to 1.37%-3.1% w/w), which are displayed in Figure 2a. Compared to 

others research focus on the extraction of essential oils from this matrix by 

conventional extraction methods such as hydrodistillation [37] scCO2 resulted in 

higher oil extraction yields. 

The effect of temperature and pressure on the extraction yield by scCO2 has 

been widely studied [7,38]. Theoretically, the extraction yield should be enhanced 

significantly with increasing pressure at a constant temperature leading to a higher 

fluid density, thus, increasing the solubility of the oil. This effect can be observed in 

our experiments (Figure 2a) where at constant temperature of, both, 40 and 60ºC, the 

higher extraction yields were reached at higher pressure. A recent study has shown 

similar results keeping constant the temperature at 30ºC and testing pressures from 15 

to 35 MPa, being the last one that allowed higher extraction yields [39]. In contrast, 

the effect of temperature is not so straightforward, generally, increasing the 

temperature at a constant pressure, promotes two opposite effects; on one hand, it 

reduces the solvent power of CO2 by a decrease of the density, and, on the other hand, 

it increases the vapor pressure of solutes which can be more easily transferred to the 

supercritical phase. The balanced effect on the solubility of the solute in the 

supercritical solvent depends on the operating pressure. In Figure 2a, it can be seen 

that increasing the temperature from 40 to 60°C at low pressure (10 MPa), there is a 

decrease in fluid density and, therefore, the extraction yields are lower at 60°C. But, at 

slightly higher pressure (15 and 20 MPa), the increase in the vapor pressure prevails, 

thus the solubility increases with the temperature. In our particular conditions, there 

were no significant differences between 50ºC and 15 MPa and 60ºC and 20 MPa 
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which provided the higher extraction yields. In order to minimize the operational cost, 

50ºC and 15 MPa conditions were selected as the most appropriate for the first step in 

the downstream processing of moringa leaves. These results are quite in agreement 

with a previous study that concluded that 60ºC was the optimal temperature to extract 

oil from M. oleifera leaves by SFE [30].  
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Figure 2. Extraction recoveries at the different experimental conditions tested for: a) SFE; b) 

CXE and c) PHWE. Mean values with different superscript letters are significantly different 

(p < 0.05). 
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Optimization of carbon dioxide expanded ethanol (CXE) extraction of 

moringa leaves (Step 2) 

Once fixed the optimal extraction parameters (50ºC and 15 MPa for 60 min) in 

the previous step, the same temperature (50ºC) was used to avoid the heating or 

cooling of the system, allowing minimizing energy consumption. As mentioned in 

previous section, 160 min were established as extraction time for this second step.  

Many bioactive compounds such as phenolic or glycosidic compounds, among 

others are poorly soluble in CO2, conditioning their extraction. However, the use of 

polar solvent during the extraction with carbon dioxide has been demonstrated to 

increase the solubility of phenolic compounds [40]. The main industrial advantages 

that GXL presents are two: it allows working at low pressures (compared to scCO2) 

and using less amount of organic solvent (compared to PLE) [15].  

Results obtained by studying the different extraction conditions with CO2 

expanded ethanol (50, 60 and 70% w/w) are displayed in Figure 2b. Significant 

differences were found among the use of 50 and 60% of ethanol (see Figure 2b), 

being 60% of ethanol the one that allowed the highest extraction yield, near 30%. Our 

results showed that even using 50% of ethanol the extraction yield is more than two-

fold higher that using only scCO2. In spite that there are not researches conducted to 

extract bioactive compounds in plant leaves by GXL, some studies carried out on 

microalgae demonstrated that the extraction yield (%, w/w) for GXL increased by 

increasing ethanol fraction (%) in the solvent up to 50% [17] and up to 70% [15]. This 

could be explained by the enhancement of the solubility of solid and liquids solutes in 

the presence of higher concentrations of organic solvents.  

Compared to conventional extraction systems, CXE has proven to be more 

efficient for the extraction of compounds from M. oleifera leaves compared to 

conventional extraction system such as maceration, percolation, squeezing, decoction 

and soxhlet extractions [42]. In addition, GXL advantages include recovery and 

recycle of both the organic compound and CO2 through depressurization, which is less 

energy intensive than standard separation techniques, moderate operating pressures 
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compared to the use of supercritical CO2, and enhanced transport rates and reaction 

rates, compared to pure organic solvents in which the difficult separation of the solvent 

residue as well as harsh environmental impacts must be highlighted [42]. 

Optimization of PHWE extraction of moringa leaves (Step 3) 

The last step was performed under pressurized conditions using water at 

different temperatures (50, 125 and 200ºC) as a solvent. In PHWE, pressure is usually 

varied from 1 to 8 MPa to maintain water in its liquid phase at the extraction 

temperature [20]. In our experiments, the pressure was maintained at 7 MPa and the 

extraction time was fixed at 60 min.  

Temperature is the main factor that affects the extraction efficiency and 

selectivity in PHWE [20,21]. As expected, maximum temperature tested (200ºC) was 

proposed as the optimum condition in PHWE in terms of extraction yield. However, 

for the extraction of thermolabile compounds, high temperatures may cause the 

degradation of extracts. Matshediso et al. [5] noticed that increasing the temperature 

resulted in increased concentrations of flavonols that could be explained for the 

decreasing of polarity of water with the temperature, thus becoming less polar and 

more ready to solubilize medium polarity compounds. The same authors concluded 

that the optimum temperature for extracting flavonols by PHWE was 100ºC and that at 

temperatures higher than 150ºC, the content of flavonoids decreased drastically [5]. A 

principal component analysis (PCA) carried out extracting compounds from M. 

oleifera leaves by PHWE at 50, 100 and 200ºC, revealed differential clustering of 

samples extracted at different temperatures, being samples extracted at 200ºC less 

stable than the others [22]. Thus, in order to achieve a compromise between the 

quantity and the quality of M. oleifera leaves extracts, the optimal temperature was 

fixed at 125ºC. 

Thus, the final selected conditions were: step 1, 10 MPa, 50ºC and 60 min; step 

2, 7 MPa, 60% EtOH, 50ºC and 160 min and step 3, 7 MPa, 100% water, 125ºC and 

60 min. Finally, a total extraction time of 280 min allowed obtained different fractions 
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rich in different bioactive compounds from M. oleifera leaves with different polarities 

which were consecutively analyzed. 

Total phenolic compounds and total flavonoids content 

To have a preliminary overview on the composition of M. oleifera leaves 

extracts, total phenolic compounds and total flavonoids content were determined and 

their results are depicted in Figure 5. In this regard, CXE fraction allowed the 

extraction of less content of total phenolics (20.3 ± 0.3 mg GAE/g of dry leaves) 

compared to PHWE extract (62.4 ± 1.3 mg GAE/g of dry leaves). The opposite trend 

was found for total flavonoids content, in which CXE  resulted the most suitable 

extraction technique for flavonoids (9.6 ± 0.2 Eq quercetin/g of dry leaves) compared 

to PHWE (3.8 ± 0.1 Eq quercetin/g of dry leaves). Results will be discussed later 

together with the characterized compounds.  

Compound characterization by GC-MS 

The volatile profiles of the fractions obtained by scCO2 and CXE are displayed 

in Figure 3. Table 1 summarizes the compounds identified in the different fractions 

and their relative contributions, their retention times and linear retention indices (LRIs) 

employed to confirm their identity. In addition, the identification of those compounds 

whose retention index was not confirmed in databases was carried out comparing their 

mass spectra from NIST/EPA/NIH databases and the WILEY library. Besides, alkanes 

were identified comparing their retention time with the standards. Despite the chemical 

composition of both fractions analyzed by GC-MS presented similar profiles, some 

variations in the qualitative and quantitative composition can be seen (Table 1). The 

results revealed a total of 17 and 20 compounds for SFE and CXE respectively. In 

general, volatile fractions were composed by alcohols (linalool, eudsm-11-en-4α, 6α-

diol, 1-hexacosanol), ketones (pyran-4-one derivative and, 1-cyclohexyl-ethanone), 

organic and fatty acids (palmitic acid, stearic cid, oleic acid and, 3-

hydroxyoctadecanoic acid), esters (heptyl isobutyrate, octadecanal, methyl 

octadecanoate, ethyl octadecanoate, methyl nonadecanoate, methyl eicosanoate, 
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Trimethylsilyl icosanoate, ethyl eicosinoate, ethyl behenate and methyl 23-

oxotetracosanoate), and alkanes (nonadecane, octacosane, nonacosane and tricontane) 

according to their nature. In general, CXE was more suitable for extracting ketones 

and esters compared to SFE. The most abundant compounds in both extracts were the 

alkanes named octacosane, nonacosane and tricontane. These results are consistent 

with those presented by [29,30,40] who found alkanes the most abundant volatile 

compounds in moringa leaves. If compared to conventional extraction techniques such 

as soxhlet or distillation, it can be seen that SFE is more selective extraction technique, 

allowing less extraction of compounds than the abovementioned techniques probably 

due to the CO2 pulling of some compounds [28,29]. In addition to be a greener and 

faster technique than conventional extraction, the selectivity of SFE allowed obtaining 

extracts with fewer chromatographically interfering components. Beside these 

majority compounds, minor amount of fatty acids were found in moringa leaves. 

Authors such as Saini et al. [43] extracted 15 fatty acids from the leaves of M. oleifera 

from Indian cultivars by solid-liquid extraction using chloroform and methanol. They 

concluded that fatty acids composition of moringa could enhance the health benefits of 

moringa-based products. However, the selection of the extraction technique has to be a 

result of a compromise between the efficiency of extraction, the type and amount of 

target compounds and the cost, time, safety and degree of automation. 
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Figure 3.Volatile profiles of the fractions obtained by scCO2 (a) and CXE (b) from GC-MS analysis. 



 

 

 

 

Table 1. Identified compounds by GC-MS and percentage relative to total peak area in SFE and CXE extracts. 

ID 
RT 

(min) 

Calculated 

LRI
a
 

References 

LRI 
Proposed compound Formula 

% Area
e
  

SFE CXE 

1 9.413 1138 1099 
b,c,d

 linalool C10H18O ND 0.19 

2 14.433 1241 1248
 b,c,d

 Heptyl isobutyrate C6H12O2 ND 0.89 

3 17.482 1436 --
c,
 pyran-4-one derivative C6H8O4 ND 3.15 

4 23.972 1578 --
 c,d

 1-Cyclohexyl-ethanone C8H14O ND 2.95 

5 37.727 1874 1807
 b,c,d

 Eudesm-11-en-4α, 6α-diol C15H26O 0.53 0.21 

6 38.103 1900 1900
 b,c,d

 Nonadecane C13H28 0.17 ND 

7 40.872 1999 1990
 b,c,d

 Palmitic acid C16H32O2 0.13 0.22 

8 41.114 2138 2091
 b,c,d

 Octadecanal C18H36O 0.70 8.90 

9 41.358 2164 2128 
b,c,d

 Methyl octadecanoate C19H38O2 ND 2.51 

10 41.526 2182 2194
 b,c,d

 Ethyl octadecanoate C20H40O2 1.92 15.24 

11 42.059 2244 2228
 b,c,d

 Methyl nonadecanoate C20H40O2 0.46 ND 

12 42.526 2291 2178 
b,c,d

 Oleic acid C16H34O2 ND 1.24 

13 42.539 2309 2332
b,c,d

 Methyl eicosanoate C21H42O2 3.41 ND 

14 42.844 2343 2385
 c,d

 Trimethylsilyl icosanoate C23H48O2Si 6.29 1.32 

15 43.286 2398 2200
c,d 

Stearic acid C18H36O2 ND 0.33 

16 43.481 2430 2400
c,d

 Ethyl eicosinoate C22H44O2 2.30 1.98 

17 43.879 2484 2482
 b,c,d

 palmitoylglycerol C19H38O4 7.54 1.55 

18 43.946 2497 2430
 b,c,d

 3-hydroxyoctadecanoic acid C18H36O3 0.66 ND 

19 44.103 2509 2574
 b,c,d

 Ethyl behenate C24H48O2 1.60 ND 

20 45.403 2812 -- 
c
 Methyl 23-oxotetracosanoate C25H48O3 1.37 4.92 



 

 

        

Table 1. (Continued) 

21 45.809 2842 2800
c,d

 Octacosane C28H58  6.79 4.18 

22 46.652 2889 2526
c,d

 Non-identified C22H44O2 0.75 0.81 

23 46.962 2941 2900
 b,c,d

 Nonacosane C29H60  19.07 9.49 

24 48.218 2998 2884
 b,c,d

 1-Hexacosanol C26H54O 0.10 0.23 

25 48.930 3066 
 
3000

b,c,d
 Tricontane C30H62  33.67 15.47 

a
 Linear Retention Indices (LRI) on DB-5 MS capillary column; 

b
Peak identified based on Kovats Index; 

c
 Peak identified based on Wiley library; 

d
 Peak identified 

based  on literature; 
e 
Relative area (percent of total peak area: 1.21 x 10

8
 for SFE; 9.26 x 10

7
 for CXE); ND, non-detected. 
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Compound characterization by HPLC-ESI-QTOF-MS  

Moringa leaves fractions obtained in the second (CXE) and third (PHWE) steps 

of the sequential process were analyzed by using HPLC–ESI–QTOF–MS in negative 

ionization mode, in order to characterize the bioactive compounds present in this 

matrix. Peak identification was performed by generation of the candidate formula with 

a mass accuracy limit of 10 ppm and also considering their MS and MS/MS spectra 

determined by QTOF–MS and data from the literature. For the acquisition of chemical 

structure information and data from literature, the following databases were consulted: 

SciFinder Scholar (http://scifinder.cas.org), MassBank (http://massbank.jp), and 

METLIN Metabolite Database (http://metlin.scripps.edu).  

Figure 4 shows the base peak chromatograms (BPCs) at the same intensity of 

each moringa leaves fractions extracted under optimal conditions, where each peak 

was numbered according to its elution order. Furthermore, Table 2 shows the overall 

results: retention time (RT), experimental m/z of negative molecular ions ([M - H]
-
), 

molecular formula, mass error, main MS
2
 fragments and the relative abundance of 

each compound (normalized using apigenin as internal standard). A total of 50 

compounds were tentatively characterized in both fractions including essential amino 

acids, nucleosides, organic acids, phenolic acids and derivatives, thioglycosides, 

lignans and flavonoids. 

http://scifinder.cas.org/
http://massbank.jp/
http://metlin.scripps.edu/
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Figure 4. Base-Peak Chromatogram (BPC) of M. oleifera leaves fractions obtained by CXE (a) and PHWE (b) analyzed by HPLC-ESI-QTOF-

MS in negative ionization mode. 

 



 

 

Table 2. HPLC-ESI-QTOF-MS data of the compounds identified in Moringa oleifera leaf extracted by CXE 60% and PHWE 125°C. 

Peak
a
 RT [M - H]

-
 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
    Compound 

Area
c
  

CXE         PHWE 

Aminoacids 

13 10.31 164.0708 C9 H11 N O2 5.3 

103.0555 (100); 72.0095 

(93.05); 77.0399 (31.001); 

147.0451 (19.42) 

L-phenylalanine 0.21 0.24 

16 13.37 203.081 C11 H12 N2 O2 8 116.0503 (100) L-tryptophan 0.06 0.05 

Nucleosides 

6 4.92 150.0418 C5 H5 N5 O 2 135.0310 (100) Guanine isomer ND 0.59 

8 7.01 150.0415 C5 H5 N5 O 4.3 135.0323 (100) Guanine isomer ND 0.17 

10 8.38 266.0896 C10 H13 N5 O4 0.5 134.0435 (100) Adenosine ND 0.03 

11 8.62 282.0823 C10 H13 N5 O5 6.7 
150.0441 (100); 133.0172 

(27.5) 
Guanosine ND 0.05 

Organic acids 

1 3.05 195.0517 C6 H12 O7 3.5 
75.0099 (100); 59.0148 (25.73); 

71.0148 (10) 
Gluconic acid ND 1.53 

2 3.26 191.0578 C7 H12 O6 8.6 127.0387 (100) Quinic acid isomer 1.39 2.36 

3 3.45 191.0556 C7 H12 O6 2.6 127.0397 (100) Quinic acid isomer ND 0.82 

4 3.78 133.0134 C4 H6 O5 6.2 

71.015 (100); 72.9942 (45.12); 

115.0037 (1.26); 59.0151 

(10.36) 

Malic acid ND 0.04 

 



 

 

Table 2. (Continued) 

Peak
a
 RT [M - H]

-
 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
    Compound 

Area
c
  

CXE         PHWE 

7 5.22 191.0192 C6 H8 O7 2.7 
87.0092 (100); 111.0083 

(65.44) 
Citric acid ND 0.2 

44 42.5 327.2169 C18 H32 O5 4.7 
211.1349 (100); 229.1484 

(45.06); 171.1024 (33.95) 

Trihydroxyoctadecadienoic 

acid 
0.24 ND 

45 46.23 307.1919 C18 H28 O4 1.3 139.1129 (100); 171.139 (52) Methylgingerol 0.18 ND 

46 47.36 309.2062 C18 H30 O4 3.2 

171.1038 (100); 71.0499 

(71.07); 291.1988 (66.36); 

137.0981 (43.45); 185.1187 

(31.47); 251.1678 (30.44) 

Hydroperoxy-octadecatrienoic 

acid isomer 
0.17 ND 

47 48.85 309.2062 C18 H30 O4 0.1 
171.1035 (100); 291.1988 (65); 

251.1668 (20) 

Hydroperoxy-octadecatrienoic 

acid isomer 
0.15 ND 

48 57.63 293.2128 C18 H30 O3 2 

183.1398 (100); 171.103 (75.3); 

121.1023 (63.26); 275.2024 

(59.95); 293.213 (19.93) 

9-Hydroxyoctadeca-10,12,15-

trienoic acid  
0.78 ND 

49 57.77 293.2126 C18 H30 O3 1.4 

183.1374 (100); 171.1009 

(26.67); 121.102 (23.69): 

275.1965 (22.21); 293..2067 

(13.26) 

13-Hydroxyoctadeca-9,11,15-

trienoic acid isomer 
0.45 ND 

50 58.08 293.2135 C18 H30 O3 4.4 

275.2034 (100); 235.1716 

(75.82); 59.0137 (61.89); 

195.1397 (59.64); 293.2137 

(53.02) 

13-Hydroxyoctadeca-9,11,15-

trienoic acid isomer 
1.55 ND 

 

 



 

 

Table 2. (Continued) 

Peak
a
 RT [M - H]

-
 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
    Compound 

Area
c
  

  CXE           PHWE 

12 9.12 353.087 C16 H18 O9 2.3 
191.0613 (100); 135.0478 

(83.55); 179.036 (78.81) 
Caffeoylquinic acid isomer ND 0.02 

14 11.56 315.1081 C14 H20 O8 1.3 153.0501 (100)  Vanillin glucoside 0.03 0.17 

15 12.18 353.0887 C16 H18 O9 2.6 

173.0467 (100); 135.0463 

(97.07); 191.0557 (94.36); 

179.0339 (80.61)  

Caffeoylquinic acid isomer 0.27 1.28 

17 13.95 337.0913 C16 H18 O8 4.6 
119.0548 (100); 163.0443 

(92.29) 
Coumaroylquinic acid isomer 0.17 0.91 

18 14.08 337.0922 C16 H18 O8 2.2 
119.0519 (100); 163.0424 

(94.2); 191.0588 (30.29) 
Coumaroylquinic acid isomer 0.12 0.34 

19 14.85 367.1019 C17 H20 O9 4.3 
134.0408 (100); 193.0541 

(67.82) 
Feruloylquinic acid isomer 0.04 0.28 

20 15.26 353.0885 C16 H18 O9 2.1 

135.0502 (100); 191.062 

(90.19); 173.0511 (88.98); 

179.041 (55.14) 

Caffeoylquinic acid isomer 0.23 1.28 

23 17.2 337.0926 C16 H18 O8 0.8 

173.0482 (100); 191.0589 

(72.97); 119.0517 (36.87); 

163.0422 (30.92) 

Coumaroylquinic acid isomer 0.06 0.19 

24 17.36 337.0923 C16 H18 O8 1.6 
173.0509 (100); 119.0543 

(16.59); 163.0446 (13.36) 
Coumaroylquinic acid isomer 0.13 0.61 

26 18.02 367.1031 C17 H20 O9 1 
173.0476 (100); 134.0395 

(37.57); 193.0524 (17.22) 
Feruloylquinic acid isomer 0.03 0.1 

28 18.78 335.077 C16 H16 O8 0.8 
161.0252 (100); 133.0301 

(13.62) 
Caffeoylshikimic acid ND 0.01 

         



 

 

Table 2. (Continued) 

Peak
a
 RT [M - H]

-
 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
    Compound 

Area
c
  

    CXE           PHWE 

Thioglycosides (Glucosinolates)       

5 3.98 570.0956 C20 H29 N O14 S2 0.1 
96.9635 (100); 259.0111 

(19.41); 328.0808 (17.85) 
Glucomoringin isomer 0.5 ND 

9 7.46 570.0961 C20 H29 N O14 S2 0.8 
96.9637 (100); 259.0111 (19.6); 

328.0808 (18.04) 
Glucomoringin isomer 0.14 7.56 

Lignans 

29 19.03 521.2019 C26 H34 O11 1.9 359.1487 (100) 

Isolariciresinol 

glycoside/lariciresinol 

glycoside isomer 

0.03 ND 

32 21.81 521.2029 C26 H34 O11 0.1 359.1483 (100) 

Isolariciresinol 

glycoside/lariciresinol 

glycoside isomer 

0.17 ND 

Flavonoids 

21 15.54 625.1397 C27 H30 O17 2 463.0865 (100); 301.0351 (44) Quercetin diglycoside isomer 
ND 0.38 

22 16.79 607.1291 C27 H28 O16 2.3 
463.0875 (90); 301.0352 (35); 

300.0285 (28) 

Quercetin-hydroxy-

methylglutaroyl glycoside 

isomer 

ND 0.04 

25 17.65 593.1507 C27 H30 O15 0.8 

593.1536 (100); 473.1096 

(74.5); 353.0659 (72.38); 

383.0785 (15.47) 

Multiflorin B isomer 
0.14 1.06 

27 18.6 593.1466 C27 H30 O15 7.7 
593.143 (100); 473.1022 

(77.13); 353.0616 (75.62) 
Multiflorin B isomer 

ND 0.02 

30 19.32 593.15 C27 H30 O15 2 
593.1475 (100); 473.1082 

(20.63); 353.0681 (18.68) 
Multiflorin B isomer 

ND 0.07 

31 20.34 625.1391 C27 H30 O17 3 463.0873 (100); 301.0362 (54) Quercetin diglycoside isomer 
0.03 0.04 



 

 

Table 2. (Continued) 

Peak
a
 RT [M - H]

-
 

Molecular 

formula 

Error 

(ppm) 
Fragments

b
    Compound 

Area
c
  

    CXE           PHWE 

33 22.16 431.0971 C21H20O10 3 
311.0568 (100); 283.0628 

(16.08) 
(Vitexin) Apigenin glucoside 

isomer 
0.25 0.18 

34 23.33 431.0978 C21 H20 O10 1.3 
311.054 (100); 283.0597 

(53.39); 341.0632 (10) 

(Vitexin) Apigenin glucoside 

isomer 
0.1 0.11 

35 23.73 431.0972 C21 H20 O10 2.7 
311.06 (100); 283.0644 

(47.25); 341.0703 (39.69) 

(Vitexin) Apigenin glucoside 

isomer 
0.38 0.23 

36 25.39 463.0885 C21 H20 O12 0.7 
300.0336 (100); 301.0392 

(55.033); 271.0261 (30.29) 
Quercetin 3-O-glucoside 5.06 3.99 

37 26.34 505.0982 C23 H22 O13 1 300.028 (100); 301.0343 (43.4) 
Quercetin-acetyl-glycoside 

isomer 
1.24 1.08 

38 26.85 607.1294 C27 H28 O16 1.7 
463.0874 (50); 301.0353 (13); 

300.0275 (10) 

Quercetin-hydroxy-

methylglutaroyl glycoside 

isomer 

0.05 0.16 

39 28.23 505.0988 C23 H22 O13 0.1 
300.0333 (100); 301.0375 

(64.16) 

Quercetin-acetyl-glycoside 

isomer 
0.13 0.8 

40 28.95 447.0956 C21 H20 O11 5.1 
284.0332 (100); 25.0283 

(61.1); 285.0357 (56.54) 
Kaempferol 3-O-glucoside 2.97 1.65 

41 29.15 477.1044 C22 H22 O12 1.3 
314.0442 (100); 315.0498 

(29.4) 
Isorhamnetin 3-O-Glucoside 0.33 0.26 

42 30.29 489.1026 C23 H22 O12 2.5 
284.0344 (100); 285.0415 

(53.4%); 255.0315 (17.52) 

Kaempferol acetyl glycoside 

isomer 
0.62 0.2 

43 32.45 489.1043 C23 H22 O12 0.9 
284.0308 (100); 285.0364 

(32.94); 255.0285 (32.52) 

Kaempferol acetyl glycoside 

isomer 
ND 0.15 

Total area 6.6 x 107 9.5  x 107 

a 
 Peak numbers assigned according to the overall elution order;  

b
 Numbers in brackets show the relative abundance of each MS/MS fragment expressed in 

percentage; 
c
 Relative area (calculated using apigenin as  internal standard); ND, non-detected. 
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By analyzing the chromatograms (Figure 4), it is possible to assess the 

qualitative differences between both extracts. As expected, the use of pressurized 

water at 125ºC allowed obtaining a fraction richer in more polar compounds such as 

polar organic acids (gluconic, quinic, malic and citric acids), nucleosides, which were 

only detected in this fraction, and phenolic acids derivatives (caffeoylquinic acid 

isomers, feruloylquinic acid isomers, coumaroylquinic acid isomers and vanillin 

glucoside) than CXE fraction. Contrary, CXE fraction was more effective extracting 

less polar flavonoids, low-polar organic acids (peaks 44-50) and lignans 

(isolariciresinol glycoside/lariciresinol glycoside isomers).  

While essential amino acids were extracted in a similar way in steps 2 and 3, 

total phenolic acids and total thioglycosides were much better extracted by pressurized 

water. The polar nature of water enabled a major extraction of phenolic acids which 

were nearly 3-fold higher in PHWE extract than in CXE extract. These results are in 

agreement with the results obtained for TPC, a measure commonly used to determine 

the concentration of hydroxyl groups in plant extracts. The same behavior was 

observed for thioglycosides that have proven to be very extractable under different 

extraction conditions [31,44]. In fact, these compounds have been detected even in 

CXE extract. 

Leaves of moringa are recognized as a rich source of flavonoids [31,45]. Thus, 

it was not surprising that the most abundant group of bioactive compounds extracted 

were flavonoids, being quercetin and kaempferol derivatives the main ones. 

Concretely, the highest total flavonoids content was found in the CXE extract that 

allowed obtaining almost 2-fold higher recoveries of flavonoids than PHWE. These 

data are in accordance with the quantitative results obtained by means of the 

colorimetric assay. As aforementioned, flavonoids are practically insoluble in pure 

CO2, but sufficiently soluble in CO2-ethanol to enable their separation from high 

molecular mass and/or more polar components [46]. In addition, glycosylated 

flavonoids have a low melting point and a high enthalpy of fusion compared to the 

aglycons that makes easier their solubility in organic solvents such as ethanol [47]. A 
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recent study has concluded that the use of 50% ethanol as co-solvent allowed the 

extraction of polar compounds such as flavonoids compared to CO2-SFE [48]. 

Moreover, despite CXE extract was richer in organic acids, it should be mentioned that 

its highest content was owing to the extraction of organic acids so-called oxylipins 

(peaks 44, 46-50) and an a fatty aliphatic alcohol (peak 45) which were only extracted 

under CXE conditions and that contributed over 71% of the total organic acids 

extracted in this step. On the other hand, small quantities of lignans were only detected 

in CXE extract. 

Antioxidant activity 

The reducing power of the CXE and PHWE of M. oleifera leaves extracts 

revealed that the extract obtained by pressurized water at 125ºC was more effective 

reducing activity (13.4 ± 0.7 mmol Eq trolox/100 g dry leaves) than the obtained by 

CO2 expanded ethanol (6 ± 0.3 mmol Eq trolox/100 g dry leaves). The differences for 

the reducing activity of different extracts could be attributed to the varied quantity of 

phenolic acids derivatives contents in each extract. In fact, PHWE extract also showed 

the highest TPC. In this regard, previous studies have indicated a linear relationship 

between total phenolics and antioxidant activity [49,50]. The current results evidenced 

that the use of pressurized water at mid-temperatures is a powerful extraction 

technique that allows obtaining antioxidant-rich extracts. 
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Figure 5.  Total phenolic content (TPC), total flavonoid content (TF) and antioxidant activity 

of the fraction obtained under optimal conditions of CXE and PHWE. Data are expressed as 

mean ± standard deviation and mean values are provided on top of each bar. 

 

 Conclusions 

The current research represents the first approach to the development of a green 

platform for downstream processing of M. oleifera leaves, focused on obtaining 

different fractions rich in bioactive compounds. It has been demonstrated that 

supercritical fluids extraction, carbon dioxide-expanded ethanol and pressurized hot 

water extraction are green and sustainable extraction methods that allow the recovery 

of a wide range of bioactive compounds, from alcohols and fatty acids to phenolic 

acids and flavonoids. Under optimized conditions, a process based on three steps has 

been performed considering the use of 1) scCO2 at 15 MPa and 50 C, 2) 60% ethanol 

in CXE at 7 MPa, and 3) water at 125ºC and 7 MPa. Under these conditions, different 

fractions with a varied composition of bioactive compounds were achieved, thus 

serving as a basis for further research for nutraceutical and cosmeceutical companies 

interested in the complete recovery of bioactive compounds from leaves of M. oleifera. 
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Abstract 

Pistacia lentiscus L. (P. Lentiscus), commonly known as Mastic tree or lentisk, 

is a Mediterranean evergreen shrub widely used in traditional medicine to treat such 

diseases as eczema, diarrhoea, and throat infections. Furthermore, other properties are 

currently attributed to P. lentiscus, such as antioxidant capacity, hepatoprotective 

action, and anti-inflammatory effects. High-performance liquid chromatography with 

diode array coupled to electrospray ionization mass spectrometry (HPLC-ESI-QTOF-

MS) was used for the comprehensive characterization of methanol extract from P. 

lentiscus leaves. After the optimisation of the HPLC-ESI-QTOF-MS method and the 

use of the negative ionization mode, 46 different compounds were identified, 20 of 

which were tentatively characterized for the first time in P. Lentiscus leaves. The 

majority of the compounds were quantified. Flavonoids, phenolic acids and their 

derivatives were the most abundant compounds, those with the highest concentrations 

being myricetin glycoside (6216.13 mg/kg of plant), catechin (3354.78 mg/kg of 

plant), β-glucogallin (2214.461 mg/kg of plant), and quercitrin gallate (1160 mg/kg of 

plant). The importance of the knowledge of plants is increasing and our study may 

help in the future to formulate nutraceutical preparations and will provide the basis for 

new investigation into activities of the various compounds found in P. lentiscus.  
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 Introduction  

Pistacia lentiscus L. (P. Lentiscus), commonly known as Mastic tree or lentisk, 

is an evergreen Mediterranean shrub belonging to the Anacardiaceae family. It is a 

traditional medicinal plant of Mediterranean area commonly used by rural populations 

in Algeria, where it is endemic. It grows wild also in Turkey, Morocco, France, Spain, 

Italy, and Greece. In the folk medicine, the entire shrub is utilized, and some of its 

benefits were described as early as the 15
th

-16
th

 centuries [1].   

Historically, this plant has been widely used, the composition of its berries, 

essential oil, and mastic-gum resin being more studied than that of the leaves [2,3].  

The essential oil from the berries is used to rub on the body as well as to cook in time 

of scarcity. Recently, studies on the composition of essential oil from leaves of this 

plant have reported antimutagenic and antibacterial activities [4]. Berries from P. 

lentiscus are rich in anthocyanins, which confer antioxidant capacity and induce 

autophagy, a mechanism to enhance chemoprevention [5]. In the same way, the resin 

from this plant has exhibited anti-inflammatory and antioxidant properties in patients 

with Crohn's disease [6]. The leaves are applied in traditional medicine for treatment 

of such diseases as eczema, diarrhoea, and throat infections especially of infusions 

form [7].  

P. lentiscus leaves contain different types of secondary metabolites. Among 

these, the most abundant compounds in P. lentiscus leaves are reportedly flavonoids, 

which have displayed a powerful antioxidant capacity [8] as well as hepatoprotective, 

anti-inflammatory, and anticancer effects [9,10,11]. Thus, the characterization of 

bioactive compounds from P. lentiscus leaf extracts has relevance for developing 

nutraceuticals and dietary supplements. 

A prerequisite for investigating the bioavailability and biochemical effect of any 

dietary phytochemical is to know the qualitative and quantitative composition as well 

as occurrence of the metabolite group in a given plant species. Metabolomics is a 

growing field of analytical chemistry that focuses on identifying small metabolites and 
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has become a powerful tool in agriculture and food science [12].  Within 

metabolomics, metabolite profiling can be defined as an analytical method for relative 

quantification of a number of metabolites from biological samples, restricting itself to 

a certain range of compounds or even to screening a pre-defined number of members 

of a compound class [13]. 

In this way, mass spectrometric methods are by the far the most widely used in 

the field of metabolomics. Specifically, LC-DAD-MS with electrospray ionization 

(ESI) is being used increasingly for screening botanical metabolites [14]. In this sense, 

the characterization of polyphenols and other polar compounds from P. lentiscus has 

been profitably performed by RP-HPLC with spectrophotometric detection coupled to 

MS. This technique, using electrospray ionization (ESI) as an interface, is a powerful 

method because of its highly efficient resolution and characterization of a wide range 

of polar compounds, allowing the separation of compounds by polarity differences. 

The mass accuracy and true isotopic pattern provided by QTOF-MS for both precursor 

and fragment ions enabled the determination of many well-known compounds present 

in P. lentiscus by facilitating additional information key for determining the elemental 

composition. 

The aim of this study is to present a complete and exhaustive analysis of a 

methanol extract from P. lentiscus leaves. High performance liquid chromatography 

(HPLC) with mass spectrometry (MS) was used to characterize the polyphenolic 

fraction and other related compounds. Their structures were studied and proposed by 

electrospray ionization tandem mass spectrometry (ESI-MS/MS). These bioactive 

metabolites were submitted to a quantitative analysis that may help in the future to 

design nutraceutical formulations and will be the basis for new research into activities 

of the various compounds found in P. lentiscus.  
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 Materials and methods 

Plant material  

The leaves of P. lentiscus were harvested in April 2009, in remote areas in the 

suburbs of Aboudaou, City of Bejaia, Algeria. The samples were identified in the 

Botany laboratory of the University of Bejaia, where the voucher specimen was 

deposited. The P. lentiscus leaves were air-dried in the shade at room temperature. 

After drying, the plant material was ground to a fine powder (diameter < 250 µm) 

using an electric mill (IKAR A11 basic, Germany) and 4 g of this powder was 

exhaustively extracted by maceration with 50 mL of methanol, at room temperature 

for 24 h. The solution was filtered and concentrated to dryness under reduced pressure 

in a rotary evaporator (40°C). Finally, the sample was stored at −20ºC to avoid any 

possible degradation until used. 

 Chemicals  

All chemicals were of analytical reagent grade and used as received. Standards 

of kaemperol-3-glucoside, (+)-catechin, quercetin-3-O-glucoside, luteolin, myricetin, 

gallic acid and syringic acid were from Sigma-Aldrich (Steinheim, Germany). 

Methanol used for the extraction of the phenolic compounds from the P. lentiscus, 

were from Panreac (Barcelona, Spain), acetonitrile from Lab-Scan (Dublin, Ireland) 

and acetic acid from Sigma-Aldrich (Steinheim, Germany).  Distilled water with a 

resistance of 18.2 MΩ was deionized in a Milli-Q system (Bedford, MA, USA). 

 Sample preparation 

Of the P. lentiscus extract, 1 mg was dissolved in 1 mL methanol, vortex-mixed 

for 1 min in a G560E Vortex-genie 2 (scientific Industries, Bohemia, NY, USA), 

filtered with a cellulose acetate syringe filter (0.2 µm pore size), and injected directly 

into the HPLC system. 
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Chromatographic separation 

HPLC analyses were made using an Agilent 1200 Series Rapid Resolution LC 

system (Agilent Technologies, Palo Alto, CA, USA), equipped with a vacuum 

degasser, an autosampler, a binary pump and a Diode Array Detector (DAD). The 

column used for the chromatographic separation was a Zorbax Eclipse Plus 

C18 (1.8 μm, 150 x 4.6 mm) (Agilent Technologies, Palo Alto, CA, USA). 

The chromatographic parameters were optimized for the best resolution, 

sensitivity, analysis time, and peak shape. Finally, the compounds from the P. 

lentiscus leaf extract were separated at room temperature with a gradient elution 

program at a flow rate of 0.8 mL/min. The gradient elution was conducted using water 

with 0.25% of acetic acid as eluent A and methanol as eluent B. The following multi-

step gradient was applied:  0 min, 5% B; 10 min, 40% B; 25 min, 51% B; 35 min, 68% 

B; 38 min, 95% B; and finally a conditioning cycle of 7 min with the same conditions 

for the next analysis. The injection volume in the HPLC system was 10 μL. The 

compounds separated were monitored with DAD, and peak spectra were recorded 

between 190 and 450 nm. 

 ESI-QTOF-MS conditions 

HPLC system was coupled to micrOTOF-Q II
 
(Bruker Daltonik, Bremen, 

Germany) equipped with an ESI interface operating in negative ion mode, considering 

a mass range of 50–1100 m/z and using a capillary voltage of + 4000 V; dry gas 

temperature, 210ºC; dry gas flow, 8.0 L/min; nebulizer pressure, 2.0 bar; and spectra 

rate 1 Hz. The flow delivered into the MS detector from HPLC was split using a flow 

splitter 0.5 for stable electrospray ionization and reproducible results. Moreover, 

automatic MS/MS experiments were performed adjusting the collision energy values 

as follows:  m/z 100, 20 eV; m/z 500, 25 eV; m/z 1000, 30 eV; and using nitrogen as 

the collision gas. For the necessary mass accuracy to identify compounds, external 

instrument calibration was used. For this, the calibrant used was sodium acetate 

clusters consisting of 5 mM sodium hydroxide and water:2-propanol 1:1 (v/v) with 
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0.2% of acetate acid was injected at the beginning of the run using a 74900-00-05 Cole 

Palmer syringe pump (Vernon Hills, Illinois, USA) directly connected to the interface, 

equipped with a Hamilton syringe (Reno, Nevada, USA). 

The accuracy of the mass data for the molecular ions was controlled by Data 

Analysis 4.0. Software (Bruker Daltonik) offering a list of possible elemental formulas 

by using the GenerateMolecularFormula
TM

 Editor. The Editor uses a CHNO 

algorithm, which provides standard functionalities such as minimum/maximum 

elemental range, electron configuration, and ring-plus double-bond equivalents, as 

well as a sophisticated comparison of the theoretical with the measured isotope pattern 

(sigma value) for increased confidence in the suggested molecular formula. 

 Results and discussion 

Optimization of the HPLC-ESI-QTOF-MS method  

The HPLC-ESI-QTOF-MS method was optimized using the P. lentiscus 

extract. The optimum parameters were selected according to the following criteria:  

resolution, analysis time, and peak shape. 

The initial conditions consisted of a gradient elution using aqueous acetic acid 

0.5% (v/v) as mobile phase A and acetonitrile as phase B at a flow rate of 0.5 mL/min. 

The following initial gradient was applied:  0 min, 95% B; 50 min, 5% B; and 55 min, 

95% B. With 5 µL of sample injected, the starting conditions were held for 5 min. 

The mobile phases, gradient, flow rate, and injection volume were optimized. 

The optimization began by testing the mobile phases A and B to determine which 

provided the best separation of the compounds. First, methanol and acetonitrile as well 

as different mixtures of the two (50:50 and 25:75, v/v) were tested as eluent B while 

maintaining the composition of eluent A (acidified water with 0.5% of acetic acid). 

The results are summarized in Figure 1. The resulting chromatograms displayed great 

differences in the separation of the studied compounds when different mobile phases B 

were used. The differences in the resolution, consequences of the different eluting 

power of acetonitrile and methanol, were especially remarkable in the separation of 
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polar compounds, which was better when using methanol 100% than acetonitrile or 

mixtures of acetonitrile/methanol as eluent B. In this way, these compounds were best 

separated and had the best resolution being important for a subsequent quantification. 

Therefore, methanol was selected as the organic phase. The next step was to test 

different percentages of acetic acid to acidify the Milli-Q water for mobile phase A. 

The acetic acid concentration was varied from 0.25 to 2.0% (0.25%, 0.5%, 0.75%, 1%, 

1.5%, and 2%), corresponding to pH values from 2.67 to 3.08. When using 0.25% of 

acetic acid as mobile phase A, the intensity and peak shape of compounds was 

significantly better. After the selection of water with 0.25% acetic acid and MeOH as 

mobile phases A and B, respectively, four different gradients were tested, of which the 

best results were achieved with the multistep linear gradient detailed in ―Materials and 

Methods‖, corresponding to a final gradient of 45 min with an optimal 

chromatographic resolution. Flow rates ranging from 0.2 to 0.8 mL/min were 

evaluated. The best compromise in terms of efficiency, resolution, and analysis time 

was found with a flow rate of 0.8 mL/min. Lastly, different injection volumes were 

tested: 1, 2.5, 5, 7.5, and 10 µL. The best chromatographic resolution was attained 

with a volume of 10 µL. 
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(a)

(b)

(c)

(d)

 

Figure 1. Comparison of the base peak chromatograms (BPC) obtained by HPLC using 

different mobile phase B: (a), acetonitrile 100%; (b), methanol:acetonitrile 50:50 (v/v); (c), 

methanol:acetonitrile 25:75 (v/v); (d), methanol 100%. The mobile phase A was water with 

0.5% acetic acid. 
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Assessment of the HPLC-ESI-QTOF-MS method 

The sensitivity of the method was studied by defining the limits of detection 

(LODs) and limits of quantification (LOQs) for individual compounds in standard 

solutions (Table 1). LOD and LOQ were, respectively, set at S/N = 3 and S/N = 10, 

where S/N is the signal-to-noise ratio. Intraday and interday precisions values were 

measured to evaluate the repeatability of the method. Pistacia lentiscus extract was 

injected (n=3) during the same day, to determine the intraday precision, for 3 

consecutive days to estimate the interday precision (n=8). The relative standard 

deviations (RSDs) of analysis time and peak area were determined. Intraday 

repeatability of the method developed (for all the analytes) was from 0.21% to 2.07%, 

whereas the interday repeatability was from 3.39% to 12.72%. 

 

Table 1.  Analytical parameters of the method 

 

Analyte 

RSD 

interday 

(n=8) 

RSD 

intraday 

(n=3) 

LOD 

(µg/mL) 

LOQ 

(µg/mL) 

Calibratio

n range 

(µg/mL) 

Calibration 

equations 
R

2
 

Kaemperol-

3- glucoside 
8.20% 2.07% 0.004 ± 0.001 0.012 ± 0.004 0.05-1 

y = 0,5491x + 

0,0399 
0,9969 

(+)-Catechin 3.39% 0.21% 0.017 ± 0.004 0.055 ± 0.013 1-15 
y = 0,114x + 

0,1196 
0.9944 

Quercetin-3-

O-glucoside 
9.59% 0.44% 0.006 ± 0.001 0.047 ± 0.01 0.25-10 

Y = 0,3392x 

+ 0,042 
0,9984 

Luteolin 8.60% 0.24% 0.003 ± 0.001 0.01 ± 0.002 0.05-1 
y = 0,4317x + 

0,0103 
0.9991 

Myricetin 8.04% 0.73% 0.02 ± 0.01 0.06 ± 0.02 0.25-25 
y = 0,1814x + 

0,0449 
0,9953 

Gallic acid 12.72% 0.98% 0.12 ± 0.04 0.40 ± 0.12 LOQ-1 
y = 0,0062x + 

0,0002 
0.9944 
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Compound identification 

The base peak chromatogram of P. lentiscus leaves resulting from the HPLC-

ESI-QTOF method previously developed is shown in Figure 2. The compounds 

characterized are listed in Table 2, identified with the numbers 1-46 according to their 

elution order. The compounds identified were classified into four groups:  flavonoids, 

hydroxycinnamic acid derivatives, phenolic acid derivatives, and other polar 

compounds. All these compounds were identified by interpreting their MS and MS/MS 

spectra obtained by QTOF-MS and also taking into account the data from the 

literature. 
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Figure 2. Base peak chromatogram (BPC) of P. lentiscus by HPLC-ESI-TOF-MS in the 

negative ion mode. Peak labeling represents the identified compounds. 

 

 



 

 

 

Table 2. HPLC-ESI-TOF-MS data of the compounds identified 

Peak
a
 

RT 

(min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

Tolerance 

(ppm) 
MS/MS Fragments Proposed compound References 

Flavonoids 

10 7.56 305.0677 C15H14O7 305.0667 3.3 16.4 15 
125.0237 (100.0), 167,0237 

(31,2), 219,0675 (31,2)  
D-Gallocatechin [27] 

15 10.30 289.0727 C15H14O6 289.0718 3.3 5.6 15 

245.0825 (100.0), 203.0691 

(85.2), 109.0291 (84.8), 

125.0245 (78.9)  

Catechin * [15, 28] 

23 12.64 417.0823 C20H18O10 417.0827 1.0 22.6 15 284.0339 (100.0) 
Kaempferol arabinoside 

(Isomer 1) 
[29] 

26 15.05 391.1992 C25H28O4 391.1915 19.8 27.9 20 161.0461 (61.2) Glabrol [30] 

27 15.42 479.0846 C21H20O13 479.0831 3.2 5.5 15 
316.0246 (61.5), 317.0288 

(22.3) 
Myricetin galactoside [15] 

28 15.96 615.1000 C28H24O16 615.0992 1.4 28.2 15 
317.0293 (100.0), 463.0909 

(7.6) 

Myricetin  galloyl 

rhamnopyranoside (isomer 1) 
[27] 

29 16.57 449.0732 C20H18O12 449.0725 1.5 13.2 15 
316.0243 (100.0), 317.0288 

(30.1) 
Myricetin O-xyloside [31] 

30 16.91 463.0927 C21H20O12 463.0882 9.7 6.3 15 316.0242_(91.2) 
Myricetin O-rhamnoside 

(isomer 1) 
[27, 15] 

32 17.85 463.0899 C21H20O12 463.0882 3.6 15.4 15 316.0229 (100) 
Myricetin O-rhamnoside 

(isomer 2) 
[15, 27] 

33 18.05 463.0875 C21H20O12 463.0882 1.6 22.2 15 301.0352 (42.0) Quercetin glycoside (isomer 1) [32, 15] 

  34  19.20  433.0816    C20H18O11   433.0776  9.2 7.1       15 
300.0284 (100.0), 301.0356 

(37.0) 
Quercetin arabinopyranoside [15, 32] 

35 19.33 463.0908 C21H20O12 463.0882 5.5 9.5 15 301.0350 (100.0) Quercetin glycoside  (isomer 2)   [32, 15] 



 

 

Table 2. (Continued) 

Peak
a
 

RT 

(min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

Tolerance 

(ppm) 
MS/MS Fragments Proposed compound References 

37 20.09 615.1066 C28H24O16 615.0992 12.1 16.1 15 317.0332 (17.8) 
Myricetin  galloyl 

rhamnopyranoside (isomer 2) 
[27] 

38 20.39 615.0973 C28H24O16 615.0992 3.0 10.9 15 317.0307 (19.3) 
Myricetin galloyl 

rhamnopyranoside (isomer 3) 
[27] 

39 20.89 447.0952 C21H20O11 447.0933 4.2 4.5 15 285.0421 (3.7) Kaempferol-3-glucoside * [32] 

41 21.89 417.0817 C20H18O10 417.0827 2.5 23.4 15 284.0337 (100.0) 
Kaempferol  arabinoside (isomer 

2) 
[32] 

42 23.50 447.0963 C21H20O11 447.0933 6.8 17.3 15 285.0424 (100.0) Kaempferol glycoside [32] 

43 24.87 599.1042 C28H24O15 599.1101 0.1 26.1 15 301.0373 (48.2) Quercitrin-O-gallate [33] 

44 25.10 431.0994 C21H20O10 431.0984 2.4 7.2 15 285.0399 (100.0) Kaempferol rhamnoside [34] 

46 28.88 285.0413 C15H10O6 285.0405 3.1 20.7 15 
203.0739 (100.0), 123.0477 

(61.9),  109.0323 (56.1) 
Luteolin * [28] 

Phenolic acids and derivatives 

2 2.18 331.0152 C13H16O10 331.0671 2.7 25.2 15 
169.0143 (100.0), 151.0049 

(45.7) 
β-Glucogallin  (isomer 1) [35] 

5 4.97 331.0688 C13H16O10 331.0671 5.4 25.6 15 169.0154 (100.0) β-Glucogallin  (isomer 2) [35] 

6 5.97 343.0687 C14H16O10 343.0671 4.8 36.5 15 191.0567 (100.0) Galloyl quinic acid (isomer 1) [15, 36] 

8 6.94 331.0682 C13H16O10 331.0671 3.5 33.8 15 
169.0148 (100.0), 125.0234 

(9.2) 
β-Glucogallin  (isomer 3) [35] 

9 7.04 315.0749 C13H16O9 315.0722 8.7 31.6 20 
153.0200 (54.3), 109.0283 

(25.1) 
Gentisic acid glycoside [37] 



 

 

Table 2. (Continued) 

Peak
a
 

RT 

(min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

Tolerance 

(ppm) 
MS/MS Fragments Proposed compound References 

11 9.20 285.0662 C12H14O8 285.0616 16.1 22.4 25 153.0194 (41.0) Uralenneoside [38] 

12 9.65 343.0696 C14H16O10 343.0671 7.3 6.8 15 191.0573 (100.0) Galloyl quinic acid (isomer 2) [15, 36] 

13 9.65 495.0840 C21H20O14 495.0933 18.2 4.7 15 
343.0708 (100.0), 169,0166 

(41,4), 191.0585 (39.3) 
Digalloyl quinic acid  (isomer 1) [15, 36] 

14 10.20 495.0812 C21H20O14 495.0780 6.4 5.9 15 
343.0708 (100.0), 191.0592 

(54.0), 169.00168 (41.6) 
Digalloyl quinic acid  (isomer 2) [15, 36] 

17 10.89 183.0312 C8H8O5 183.0299 7 19.9 15 
124.0169 (71.2), 139.0056 

(43.0), 111.0085 (17.8) 
Gallic acid methyl ester [27] 

18 11.29 647.0933 C28H24O18 647.0890 6.6 14 15 495.0785 (100.0) Pistafolin A (isomer  1) [15, 36] 

19 11.34 647.0865 C28H24O18 647.0890 3.9 29.1 15 
495.0760 (100.0), 343.0770 

(19.8) 
Pistafolin A (isomer 2) [36, 15] 

24 12.64 647.0727 C28H24O18 647.0890 25.7 42.3 15 
343.0718 (39.4), 495.0762 

(100.0) 
Pistafolin A (isomer 3) [36, 15] 

Other polar compounds 

1 1.66 201.0239 C11H6O4 201.0193 2.7 65.6 50 157.0341 (100.0) Xanthotoxol [39] 

3 2.41 173.0436 C7H10O5 173.0455 11.5 6.55 15 
137.0256 (100.0), 111.0434 

(72.1), 93.0319 (65.5) 
Shikimic acid  (isomer 1) [40] 

4 2.58 173.0433 C7H10O5 173.0455 12..8 8.8 15 
137.0258 (100.0), 93.0324 

(79.6) 
Shikimic acid ( isomer 2) [40] 

7 5.97 191.0577 C7H12O6 191.0561 7.5 4.8 15 127.0413 (6.6),  Quinic acid (isomer 1) [36, 15] 

16 10.62 443.1937 C21H32O10 443.1923 3.2 27 15 101.0236 (5.7), 340.8748 (8.0) Penstemide [24] 



 

 

Table 2. (Continued) 

Peak
a
 

RT 

(min) 

m/z 

experiment

al 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

Tolerance 

(ppm) 
MS/MS Fragments Proposed compound References 

20 11.69 293.1231 C12H22O8 293.1242 3.6 76.2 15 131.0726 (100) 
methyl glucopyranosyloxy 

pentanoic acid 
-- 

21 11.99 293.1208 C12H22O8 293.1242 11.6 76.2 15 131.0710 (67.1) 
methyl glucopyranosyloxy 

pentanoic acid 
-- 

22 12.33 445.2122 C21H34O10 445.2079 9.7 48.0 15 
401.0214 (19.5), 282.9553 

(21.4) 
Sacranoside A [41] 

25 13.83 381.1797 C16H30O10 381.1766 8.1 23.4 15 249.1325 (100.0) Everlastoside C [21] 

31 16.93 465.2312 C21H38O11 465.2341 0.9 20.2 15 
405.2127 (100.0), 179.0574 

(37.7), 161.0471 (17.7) 
Cymal 3 [42] 

36 19.92 431.2295 C21H36O9 431.2287 1.9 12.5 15 
371.2086 (100.0), 161.0445 

(48.1) 
Neorehmannioside [43] 

40 21.36 349.0923 C17H18O8 349.0929 1.8 3.3 15 165.0395 (100.0) feruloyl-γ-quinide [44] 

Lignans 

45 28.35 521.2222 C30H34O8 521.2181 7.9 65.1 15 
167.1117 (100.0), 293.0890 

(28.4), 149.0458 (20.0) 
Benzoylgomisin H [45] 

a
Peak numbers assigned according to the overall elution order, *Compounds characterized by standard 
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Flavonoids 

Twenty peaks were identified as flavonoids, most of them previously reported 

in P. lentiscus or other plants belonging to Anacardiaceae family. Peaks 15, 39, and 46 

were identified as (+)-catechin, kaempferol-3-glucoside, and luteolin respectively, by 

comparison with authentic standards. As expected in RP-HPLC, myricetin glycosides 

eluted first because of the larger number of hydroxyl groups, followed by quercetin 

glycosides and kaempferol glycosides. In this group of compounds, the most frequent 

fragmentation corresponded to the loss of the glycoside moiety. This was true of peak 

10, identified as D-gallocatechin, as well as peaks 29, 30, and 32 which were 

characterized as myricetin xyloside and myricetin rhamnoside isomer 1 and isomer 2 

respectively, and peaks 33, 35, and 34, characterized as quercetin glycoside isomer 1 

and isomer 2, and quercetin arabinopyranoside, respectively. Compound 42 (m/z 447) 

was characterized as kaempferol glycoside and compound 44 corresponded to 

kaempferol rhamnoside. Compound 27 was characterized as myricetin galactoside 

with fragments of 316 and 317 described in literature [15] while peaks 28, 37 and 38 

(m/z 615) were characterized as myricetin galloyl rhamnopyranoside isomers. Peaks 

37 and 38 had fragment with m/z 317 corresponding with the loss of myricetin group. 

In addition, peak 21 had another fragment, m/z 463, which corresponded to the loss of 

galloyl group. 

The loss of pentafuranose moiety was another typical fragmentation in some 

flavonids. This occurred in peaks 23 and 41, both with m/z 417, which were 

characterized as kaempferol arabinoside isomer 1 and isomer 2, respectively. 

Peak 43 MS/MS spectrum gave a fragment at m/z 301 corresponding to the loss 

of the gallic acid rhamnoside moiety. This was characterized as quercitrin gallate, 

being described in P. lentiscus for the first time. Certain healthy benefits have been 

reported, such as the prevention of diabetic complications and improvement of the 

intestinal inflammatory response [16]. 

Peak 26 (m/z 391) had a representative fragment at m/z 161 corresponding to 

the loss of one flavone ring with the methylated chain. It is present in the plant 
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kingdom, but it had never before been described in P. lentiscus. This was characterized 

as glabrol, which is a bioactive flavanone which has been reported to decrease the 

cholesterol absorption [17] and it is associated with the modulation of the expression 

of a group of genes that regulate glucose and lipid metabolism [18]. 

Phenolic acid and derivatives 

Thirteen compounds were identified as phenolic acids or derivatives in the P. 

lentiscus leaves extract. Gentisic acid glycoside (peak 9) showed an MS
2
 spectrum 

with fragments at m/z 153 and 109 in accordance with the loss of glycose group 

followed by a decarboxylation of gentisic acid. This compound has been found in P. 

lentiscus for the first time. 

Peaks 2, 5, and 8 were designated as β-glucogallin isomers. All of these 

compounds had a common fragment at m/z 169, corresponding to the loss of the 

glucose moiety, while peak 2 also showed another fragment at m/z 151 due to the 

subsequent dehydration of the gallic acid moiety. In the case of peak 8, it presented an 

additional fragment at 125, corresponding to the decarboxylation of the galloyl group. 

These compounds have been described in other plants from the Anacardiaceae family, 

but this was characterized in P. lentiscus leaves for the first time. 

Compounds 6 and 12 presented a molecular ion at m/z 343 and a fragment at 

m/z 191. Therefore, they were described as isomers of galloyl quinic acid and the 

fragment was due to the loss of gallic acid. One peak was characterized as methyl 

gallate (peak 17). Its MS
2 

spectra provided two majority fragments at m/z 139 and 125 

corresponding to the loss of a CO2 molecule and the subsequent elimination of a 

methyl group. Compounds 18, 19, and 24 with a molecular ion at m/z 647 were 

identified as pistafolin A isomers. The fragments at m/z 343 and 495 have been 

previously reported in P. lentiscus as successive losses of two molecules of gallic acid. 

Similarly, compounds 13 and 14 were reported in P. lentiscus as digalloyl quinic acid 

with m/z 495 and they presented fragments at m/z 343, 191 and 169 corresponding to 

two successive losses of gallic acid ([M-152-H]
- 
and [M-304-H]

-
), and the fragment of 

gallic acid, respectively. MS/MS spectrum of compound 11 showed fragments at m/z 
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153 due to the loss of xylose residue. This compound was identified as uralenneoside, 

which has never been described in P. lentiscus, nor in any other member of the 

Anacardiaceae family, but it has been reported in other plants. 

Other polar compounds 

Besides the previously mentioned phenolic compounds identified, with this 

method it was possible to identify other 10 polar compounds present in this fraction 

characterized by HPLC-ESI-QTOF-MS. All of the compounds were described in P. 

lentiscus leaves for the first time, except for peak 7, which corresponded to quinic 

acid. It presented the largest fragment, at m/z 127 ([M-H-CO-2H2O]
-
). 

Compound at m/z 521 was proposed as benzoylgomisin H. The fragmentation 

pattern of this compound is shown in Figure 3a. This lignan has never been 

characterized in P. lentiscus and it has a great potential antioxidant capacity [19]. 

Compounds eluted at RT 2.41 and 2.58 min were elucidated as shikimic acid isomers. 

The fragment at m/z 93 has been previously described in the literature [20] as [M-H-

CO2-H2O]
-
. The peak with a retention time of 13.83 min (m/z 381) was assigned to 

everlastoside c, and its MS/MS spectrum showed one fragment at m/z 249. This 

compound as well as its fragmentation pattern had previously been described in the 

plant kingdom [21]. Peaks 20 and 21, with a molecular ion at m/z 293, were tentatively 

proposed as methyl glucopyranosyloxy pentanoic acid isomers. The fragmentation 

pathway proposed for this compound consisted of the loss of the aliphatic chain, 

leaving a fragment corresponding to m/z 131. Peak with a RT 16.93 (m/z 465) was 

proposed as cymal 3, the fragments of which were 405, 179 and 161. The fragments 

corresponding to the loss of glucose (179) followed by dehydration (161). 

Consecutively breaking of the glucose ring was produced as a [M-H-60] fragment 

according to the proposed fragmentation pattern by Gao et al. [22]. The fragmentation 

pattern is shown in Figure 3b. Compound with RT 21.36 min was tentatively 

described as feruloyl-γ-quinide, a lactone with a fragment at m/z 165 corresponding to 

the loss of feruloyl moiety. Peak 22 (m/z 445) was characterized as sacranoside A. The 

MS
2 

spectrum of this glicosylated terpene presented a fragment at m/z 282 and 401. 
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The fragmentation pathway is represented in Figure 3d. The compound eluting at 

19.92 min was proposed as the carotenoid neorehmannioside, which showed fragments 

at m/z 371 and 161, corresponding to the loss of four methyl groups followed by a 

cleavage of the glucosidic bond.   

The compound 1 was identified as xanthotoxol, a coumarin which had not 

previously been described in P. lentiscus. It presented a fragment at m/z 157 consistent 

with the loss of CO2. This coumarin has been used to treat Alzheimer‘s disease, to 

inhibit human cytochrome P450, and to retard the formation of fibril and β-amyloid 

[23]. Besides, iridoid penstemide was characterized for the first time in P. lentiscus on 

basis of breaking up the molecule described in Figure 3c, which produced the 

fragments at m/z 101 and 340. It reportedly has anti-inflammatory and antitumor 

properties [24].  
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Figure 3. Fragmentation pattern for (a) benzoylgomisin H; (b) cymal 3; (c) penstemide and (d) 

sacranoside A 
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Quantification of phenolic compounds in P. lentiscus extract 

Six standard calibration graphs for quantifying the main compounds found in P. 

lentiscus extract were prepared using the following commercial standards:  

kaempferol-3-glucoside, (+)-catechin, quercetin-3-O-glucoside, luteolin, myricetin and 

gallic acid. All calibration curves presented good linearity between different 

concentrations. The calibration showed a strong correlation between peak areas and 

analyte concentrations, and regression coefficients were higher than 0.99 in all cases 

(Table 1). 

Quantification with HPLC-MS indicates the area of the peak for each m/z ratio 

but the mass data have great variability and can change over the course of several 

days, depending on the instrument, or even within the same day. The chosen internal 

standard (syringic acid) met all our requirements both in terms of its retention time, 

which did not interfere with other metabolites, and in terms of compensating for 

potential variations in instrumental analysis. 

Catechin, luteolin and kaempferol-3-O-glucoside were quantified by the 

calibration curves determined from their respective commercial standards. The other 

compounds, which had no commercially available standards, were tentatively 

quantified with other compounds having similar structures. Trigalloyl quinic acid, 

gallic acid methyl ester, as well as β-glucogallin and its isomer were quantified using 

the gallic acid calibration curve; kaempferol arabinoside and the isomer of kaempferol 

glucoside were quantified using the kaempferol-3-O-glucoside calibration curve; 

myricetin glycoside and its isomers were quantified using a myricetin calibration 

curve; and quercetin glucoside and its isomers were quantified with the quercetin-3-O-

glucoside calibration curve. The quantitative results are presented in Table 3. 

Myricetin glycoside isomers, quercitrin gallate, catechin and β-glucogallin were the 

compounds with the highest concentrations in P. lentiscus leaves. The high 

concentration of these compounds makes the plant worthy of further research, since 

the properties previously described as therapeutic could lead to the development of 

new therapies to treat diabetes and diabetic complications, to improve inflammatory 
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response, to strengthen neuroprotection in neurodegenerative diseases, and to help 

alleviate aspects of the ageing process [16,25,26]. 

 

Table 3. Phenolic compounds in P. lentiscus leaves methanol extract expressed in mg/kg of 

plant (n = 3). 

Peak 

number 
Phenolic compounds mg/kg plant 

2 β-glucogallin 296 ± 9 

8 β-glucogallin isomer 2214.461 ± 15.55 

15 Catechin 3354.78 ± 36.81 

17 Gallic acid methyl  ester 298.576 ± 7.63 

18 Pistafolin A 59.631 ± 1.29 

23 Kaempferol glycoside 114.93 ± 4.83 

27 Myricetin galactoside 1650.197 ± 16.01 

28 
Myricetin galloyl rhamnopyranoside 

(isomer 2) 
276.892 ± 6.82 

38 
Myricetin galloyl rhamnopyranoside 

(isomer 3) 
67.346 ± 6.28 

29 Myricetin O-xylosde 449.188 ± 4.81 

30 Myricetin O-rhamnoside (isomer 1) 6216.125 ± 157.79 

32 Myricetin O-rhamnoside (isomer 2) 986.654 ± 12.19 

33 Quercetin glycoside (isomer 1) 117.468 ± 1.89 

35 Quercetin arabinopyranoside 367.556 ± 5.80 

37 Myricetin glycoside 489.882 ± 5.64 

39 Kaempferol-3-glucoside 37.203 ± 0.89 

42 Kaempferol glycoside isomer 78.548 ± 1.28 

43 Quercitrin O-gallate 1160.002 ± 2.3 

46 Luteolin 100.954 ± 0.05 
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 Conclusions 

A powerful HPLC-ESI-QTOF-MS method has been developed and validated in 

order to characterize P. lentiscus leaves in methanol extract. This method is of 

particular importance in the metabolic profiling of plants due to the diversity of 

phytochemicals that a plant usually contains. This method allowed the tentative 

identification of 46 compounds on the basis of their chromatographic retention, MS 

and MS/MS spectra in negative ionization mode and data from the literature. The most 

representative the groups were flavonoids, phenolic acids and derivatives, among other 

polar compounds. To our knowledge, 20 of these compounds are tentatively identified 

in P. lentiscus leaves for the first time. The importance of the knowledge of plants is 

increasing and our study may help in the future design of a formulation of 

nutraceutical preparations and will serve as the base of new research into activities of 

the various compounds found in P. lentiscus.  
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Abstract 

Melon (Cucumis melo L.), belonging to the Cucurbitaceae family, is a 

significant source of phytochemicals which provide human health benefits. High-

performance liquid chromatography coupled to electrospray ionization mass 

spectrometry quadropole-time of flight (HPLC-ESI-QTOF-MS) was used for the 

comprehensive characterization of 14 extracts from 3 Spanish varieties of melon 

(Galia, Cantaloupe, and Piel de Sapo). A total of 56 different compounds were 

tentatively identified, including:  amino acids and derivatives, nucleosides, organic 

acids, phenolic acids and derivatives, alcohols, flavonoids, lignans, and other polar 

compounds. Of these, 25 were tentatively characterized for the first time in C. melo 

varieties. Principal-component analysis (PCA) was applied to gain an overview of the 

distribution of the melon varieties and to clearly separate the different varieties. The 

result of the PCA for the negative mode was evaluated. The variables most decisive to 

discriminate among varieties included 12 of the metabolites tentatively identified. 

 

Keywords: Cucumis melo, characterization, phenolic compounds, tandem mass 

spectrometry, PCA. 
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 Introduction 

Research on fruits and vegetables is increasing because of their benefits to 

human health. Indeed, seem to be that fruit consumption protect against chronic 

diseases including obesity, cardiovascular disease, and certain types of cancer (Jansen 

et al., 2011; Boeing et al., 2012). These effects have been attributed to the content in 

bioactive compounds.  

Melon is one of the most widely cultivated and consumed fruits in the world. In 

Spain, more than 800,000 tons were produced in 2011, with a cultivation area 

exceeding 28,000 Ha (Seoane Spielgelberg, Rábade Rodríguez, & López Pérez, 2013), 

with Almería (Andalusia) being one of the main producer provinces. Spanish 

consumption was around 9.05 Kg per person in 2012. Melon (Cucumis melo L.), 

belongs to the family Cucurbitaceae, commonly known as cucurbits or the gourd 

family. In Spain, the most widely produced Cucumis melo groups are Cantalupensis 

and Inodorus, and the most consumed market varieties are Galia and Cantaloupe, 

belonging to Cantalupensis group, and Piel de Sapo, belonging to the Inodorus group. 

Fruits, together with vegetables, represent the major source of phytochemicals 

and other compounds such as amino acids and fatty acids (Poiroux-Gonord, Bidel, 

Fanciullino, Gautier, Lauri-López, & Urban, 2010). In this sense, melon is a 

significant source of phytochemicals, mainly polyphenols and other antioxidants, 

which provide potential health benefits, especially aiding the cardiovascular system 

(Maietti et al., 2012). Its chemical composition depends on the cultivar, environmental 

conditions, and also on the stage of fruit maturity (Villanueva, Tenorio, Esteban, & 

Mendoza, 2004). 

In this context, some melon varieties have been studied in depth, mainly by gas 

chromatography, providing a thorough knowledge of the volatile composition, which 

is the major determinant of melon-fruit quality perceived by consumers (Bernillon et 

al., 2012; Biais et al., 2009; Kourkoutas, Elmore, & Mottram, 2006; Obando-Ulloa, 

Ruiz, Monforte, & Fernández-Trujillo, 2010; Pang, Chen, Hu, Zhang, & Wu, 2012). 
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By this technique, more than 240 volatile compounds have been tentatively identified 

in Galia or Cantaloupe melons while only 42 compounds have been tentatively 

identified in Piel de Sapo variety (Obando-Ulloa et al., 2010). Other techniques such 

as quantitative nuclear magnetic resonance spectroscopy (
1
H-NMR) or liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS) have been 

applied to characterize the polar fraction of different melon varieties (Biais et al., 

2009; De Marino, Festa, Zollo, & Iorizzi, 2009; Moing et al., 2011; Villanueva et al., 

2004), although the phytochemical composition of the polar fraction of these three 

typical Spanish varieties has not yet been completely characterized.  

In the present work, using HPLC-ESI-QTOF-MS, we offer a complete and 

exhaustive characterization of 14 extracts from 3 different Spanish melon varieties 

(Galia, Cantaloupe, and Piel de Sapo), collected in different ripening periods. 

Furthermore, PCA was applied to the data set to evaluate the compounds responsible 

for discriminating between the varieties. 

 Experimental  

Chemicals 

HPLC-MS acetonitrile and methanol were purchased from Fisher (Fisher 

Scientific UK, Bishop Meadow Road, Loughborough, Leics, UK). Acetic acid of 

analytical grade (purity > 99.5%) was acquired from Fluka (Switzerland). Distilled 

water with a resistance of 18.2 MΩ was deionized in a Milli-Q system (Bedford, MA, 

USA). 

Melon samples 

Fourteen samples of three different varieties of melon (Galia Cantaloupe, and 

Piel de Sapo) were collected in 2011 from May to September from El ejido, Almería, 

Andalusia (Spain). After the harvest, the samples were washed with distilled water and 

transported directly to the lab under refrigeration conditions at 4ºC.  The samples were 

stored at the same temperature until its treatment. 
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Sample treatment 

Fresh melon samples were peeled and the seeds were removed. Later, 1.5 kg of 

the edible portion were crushed and placed on the lyophilizer shelf (Christ Alpha 1-2 

LD Freeze dryer, Shropshire, UK), which was pre-cooled at -50ºC for 1 h at 1 mbar 

and then were frozen at -20ºC until analyze. The lyophilized samples were stored at -

20ºC until analyzed. Afterwards, 0.5 g of lyophilized melons were extracted using 15 

mL of 80:20 (v/v) methanol/H2O, sonicated for 15 min and centrifugated at 984 × g 

and the supernatant was collected in a round-bottom flask. Next, the solvent was 

evaporated by using a rotary evaporator under vacuum at 40ºC, and the dried residue 

was redissolved in 2 mL of 80:20 (v/v) methanol/H2O. Finally, the extract was filtered 

through a 0.2 μm syringe filter and analyzed. 

Chromatographic separation  

HPLC analyses were carried out using an Agilent 1200 Series Rapid Resolution 

LC system (Agilent Technologies, Palo Alto, CA, USA), equipped with a vacuum 

degasser, a binary pump, an autosampler, and a diode array detector (DAD). The 

column used for the chromatographic separation was a Zorbax Eclipse Plus 

C18 (1.8 μm, 150 mm × 4.6 mm) (Agilent Technologies, Palo Alto, CA, USA). 

Acidified water (0.5% acetic acid, v/v) and acetonitrile were used as mobile phases A 

and B, respectively. The gradient was programmed as follows:  0 min, 5% B;10 min, 

30% B; 12 min, 33% B; 16 min, 38% B; 19 min, 50% B; 22 min, 95% B; 24 min 5% 

B, and finally a conditioning cycle of 10 min with the initial conditions. The flow rate 

was set at 0.80 mL/min throughout the gradient and the effluent from the HPLC 

column was split using a T-type splitter before being introduced into the mass 

spectrometer (split ratio = 1:3) to provide a stable spray and consequently reproducible 

results. The injection volume in the HPLC system was 10 μL. 

ESI-QTOF-MS analyses 

HPLC system was coupled to a micrOTOF-Q II mass spectrometer
 
(Bruker 

Daltonik, Bremen, Germany) equipped with electrospray ionization (ESI) operating in 
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the negative mode. The detection was made considering a mass range of 50–1100 m/z 

and using a capillary voltage of + 4000 V, a dry gas temperature of 210ºC, a dry gas 

flow of 8.0 L/min, a nebulizer pressure of 2.0 bar, and spectra rate of 1 Hz. Moreover, 

automatic MS/MS experiments were performed using nitrogen as the collision gas and 

adjusting the collision energy values as follows:  m/z 100, 20 eV; m/z 500, 25 eV; m/z 

1000, 30 eV.  

For the necessary mass accuracy to identify compounds, external instrument 

calibration was used. For this, the calibrant used was sodium acetate clusters 

consisting of 5 mM sodium hydroxide and water:  2-propanol 1:1 (v/v) with 0.2% of 

acetic acid. This calibrant was injected at the beginning of the run using a 74900-00-05 

Cole Palmer syringe pump (Vernon Hills, IL, USA) directly connected to the interface, 

equipped with a Hamilton syringe (Reno, NV, USA). The accuracy of the mass data 

for the molecular ions was controlled by Data Analysis 4.0. Software (Bruker 

Daltonik) offering a list of possible elemental formulas by using the 

GenerateMolecularFormula
TM

 Editor. The Editor uses a CHNO algorithm, which 

provides standard functionalities such as minimum/maximum elemental range, 

electron configuration, and ring-plus double-bond equivalents, as well as a 

sophisticated comparison of the theoretical with the measured isotope pattern (sigma 

value) for increased confidence in the suggested molecular formula. 

Principal component analysis 

The data were evaluated with ProfileAnalysis for PCA after Pareto scaling 

(Bruker Daltonik, Bremen, Germany). The LC–MS data were prepared for PCA using 

FindMolecularFeature (FMF) peak finder algorithm and advanced bucketing. The LC–

MS was integrated from 2-22 min in time and 49-1001 m/z in mass.  
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 Results and discussion 

Compound identification 

The base peak chromatograms of the three varieties of melon resulting from the 

HPLC-ESI-QTOF-MS method described above are shown in Figure 1, where the 

peaks are numbered according to their elution order. The compounds were tentatively 

identified by interpretation of their MS and MS/MS spectra determined by QTOF-MS 

and also considering the data from the literature and open-access mass-spectra 

databases such as Metlin and MassBank. Table 1 summarizes the MS data of the 

compounds tentatively identified, including experimental and calculated m/z for the 

molecular formula provided, error, sigma value, and the main fragments obtained by 

MS/MS, as well as the proposed compound for each peak. The compounds 

characterized may be classified into different groups:  amino acids and derivatives, 

nucleosides, organic acids, phenolic acids and derivatives, alcohols, flavonoids, 

lignans, and other polar compounds.  
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Figure 1. Base-peak chromatogram (BPC) of C. melo by HPLC-ESI-TOF-MS in the negative 

ion mode for (a) Piel de Sapo, (b) Galia and (c) Cantaloupe varieties. 

 



 

 

Table 1. HPLC-ESI-TOF-MS data of the compounds identified. 

Peak
a
 RT (min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

MS/MS 

Fragments
b
 

Proposed 

compound 
Variety 

  Piel de Sapo Galia Cantaloupe 

Amino acids and derivatives 

2 1.88 145.0629 C5H10N2O3 145.0619 6.9 6.9 127.0504 (100%) Glutamine + + + 

9 2.85 290.0880 C11H17NO8 290.0881 0.4 18.5 
128.0338 (100%), 

200.0574 (31.2%) 
Pyroglutamic acid hexoside - - + 

13 3.66 180.0667 C9H11NO3 180.0666 0.1 12.3 
119.0497 (100%), 

163.0412 (52.8%) 
Tyrosine + - + 

14 3.70 292.1393 C12H23NO7 292.1402 3.1 4.3 130.0873 (100%) Hexose-leucine isomer 1 - + + 

15 4.08 292.1381 C12H23NO7 292.1402 7.1 7.6 130.0871 (100%) Hexose-leucine isomer 2 - - + 

19 5.47 164.0724 C9H11NO2 164.0717 4.1 3.3 

147.0462 (100%); 

148.0519 (15.7%); 
103.0555 (13%); 

151.3955 (10.1%) 

Phenylalanine + + + 

22 5.94 326.1233 C15H21NO7 326.1245 3.7 9.1 164.0717 (100%) hexose-phenylalanine - + + 

29 7.09 203.0843 C11H12N2O2 203.0826 8.5 9.9 116.0503 (100%) Tryptophan isomer 1 - + + 

33 7.51 203.0848 C11H12N2O2 203.0826 8.8 38.1 

116.0514 (100%); 

142.0660 (41.7%); 

117.0564 (15.6%) 

Tryptophan isomer 2 + + + 

20 5.65 217.1192 C9H18N2O4 217.1194 0.8 5.7 
130.0881 (100%), 

187.1106 (45.4%) 
Isoleucyl-serine + - - 

38 8.18 235.1075 C12H16N2O3 235.1088 5.6 14.8 217.1011 (100%) Alanyl-phenylalanine - + - 

41 8.60 243.1712 C12H24N2O3 243.1714 0.7 13.3 199.1793 (100%) Leucyl-isoleucine + - - 

58 10.86 358.1974 C16H29N3O6 358.1984 2.7 29.6 

323.1626 (100%); 
340.1845 (22.8%); 

130.0876 (15.6%); 

279.1797 (12.4%) 

Asp-Leu-Leu/ Asp-Ile-Ilec + - - 

61 11.42 392.1803 C19H27N3O6 392.1827 6.1 12.5 357.1418 (100%) Asp-Leu-Phe/ Asp-Ille-Phec + - - 



 

 

Table 1. (Continued) 

Peak
a
 RT (min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

MS/MS  

Fragments
b
 

Proposed compound         Variety 

 
Piel de Sapo   Galia Cantaloupe 

Nucleosides 

12 3.60 243.0624 C9H12N2O6 243.0623 0.6 10.1 
110.0260 (100%); 

152.0364 (37%) 
Uridine + + - 

16 4.78 282.0842 C10H13N5O5 282.0844 0.7 3.9 
150.0426 (100%); 

133.0158 (10.2%) 
Guanosine + + + 

Organic acids 

6 2.38 191.0207 C6H8O7 191.0197 1 7.1 111.0091 (100%) Citric acid isomer 1 + + + 

7 2.75 191.0201 C6H8O7 191.0197 2.1 2.3 111.0088 (100%) Citric acid isomer 2 + + + 

8 2.85 191.0209 C6H8O7 191.0197 6.2 3.5 111.0081 (100%) Citric acid isomer 3 + - - 

39 8.35 293.1249 C12H22O8 293.1242 2.6 5.6 
131.0710 (100%);  

113.0208 (9%) 

Hydroxybutanoic acid 

ethyl ester hexoside isomer 

1 

+ + + 

40 8.36 293.1271 C12H22O8 293.1242 10 7.7 
131.0707 (100%); 113.0401 

(10%) 
Hydroxybutanoic acid ethyl 

ester hexoside isomer 2 
+ + + 

76 13.68 187.0988 C9H16O4 187.0976 6.6 10.8 125.0977 (100%) Azelaic acid + + + 

81 18.21 327.2155 C18H32O5 325.2177 6.6 16.6 211.1382 (52.9%) 
Trihydroxyoctadecadienoic 

acid isomer 1 
+ - - 

82 18.51 327.2172 C18H32O5 327.2177 1.7 11.8 

211.1335 (79.1%); 

229.1455 (58.6%); 

171.1035 (26.5%) 

9,12,13-

Trihydroxyoctadeca 

dienoic acid 

+ - + 

83 18.58 327.2166 C18H32O5 325.2177 3.5 13.3 171.1035 (52.9%) 
Trihydroxyoctadecadienoic 

acid isomer 2 
+ - - 

 



 

 

 

 

Table 1. (Continued) 

Peak
a
 RT (min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

MS/MS  

Fragments
b
 

Proposed compound Variety 

 
Piel de Sapo Galia Cantaloupe 

Phenolic acids and derivatives 

18 5.59 325.094 C15H18O8 325.0929 3.3 27.3 164.0722 (100%) p-Coumaric acid hexoside + + + 

21 5.72 315.0744 C13H16O9 315.0722 7.2 21.15 
152.0107 (100%); 153.0191 

(70.2%); 108.0166 (30%) 

Gentisic acid hexoside 

isomer 1 
+ - - 

23 6.04 315.0705 C13H16O9 315.0722 5.3 15 
153.0192 (100%); 109.0286 

(15.7%) 
Gentisic acid hexoside 

isomer 2 
- - + 

24 6.22 315.0707 C13H16O9 315.0722 4.6 7.7 
152.0121 (100%); 153.0181 

(86.1%); 108.0230 (70.6%) 

Gentisic acid hexoside 

isomer 3 
+ - - 

27 6.69 475.1475 C20H28O13 475.1457 3.8 4.8 167.0352 (100%) Vanillic acid  dihexoside + + + 

31 7.41 329.0877 C14H18O9 329.0878 0.4 13.7 167.0358 (100%) Vanillic acid  hexoside - - + 

35 7.86 473.1654 C21H30O12 473.1664 2.3 15 179.0725 (100%) 
Coelovirin A/ Coelovirin B 

isomer 1 
- + + 

37 8.15 299.0755 C13H16O8 299.0772 5.7 19.7 137.0222 (100%) 
Hydroxybenzoic acid  

hexoside 
- - + 

42 8.75 473.1656 C21H30O12 473.1664 0.4 19.9 179.0733 (100%) 
Coelovirin A/ Coelovirin B 

isomer 2 
- + + 

50 9.95 193.0509 C10H10O4 193.0506 1.4 3.6 134.0341 (100%) Ferulic acid - - + 

 

 

 

 

 

 

 



 

 

Table 1. (Continued) 

Peak
a
 RT (min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

MS/MS  

Fragments
b
 

Proposed compound Variety 

 
Piel de Sapo Galia Cantaloupe 

Lignans 

48 9.80 537.1990 C26H34O12 537.1978 0.5 24.1 

327.1239 (100%); 195.0675 

(57.7%); 179.0588 (23.5%); 

489.1820 (17.7%) 

Citrusin A isomer 1 + - + 

55 10.62 537.2017 C26H34O12 537.1978 7.4 16.9 

327.1245 (100%); 195.0669 

(40.9%); 179.0574 (37.9%); 

161.0451 (27%) 

Citrusin A isomer 2 - - + 

64 11.91 521.2059 C26H34O11 521.2028 5.9 104.7 359.1433 (100%) 
Isolariciresinol  

hexoside/lariciresinol  

hexoside 

- - + 

Esters 

69 12.68 173.0833 C8H14O4 173.0819 7.7 10.8 131.0722 (100%) 
Butanedioldiacetate isomer 

1  

+ + + 

71 13.15 173.083 C8H14O4 173.0819 6 15.1 131.0712 (100%) 
Butanedioldiacetate isomer 

2  

+ - - 

77 13.92 173.1184 C9H18O3 173.1183 0.6 5 127.1130 (55%) Methyl-4-butoxybutanoate + + + 

Flavonoids 

 11.12 595.1704 C27H32O15 595.1668 5.9 10.5 287.0561 (100%) Eriodictyol rutinoside - + - 
59 

67 12.56 607.1672 C28H32O15 607.1668 0.6 24.6 
299.0597 (100%); 145.5485 

(46.5%) 
Diosmetin rutinoside - + - 

70 12.78 609.184 C28H34O15 609.1825 2.5 8.9 
301.0734 (100%); 145.2260 

(8,2%) 
Hesperidin + + + 
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Table 1. (Continued) 

Peak
a
 RT (min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

MS/MS  

Fragments
b
 

Proposed compound Variety 

 
Piel de Sapo Galia Cantaloupe 

Other polar compounds 

3 2.03 341.1108 C12H22O11 341.1089 8.2 9.7 
165.0408 (100%); 113.0224 
(21.2%); 161.0490 (8.4%); 

101.0218 (6.5%) 

Sucrose isomer 1 + + + 

4 2.14 341.1095 C12H22O11 341.1089 1.7 10 

165.0417 (100%); 113.0245 

(16.6%); 119.0358 (9.4%); 

101.0272 (8.3%) 

Sucrose isomer 2 - + - 

11 3.38 341.1081 C12H22O11 341.1089 2.5 29.2 
165.0417 (100%); 113.0245 

(25%) 
Sucrose isomer 3 - + - 

25 6.29 218.1039 C9H17NO5 218.1034 2.2 8.6 146.0825 (100%) Pantothenic acid + - + 

26 6.34 380.1547 C16H23N5O6 380.1576 7.4 21.1 
146.0835 (23.2%); 308.1354 

(12.1%) 
Zeatin  hexoside + + + 

43 9.07 401.1461 C18H26O10 401.1453 1.9 9.8 
161.0440 (100%); 179.0587 

(93%) 

Benzyl  alcohol-hexose-

pentose isomer 1 
+ + + 

45 9.28 401.1466 C18H26O10 401.1453 3.1 24.4 
161.0446 (100%); 179.0597 

(88%) 

Benzyl  alcohol hexose-

pentose isomer 2 
+ + + 

47 9.53 385.1843 C19H30O8 385.1868 6.4 16.1 
153.0925 (100%); 161.0505 

(33.2%); 113.0225 (23.4%) 

Vomifoliol hexoside 

(roseoside A) 
+ + + 

52 10.10 589.2521 C29H42O14 589.2502 3.2 17.8 
161.0503 (13.1%); 179.0548 
(100%); 367.2113 (70.3%) 

Serrulatoside - + + 

54 10.50 415.1627 C19H28O10 415.1610 4.3 9.8 149.2253 (100%) 
Phenethyl  alcohol hexose-

pentose 
+ + + 

80 14.67 329.1378 C19H22O5 329.1394 4.9 14.4 
211.1339 (54.9%); 229.1449 

(43.6%); 171.1016 (11.3%) 
Gibberellin A7 + + + 



 

 

Table 1. (Continued) 

Peak
a
 RT (min) 

m/z 

experimental 

Molecular 

formula 

m/z 

calculated 

Error 

(ppm) 

mSigma 

value 

MS/MS  

Fragments
b
 

Proposed compound Variety 

 
Piel de Sapo Galia Cantaloupe 

36 8.13 475.1832 C21H32O12 475.1821 2.4 32.2 167.0353 (100%) Cistanoside E - - + 

a Peak numbers assigned according to the overall elution order; Compounds in bold corresponding to the metabolites which constituted the major difference between the three varieties.   

b Numbers in brackets show the relative abundance of each MS/MS fragment expressed in percentage. c Amino acids are denoted by the three letter code: Aspartic acid,  Asp,  

isoleucine, lle, leeucine, Leu, phenylalanine, Phe. 
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Amino acids and derivatives 

Several amino acids and derivatives were tentatively identified in the different 

melon varieties, most of them previously reported in Cucumis melo or Cucurbitaceae 

family (Bernillon et al., 2012; Gonda et al., 2010; Lamikanra, Chen, Banks, & Hunter, 

2000; Moing et al., 2011). In this way, single amino acids such as glutamine (peak 2), 

tyrosine (peak 13), phenylalanine (peak 19) and tryptophan (peaks 29 or 33) were 

found in these melon samples. These compounds generally presented a common 

fragmentation pattern due to the consecutive losses of ammonia and carbon dioxide. 

These amino acids were found in the three melon varieties except tyrosine, which was 

found only in the varieties Piel de Sapo and Cantaloupe. 

Three dipeptides were also detected, namely, isoleucyl-serine (peak 20) and 

leucyl-isoleucine (peak 41) in Piel de Sapo, and alanyl-phenylalanine (peak 38) in the 

variety Galia. Isoleucyl-serine presented different fragments due to the loss of the 

formaldehyde group from serine (m/z 187) and the loss of the serine amino acid (m/z 

130), while leucyl-isoleucine and alanyl-phenylalanine produced only one product ion 

due to decarboxylation and dehydration, respectively. Leucyl-isoleucine has 

previously been characterized in other fruits (Özcan & Şenyuva, 2006). Three amino 

acid derivatives were also characterized in Galia and Cantaloupe: pyroglutamic acid 

hexoside (peak 9), fructose-leucine (peaks 14 or 15), and fructose-phenyalanine (peak 

22). The fructoside derivatives of leucine and phenylalanine presented a common 

fragmentation pattern consistent with the cleavage of the glycosidic bond which 

produced fragments at m/z 130 and 164, respectively. MS/MS spectrum of peak 9 

showed two fragments at m/z 128 and 200 due to the losses of the hexoside moiety and 

the rupture of pyroglutamic acid. It is the first time in which these compounds have 

been characterized in C. melo or Cucurbitaceae family.  

In addition to these compounds, two tripeptides were detected only in Piel de 

Sapo:  peak 58 (Asp-leu-leu/Asp-Ile-Ile) and peak 61 (Asp-leu-phe/ Asp-Ile-phe). 

Peak 58 presented different fragments at m/z 340, 323, 279, and 130. This 

fragmentation pattern matched the dehydration (m/z 340) followed by the loss of one 
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amine terminal group (m/z 323), further decarboxylation (m/z 279), and finally the loss 

of leucine or isoleucione residue (m/z 130). The other tripeptide found in Piel de Sapo 

(peak 61) had a fragment at m/z 357 due to the loss of water and one amine terminal 

group. The main fragments were compared with the Metlin database. 

Nucleosides 

Two nucleosides, namely uridine and guanosine, were tentatively identified in 

the melon samples. Peak 12, found in Piel de Sapo and Galia, was characterized as 

uridine, showing a fragment at m/z 110 consistent with the uracil group (Kang, 2012). 

This nucleoside has been previously described in other varieties of melon (Cohen et 

al., 2012). On the other hand, peak 16 was characterized as guanosine and presented a 

major fragment at m/z 150 corresponding to [M-H-pentose]
-
 as well as another at m/z 

133 due to the loss of the amino group. This nucleoside, which appeared in the three 

varieties, has been previously characterized in Cucurbitaceae family (Iswaldi, Gómez-

Caravaca, Lozano-Sánchez, Arráez-Román, Segura-Carretero, & Fernández-Gutiérrez, 

2013) but not in melon. 

Organic acids 

Organic acids, together with sugars and amino acids, are a widely represented 

group in melon samples that significantly contribute to the overall aroma of melon 

(Lignou, Parker, Oruna-Concha, & Mottram, 2013). One of the main organic acids that 

are accumulated in most of the fruits, including melon fruit is citric acid (Cohen et al., 

2012). Three citric acid isomers were found in all the varieties (peaks 6, 7, and 8) 

presenting a fragment at m/z 111 due to [M-H-CO2-2H2O]
-
.  

Compounds 39 and 40 were characterized as isomers of hydroxybutanoic acid 

ethyl ester-hexoside. This compound has been previously described in other melon 

varieties together with its fragment at m/z 131 and its presence has been associated 

with amino acids such as alanine, glutamine, isoleucine, phenylalanine, tryptophan or 

tyrosine (Bernillon et al., 2012). 
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Peak 76 was characterized as azelaic acid, a 9-carbon saturated linear 

dicarboxylic acid found naturally in some plants (Vinholes et al., 2011), especially in 

seed (Bondia-Pons et al., 2013). Its fragment at m/z 125 is due to the loss of one of the 

acid groups and further dehydration, and it has been found in Cucurbitaceae (Dan & 

Thakur, 1995) but is the first time that this compound has been reported in C. melo. 

Peak 82 was characterized as 9,12,13-trihydroxyoctadeca dienoic acid. This 

organic acid, tentatively identified for the first time in melon, was characterized 

mainly in the variety Piel de Sapo and also, in less intensity, in the variety Cantaloupe. 

It compound presented two main fragments at m/z 211 and 229 due to the C12-C13 

bond cleavage and the subsequent dehydration of the formed product ion. Similarly, 

peaks 81 and 83 were characterized as trihydroxyoctadeca dienoic acid isomers, which 

presented an individual fragment at m/z 211 and at m/z 171, respectively. 

Phenolic acids and derivatives 

The predominant group of phenolic antioxidants in the melon samples studied 

was composed of phenolic acids, which may be further classified into hydroxybenzoic, 

hydroxycinnamic, and phenolic acid derivatives. Several hydroxycinnamic acids and 

derivatives were characterized in the samples under study such as ferulic acid (peak 

50) and p-coumaric acid hexoside (peak 18). P-coumaric acid-hexoside was found in 

the three melon varieties and its fragment at m/z 164 has been previously described in 

Cucurbitaceae (Abu-Reidah, Arráez-Román, Quirantes-Piné, Fernández-Arroyo, 

Segura-Carretero, & Fernández-Gutiérrez, 2012). On the other hand, ferulic acid, 

which appeared only in the variety Cantaloupe, showed a fragment at m/z 134 

corresponding to [M-H-CH3-CO2]
-
. Other authors have previously identified ferulic 

acid derivatives in Escrito melon (Moing et al., 2011). 

Concerning hydroxybenzoic acid derivatives, isomers of gentisic acid hexoside 

(peaks 21, 23 or 24) and hydroxybenzoic acid hexoside (peak 37) were found in the 

melon samples analyzed. Gentisic acid hexoside isomers presented a fragment at m/z 

153 matching with the gentisic acid moiety. These isomers were found in Piel de Sapo 

and Cantaloupe and, although these compounds are widely distributed in the plant 
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kingdom, they are described here in C. melo (and Cucurbitaceae) for the first time. 

Hydroxybenzoic acid hexoside, present only in Cantaloupe, has been previously 

described in other melon varieties together with its fragmentation pattern (Bernillon et 

al., 2012). 

Furthermore, three phenolic acid derivatives were characterized, namely 

vanillic acid dihexoside (peak 27), vanillic acid hexoside (peak 31), and coelovirin A 

or B isomers (peaks 35 or 42). In this group of compounds, the most frequent 

fragmentation corresponded to the loss of the hexoside moiety as in the case of 

coelovirin a or b with a fragment at m/z 179, as reported in the literature for other 

plants (Huang, Li, Shi, Mo, Wang, & Yang, 2004), but this is the first time in which it 

has been reported in Cucurbitaceae. The hexoside and dihexoside derivatives of 

vanillic acid both presented a fragment at m/z 167 due to the vanillic acid moiety. The 

dihexoside derivative appeared in the three varieties studied and has been previously 

characterized in other melon varieties (Bernillon et al., 2012; Moing et al., 2011) 

while the monohexoside has not been described before in C. melo. Cantaloupe was the 

variety that presented the most compounds from this group, while Piel de Sapo was the 

poorest in phenolic acid derivatives. 

Lignans 

Three lignans were characterized in Cantaloupe and one of them also appeared 

in Piel de Sapo:  two citrusin A isomers (peaks 48 and 55) and isolariciresinol 

hexoside or lariciresinol hexoside (peak 64). The proposed fragmentation pattern of 

citrusin A is shown in Figure 2a.  

Compound 55 showed the precursor ion and a fragment ion at m/z 521 and 359, 

respectively. The fragment ion corresponds to lariciresinol or isolariciresinol after the 

neutral loss of the hexose moiety. This compound has been described in some 

Cucurbitaceae species (Abu-Reidah, Arráez-Román, Quirantes-Piné, Fernández-

Arroyo, Segura-Carretero, & Fernández-Gutiérrez, 2012) but not in melon fruit. 
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Figure 2. Fragmentation pattern for (a) citrusin A, (b) hesperidin, and (c) serrulatoside. 

 

Esters 

Melon aroma, determined by unique combinations of aroma-active compounds, 

strongly depends on the variety (Pang et al., 2012). Among other compounds, alcohols 

take part in the aroma profile, which has been extensively investigated, especially by 

using gas chromatography. The method applied here enabled the identification of three 

alcohols in all three varieties. 
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Peaks 69 and 71 were characterized as isomers of butanedioldiacetate. These 

compounds presented a fragment at m/z 131, which has previously been described in 

other melon varieties (Moing et al., 2011). The MS/MS spectrum of compound 77 

showed a fragment at m/z 127 due to [M-HCOOH]. This compound was characterized 

as methyl-4-butoxybutanoate, which has been previously described in muskmelon 

(Xiao, Zhao, Wang, Dong, & Jiao, 2010). 

Flavonoids 

Flavonoids are the most common and widely distributed group in plant phenolic 

compounds, which are usually very effective antioxidants. Different flavonoids were 

found mainly in the variety Galia. Two of these, eriodictyol rutinoside and hesperidin, 

had never before been described in the family Cucurbitaceae or the species C. melo.  

Eriodictyol rutinoside (peak 59) showed a fragment at m/z 287 due to the loss of the 

rutinoside group. Hesperidin (Peak 70), the only flavonoid detected in all the three 

varieties of melon studied, presented the fragmentation pattern depicted in Figure 2b 

and it has been characterized in other fruits (Kuroyanagi et al., 2008). Peak 67 has 

been tentatively identified as diosmetin rutinoside, since this compound and its 

fragment at m/z 299 have been previously reported in Cucurbitaceae (Siciliano, De 

Tommasi, Morelli, & Braca, 2004).  

Other polar compounds 

Besides the abovementioned compounds tentatively identified, another 12 polar 

compounds were tentatively identified from different families found in the study 

samples.  

According to Biais et al. (Biais et al. 2010), the most important properties of 

melon for organoleptic quality and consumer acceptance are the aroma profile and the 

sucrose level. In this regard, 3 sucrose isomers (peak 3, 4, and 11), which showed 

fragments at m/z 101, 113, 119, and 161, were characterized on the basis of their 

previously described fragmentation pattern (Taylor, March, Longerich, & Stadey, 
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2005). Galia was the variety which contained all three of the sucrose isomers. In 

addition, one vitamin (peak 25) was also characterized in Piel de Sapo and Cantaloupe 

as pantothenic acid. This vitamin (B5) with an hexose group has been previously 

described in melon fruit (Bernillon et al., 2012; Moing et al., 2011) and its assignment 

is consistent with the presence of the fragment at m/z 146 due to [M-H-CO-CO2]
-
, as 

described by Gómez-Romero (Gómez-Romero, Segura-Carretero, & Fernández-

Gutiérrez, 2010). A phenolic compound derivative was characterized in the variety 

Cantaloupe as cistanoside E (peak 36) on the basis of its MS/MS spectrum, where a 

fragment at m/z 167 appeared due to the cleavage of the bond between the phenolic 

group and the dihexoside moiety.  

Two isomers of benzyl alcohol-hexose-pentose (peaks 43 and 45) have 

previously been described in other melon varieties (Bernillon et al., 2012) as well as 

their fragment at m/z 161 which has been reported in other fruits (Moco, Vervoort, 

Moco, Bino, De Vos, & Bino, 2007). Related to these compounds, peak with RT 10.50 

was tentatively identified as phenethyl alcohol-hexose-pentose with a fragment at m/z 

149, corresponding, to the pentose group of the hexose-pentose moiety. This 

compound has never before been described in C. melo or Cucurbitaceae but has been 

characterized in other fruits (Kuang, Xia, Yang, Zhang, & Li, 2009). 

The iridoid serrulatoside was found in the variety Galia (peak 52) and has 

previously been reported in other plants (Bazylak, Rosiak, & Shi, 1996), although not 

in C. melo or in any other member of Cucurbitaceae. Its fragmentation pattern is 

shown in Figure 2c. 

A cyclohexanone hexoside was found and characterized as roseoside A (peak 

47). This compound presented two main fragments, at m/z 153 and 161, the first being 

due to the loss of the cyclohexanone moiety and the second one to the loss of the 

glycose moiety. This compound has been found in the plant kingdom (Champavier, 

Comte, Vercauteren, Allais, & Chulia, 1999; Iha, Matsunami, Otsuka, Kawahata, 

Yamaguchi, & Takeda, 2012) but not previously in the Cucurbitaceae family. 
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Finally, in the three varieties studied, two hormones were tentatively identified 

as gibberellin A7 (peak 80) and zeatin hexoside (peak 26). Gibberellin A7 presented 

fragments at m/z 211 and 229, in agreement with the fragmentation pattern recorded in 

MassBank database. In the case of zeatin hexoside, its fragments at m/z 308 and 146 

were due to the loss of the hydrocarbon chain and the subsequent loss of the hexoside 

moiety from the product ion. Both are described in Cucurbitaceae as plant-growth-

regulating hormones that play an essential role in the plant growth and development 

(Pimenta Lange et al., 2013; Sidik, Hashim, Mohamad, & Abdullah, 2012). 

Multivariate data analysis 

For an overview of the distribution of the melon varieties and to explore 

chemical markers contributing to the classification, a PCA was performed. Firstly, a 

peak-finder algorithm was applied to combine ions belonging to one compound, such 

as common adducts, isotopes, and charge states. In this way, features were determined 

using LC-MS chromatograms acquired from each of the 14 melon samples. Then, the 

LC-MS data were prepared for the statistical analysis by generating a so-called 

variable or bucket table. The buckets represent pairs of retention-time and m/z values 

in such a way that their intensities are listed in the bucket table for each sample and a 

PCA was calculated based on this table.  

The PCA scores plot (PC1 vs. PC2) shows a clear separation of the three melon 

varieties (Figure 3a). Piel de sapo is separated from the others on the first PC and 

galia and cantaloupe on the second. This plot also revealed that the varieties 

Cantaloupe and Galia are quite similar in composition but very different with respect 

to Piel de Sapo.  
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Figure 3. Principal Component Analysis to the composition of the three varieties:  a) PCA 

scores plot (PC1 vs. PC2); Symbol shape corresponds to different varieties (cross = Piel de 

Sapo; triangle = Cantaloupe; circle = Galia); b) PCA loadings plot. Numbers identify the 

compounds reported in Table 1 in bold. 

 

 

The loadings plot shows how principal components are related to the pairs of 

retention time and m/z value in such a way that the pairs that are far away from the 

central cloud are responsible for the variance within the data set. The orientation of 

these points in the loadings plot corresponds to the distribution of analyses in scores 

plot. Therefore, the PCA loadings plot (Figure 3b) enabled to identify several 

compounds as being mainly responsible for the observed sample differentiation among 



Chapter 5 

 

 
291 

varieties, as shown in bold in Table 1. Thus, 8 tentatively identified metabolites 

constituted the major difference between Piel de Sapo and the other two varieties 

(Galia and Cantaloupe), as reflected in Figure 3; these were hexoside and dihexoside 

derivatives of vanillic acid, one of the isomers of citric acid, and butanodioldiacetate, 

zeatin hexoside, 9,12,13-trihydroxyoctadeca-10,15-dienoic acid, guanosine, and 

hydroxybutanoic acid ethyl ester-hexoside. These compounds presented a significantly 

higher intensity in Piel de Sapo samples than in the other varieties, while the isomer of 

citric acid was found only in this variety, in agreement with previous research 

demonstrating the variation in the citrate content of the fruit depending on planting 

dates and cultivars (Vallone et al., 2013). 

Although Galia and Cantaloupe showed fewer differences between them, 4 

compounds proved to be discriminative. Among these, tryptophan or one of its isomers 

as well as an isomer of benzyl primeveroside were found in both varieties but not in 

Piel de Sapo samples, presenting higher intensity in Cantaloupe. On the other hand, 

pyroglutamic acid hexoside was characterized only in Cantaloupe whereas hesperidin 

was found in both Galia and Cantaloupe, but with significantly higher intensity in the 

Galia variety. Some of these compounds (vanillic acid dihexoside, hydroxybutanoic 

acid ethyl ester-hexoside, and benzyl alcohol hexose-pentose), which might be 

hexoside precursors of volatile compounds (Kilic, Kollmannsberger, & Nitz, 2005), 

have previously been described as differentiators of two varieties from the 

Cantalupensis group (Bernillon et al., 2012).  

As previously reported, the chemical composition of melon and other fruits is 

strongly influenced by the physiological state of the plants and by the environmental 

parameters as well as by the genotype. Thus, the PCA results in this study revealed 

genotype to be the parameter which most influences the phytochemical composition, 

as found by other authors (Liu et al., 2004; Manohar & Murthy, 2012). 
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 Conclusions 

In the present work, HPLC-ESI-QTOF-MS has been confirmed to be a 

powerful analytical technique for separating and detecting phenolic and other polar 

compounds in Cucumis melo varieties. This is the first available qualitative 

characterization of the Spanish varieties Galia, Cantaloupe, and Piel de Sapo, by this 

technique. With this method, 56 compounds were tentatively identified on the basis of 

their chromatographic retention, MS data, and MS/MS fragmentation pattern. The 

most representative groups of compounds tentatively identified were amino acids and 

derivatives, phenolic acid and derivatives, and organic acids, although nucleosides, 

alcohols, lignans, flavonoids and other polar compounds were also characterized. Of 

these compounds, 25 have been tentatively identified for the first time in C. melo. 

Preliminary PCA has shown a clear separation among varieties, although further 

research is needed to confirm the differentiation among the varieties studied. This 

work provides a better understanding of the distinction between those different 

Spanish melon varieties. The importance of knowledge concerning fruit composition is 

increasing due to their high consumption, and our study may help to improve the data 

in food-composition tables. 
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Abstract 

Shelf life of commercial cranberry syrup irradiated with gamma radiation at a 

rate of 5 kGy and stored for 6 months at 25ºC and 60% relative humidity (RH) and 

under accelerated stability conditions was investigated. High-performance liquid 

chromatography coupled to electrospray ionization quadrupole-time-of-flight mass 

spectrometry (HPLC-ESI-QTOF-MS) was used to characterize cranberry syrup. 

Afterwards, these compounds were quantified by HPLC-ESI-QTOF-MS and 4-

dimethylaminocinnamaldehyde (DMAC) assay. A significant increase in the content 

of procyanidin B isomer 1 (from 4.4 µg/mL to 7.0 µg/mL) and procyanidin A2 (from 

83 µg/mL to 93 µg/mL) was observed after irradiation and compared with the non-

irradiated syrup. Procyanidin B isomers and prodelphinidin were stable at 25ºC during 

the first month of storage, whereas quercetin and some derivatives remained constant 

for 3 months of storage at this temperature. In short, after gamma-rradiation in dose of 

5 kGy, most compounds were highly stable for a month at 25ºC. 

 

Keywords: cranberry, DMAC, gamma-irradiation, HPLC, mass spectrometry, 

stability 
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 Introduction 

American cranberry (Vaccinium macrocarpon) is a rich source of bioactive 

phenolic compounds with antiproliferative, antioxidant, anti-inflammatory, and 

antimicrobial activities (Es-Safi, Guyot & Ducrot, 2006). This berry has been 

traditionally used to treat and prevent urinary-tract infections in women and digestive-

tract complaints. Today its anticancer properties have also been studied (Neto, 2011). 

Previous research suggests that some of these activities may be associated with its rich 

composition in flavonoids such as quercetin and proanthocyanidins (PACs) and its 

wealth of phenolic acids (Formica, 1995, Iswaldi et al., 2012, Prior & Gu, 2005). 

Proanthocyanidins (PACs) are oligomeric and polymeric end-products of the 

flavonoid-synthesis pathway, since they consist of sequences of flavanol monomeric 

units such as catechin, epicatechin, gallocatechin, epigallocatechin, afzelechin, and 

epiafzelechin, which are connected by C-C linkages (B-type) and sometimes also by 

C-O-C linkages (A-type), as classified by (He, Pan, Shi & Duan, 2008). PACs are 

noteworthy for their antioxidant activity, since their aromatic rings can effectively 

scavenge free radicals. Besides their antioxidant properties, these key compounds may 

present some pharmacological and medicinal properties, such as anti-carcinogenic, 

anti-inflammatory, and vasodilatory properties (Neto, 2011, Reed, 2002). Thus, 

considerable research has examined the therapeutic applications of these compounds 

(Vadodkar, Suman, Lakshmanaswamy & Damodaran, 2012), especially in regard to 

the prevention and reduction of urinary-tract infections. 

To increase the shelf-life of food products, radiation is a well-established non-

thermal physical mode for food preservation. This process is also known as cold-

pasteurization because foods are kept near or at ambient temperature during processing 

(Alothman, Bhat & Karim, 2009). This technique has been introduced as an alternative 

to other preservation methods because it does not harm the environment, reduces the 

amount of weight loss during post-harvest, and leaves no residues on the fruits 

(Carocho, Barreira, Antonio, Bento, Kaluska & Ferreira, 2012). Currently, low-level 

irradiation of food and food-products has been approved by the Food and Drug 
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Administration (FDA) of the USA to reduce the incidence of illness associated with 

food-borne pathogens.  

In this way, previous studies have evaluated the chemical changes of phenolic 

compounds in strawberries or its effect on the anthocyanins yield and shelf-life 

extension of grape pomace and pomegranate juices after gamma-irradiation 

(Alighourchi, Barzegar & Abbasi, 2008, Ayed, Yu & Lacroix, 1999, Breitfellner, Solar 

& Sontag, 2003). However, there is a paucity of information concerning the effect of 

irradiation methods and storage on the phytochemical composition from cranberry-

derived products, and especially PACs. 

The complexity of PACs in terms of molecular weight and linkage type makes 

it difficult to use a single quantification method. The 4-dimethylaminocinnamaldehyde 

(DMAC) spectrophotometric assay has become increasingly popular as a rapid 

technique to quantify the total amount of proanthocyanidins present in foods and 

beverages. The DMAC method was used to substantiate French health claims for the 

bacterial anti-adhesion activity of cranberry juice concentrate and juice-concentrate 

extract powder, cranberry-juice cocktail, and fresh frozen and pureed cranberry by the 

French food-safety authority ―Agence Française de Sécurité Sanitaire des Aliments‖, 

AFSSA (Prior et al., 2010). In this way, DMAC is considered the best analysis 

available for a global quantitation of flavanols (flavan-3-ols), both simple and 

oligomeric ones (proanthocyanidins), but it does not offer information about the 

specific compounds present in foods (Boudesocque, Dorat, Pothier, Gueiffier & 

Enguehard-Gueiffier, 2013). For this reason it is necessary to combine this technique 

with other more selective ones. In this regard, high-performance liquid 

chromatography (HPLC) coupled with mass spectrometry (MS) has become a 

powerful method due to its high resolution, the capacity to  separate a wide range of 

polar compounds by means of polarity differences, as well as its specificity. 

Thus, the aim of the present work is to evaluate the qualitative and quantitative 

changes in the phenolic composition of cranberry syrup after gamma-irradiation, as 

well as the stability of these compounds during 6 months of storage in the irradiated 
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cranberry syrup under different conditions: 25ºC and 60% relative humidity (RH) and 

under 40ºC and 75% RH, the latter for accelerated stability testing.  

 Material and methods 

Chemical 

Standards of proanthocyanidin A2, p-coumaric acid, quercitrin, quercetin-3-O-

glucoside, myricetin, (+)-catechin, and luteolin were from Extrasynthese (Genay, 

France). Formic acid and acetonitrile used for preparing mobile phases were from 

Sigma-Aldrich (Steinheim, Germany) and Lab-Scan (Gliwice, Sowinskiego, Poland), 

respectively. Ultrapure water with a resistivity value of 18.2 MΩ was obtained from 

Milli-Q system (Millipore, Bedford, MA, USA). Solvents were filtered before use with 

a Solvent Filtration Apparatus 58061 (Supelco, Bellefonte, PA, USA). HPLC grade 

methanol (99.9%) and HPLC grade acetone were purchased from Fisher Scientific 

(Loughborough, Leics, UK). Acetic acid of analytical grade was acquired from Sigma-

Aldrich. Hydrochloric acid (37%) was from Panreac (Barcelona, Spain). HPLC grade 

ethanol (99%) was from Analar Normapul (Fontenay-sous-Bois, France) and 4-

dimethylaminocinnamaldehyde (DMAC) was from Sigma-Aldrich.  

Syrup sample preparation 

A total of 15 g of a commercial extract of American cranberry (Vaccinium 

macrocarpon) were mixed with 500 mL of water to prepare a syrup. The syrup was 

separated into 0.5 mL aliquots to facilitate storage and the irradiation process. 

Preparation of standards solution 

Procyanidin A2 (purity ≥ 99%) was used as a standard in the DMAC assay and 

in HPLC-ESI-QTOF-MS quantification. For the plotting of the DMAC calibration 

curve, 1 mg was dissolved in ethanol to give a final concentration of 100 µg/mL and 

procyanidin A2 calibration curve was drawn ranging from 1 to 50 µg/mL. Also, for the 

HPLC-ESI-QTOF-MS quantification, standard calibration curves of procyanidin A2, 

p-coumaric acid, quercetin-3-O-glucoside, quercitrin, (+)-catechin and myricetin were 
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prepared using different concentrations in methanol. In addition, luteolin was 

dissolved in methanol at 1 mg/mL and used as an internal standard (I.S.) to 

compensate for the potential variations in the instrumental analysis.  

Irradiation treatment 

A cobalt-60 irradiator was used for the irradiation treatment. The absorbed 

dosage was 5 kGy. Aliquots were separated to facilitate the storage process. 

Storage conditions 

The samples were stored for 6 months in two different chambers with different 

temperature and humidity (chambers A and B). Chamber A had a temperature of 25ºC 

and 60% RH whereas chamber B was kept at 40ºC and 75% RH for the accelerated 

stability testing, according with the Committee for Human Medicinal Products (EMEA 

(European Medicines Agency), 2007). 

Sample preparation  

Syrup dilution for HPLC-ESI-QTOF-MS analysis 

In 4 mL of methanol, 200 μL of syrup and 10 μL of the I.S. solution were 

dissolved, vortexed for 2 min in a G560E Vortex-Genie 2 (Scientific Industries, 

Bohemia, NY, USA), filtered with a polytetrafluoroethylene (PTFE) syringe filter (0.2 

μm pore size), and injected directly into the HPLC system. Each sample was analyzed 

in triplicate. 

PAC extraction for the DMAC assay 

The extraction process was performed according to (Prior et al., 2010), with 

some modifications. A total of 400 μL of syrup were dissolved in 5 mL of water. Bond 

Elut C18 cartridges (100 mg, 1 mL, Agilent Technologies, Palo Alto, CA, USA) were 

activated with 2 mL of methanol and washed with 2 mL of water. The cranberry syrup 

was added to each column and allowed to pass through the column by gravity. The 

column was washed twice with 1 mL of water and eluted twice with 1 mL of elution 
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solution consisting of ethanol:water (80:20, v/v) with 0.5% of acetic acid. The eluted 

extract (2 mL) was collected, diluted again in a proportion of 1:25 in ethanol, and 

vortexed to mix well prior to the analysis by DMAC assay. Each sample was analyzed 

in triplicate. 

HPLC-ESI-QTOF-MS analysis 

HPLC analyses were made with an Agilent 1200 series rapid-resolution LC 

system equipped with a binary pump, an autosampler, and a diode-array detector 

(DAD) following (Iswaldi et al., 2012), and a Zorbax Eclipse Plus C18 analytical 

column (150 mm × 4.6 mm, 1.8 μm particle size) was used for separation. The mobile 

phases consisted of water:acetonitrile (90:10, v/v) with 1% formic acid (phase A) and 

acetonitrile (phase B) at a constant flow rate of 0.5 mL/min using the following multi-

step gradient: 0-20 min, from 5% B to 20% B; 20-25 min, from 20% B to 40% B; 25-

30 min, from 40% B to 5% B; and 30-35 min, isocratic of 5% B. The injection volume 

was 10 μL. 

The HPLC system was coupled to a micrOTOF-Q II mass spectrometer (Bruker 

Daltonik GmbH, Bremen, Germany) equipped with ESI operating in negative mode. 

The flow from HPLC delivered into the MS detector was split using a flow splitter at 

1:2 for stable electrospray ionization and reproducible results. The detection was made 

considering a mass-to-charge ratio of 50-1100 and using a capillary voltage of +4000 

V, a dry gas temperature of 210ºC, a dry gas flow of 8.0 L/min, a nebulizer pressure of 

2.0 bar, and spectra rate of 1 Hz. Moreover, automatic MS/MS experiments were 

performed using nitrogen as the collision gas and adjusting the collision-energy values 

as follows: m/z 100, 20 eV; m/z 500, 25 eV; m/z 1000, and 30 eV.  

External instrument calibration was used to ensure the necessary mass accuracy 

to characterize compounds. The calibrant was sodium formate clusters consisting of 5 

mM sodium hydroxide dissolved in water: 2-propanol, 1:1 (v/v), with 0.2% of formic 

acid. This calibrant was injected at the beginning of each run using a 74900-00-05 
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Cole Palmer syringe pump (Vernon Hills, IL, USA), which was equipped with a 

Hamilton syringe (Reno, NV, USA) and directly connected to the interface.  

All procedures were controlled by DataAnalysis 4.0 software (Bruker 

Daltonik), which provided a list of possible elemental formulas by using the 

SmartFormula™ editor. The Editor uses a CHNO algorithm, which provides standard 

functionalities such as minimum/maximum elemental range, electron configuration, 

and ring-plus double-bond equivalents, as well as a sophisticated comparison of the 

theoretical with the measured isotope pattern (sigma value) for increased confidence in 

the suggested molecular formula. 

Quantification by HPLC-ESI-QTOF-MS and method validation  

Quantification of the phenolic compounds was carried out by HPLC-ESI-

QTOF-MS, using internal calibration with luteolin as the internal standard. The 

volume necessary to obtain a luteolin final concentration of 1 mg/mL was added to the 

standards and to the cranberry syrup samples. Extracted ion chromatograms of each 

compound were used to obtain the areas used in the quantification process. 

The range of calibration of procyanidin A was from the limit of quantification 

(LOQ) to 100 ppm; p-coumaric acid was from LOQ to 250 ppm, and quercetin-3-O-

glucoside, quercitrin, (+)-catechin and myricetin were from LOQ to 50 ppm, as 

showed in Table 1.  

Limits of detection (LOD) and quantification (LOQ) of the method were 

estimated to be 3 and 10 times the signal-to-noise ratio, respectively. Intra-day 

instrumental precision was determined by injecting a cranberry syrup sample 3 

consecutive times in one day. Inter-day instrumental precision was determined by 

repeating the inter-assay procedure over three consecutive days. The linearity was 

individually verified for each compound, with analytical curves made from five 

calibration points in triplicate. 
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 DMAC assay 

DMAC is a colorimetric method that consists of the reaction between DMAC 

reagent and the C-8 position in the A-ring of the terminal unit of a proanthocyanidin 

(Wallace & Giusti, 2010). This reagent was found to be selective for flavanols, and 

also gives an intense reaction with monomers such as catechin or epicatechin. This 

assay was adapted from Prior et al. (Prior et al., 2010). Briefly, procyanidin A2 

standard (purity ≥ 99%) was dissolved in ethanol to give a final concentration of 100 

µg/mL. The incubation chamber was pre-heated to 25ºC, and 70 µL of ethanol 

(blanks), standard or sample solutions were dispensed into wells of a 96-well plate. 

Then, 210 µL of DMAC solution, consisting of 0.1% (w/v) DMAC reagent in acidized 

ethanol (ethanol:water: HCl, 75:12.5:12.5) was added. The absorbance was measured 

at 640 nm using a microplate reader Synergy Mx Monochromator-Based Multi-Mode 

Micro plate reader, by Bio-Tek Instruments Inc. (Winooski, VT, USA). Procyanidin A 

calibration curve was built ranging from 1 to 50 µg/mL. All samples were analyzed in 

triplicate. The results were expressed as µg of procyanidin A2/mL of syrup.
 
 

 Statistical analysis 

Quantitative data are represented as mean ± standard deviation (SD). To 

evaluate the differences at a 95% confidence level (p ≤ 0.05), a one-way analysis of 

variance (ANOVA) followed by Tukey‘s test was performed using Origin (version 

Origin Pro 8 SR0, Northampton, MA, USA). 

Table 1. Intra and inter-day precision, limits of detection (LOD) and quantification (LOQ) and 

linearity data. 

Analyte 

RSD 

Intraday 

(n=3) 

(%) 

RSD 

Interday 

(n=9) 

(%) 

LOD 

(μg/mL) 

LOQ 

(μg/mL) 

Calibration   

range 

(μg/mL) 

Calibration 

equations 
r

2
 

Procyanidin A2 0.9 2.9 0.15 0.28 LOQ-100 y=0.0604 x+0.0025 0.997 

p-coumaric acid 1.2 3.8 0.20 0.67 LOQ-250 y=0.0168 x +0.0576 0.991 

Quercetin-3-O-glucoside 1.5 4.1 0.05 0.17 LOQ-50 y=0.0522 x +0.0027 0.996 

Quercitrin 2.1 4.7 0.06 0.18 LOQ-50 y=0.05688 x +0.0728 0.991 

(+)-catechin 1.1 3.5 0.04 0.16 LOQ-50 y=0.0397 x +0.0172 0.991 

Myricetin 0.2 3.1 0.05 0.65 LOQ-50 y=0.1015 x +0.0393 0.991 
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 Results and discussion 

Assessment of the HPLC-ESI-QTOF-MS method 

Intraday and interday precision values were measured to evaluate the 

repeatability and reproducibility of the method and the relative standard deviations 

(RSDs) of the peaks area were determined. All the calibration curves presented good 

linearity, regression coefficients being higher than 0.99 (Table 1). 

Compound characterization and quantification of the cranberry syrup  

Compound characterization by HPLC-ESI-QTOF-MS and MS/MS 

The base-peak chromatogram (BPC) of the non-irradiated cranberry syrup 

(control) obtained by HPLC-ESI-QTOF-MS analysis is shown in Figure 1. The 

phenolic compounds characterized are indicated with numbers according to their 

elution order. The characterization strategy was based on the accurate MS and MS/MS 

spectra of the compounds determined by QTOF mass analyzer and also taking account 

the data from literature. The identification of these compounds was also corroborated 

by comparing their retention times and MS/MS spectra with those of authentic 

standards whenever available. Table 2 summarizes the MS data of the compounds 

characterized, including experimental and calculated m/z for the molecular ions, their 

error, and the main fragments determined by MS/MS. Among these compounds, 27 

phenolic compounds were identified, including simple flavonols, catechin, and 

oligomers such as 3 isomers of procyanidin B, procyanidin A2 and a procyanidin A 

isomer, prodelphinidin, four isomers of procyanidin A trimer (m/z 863) and one 

procyanidin A pentamer, identified on the basis of its doubly charged ion at m/z 719 

(Foo, Lu, Howell & Vorsa, 2000). Moreover, two isomers of myricetin and myricetin 

glycosylated derivatives, quercetin and quercetin glycosylated derivatives, and 

glycosylated derivatives of coumaric acid were detected as in Iswaldi et al. (Iswaldi et 

al., 2012).  
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Figure 1. Base-peak chromatogram of non-irradiated cranberry syrup (control) obtained by 

HPLC-ESI-TOF-MS analysis using negative ion mode (A) and extracted ion chromatogram 

of peak 12 (procyanidin B isomer) (B) and procyanidin A trimers and pentamer (C). 

*Identification confirmed using commercial standards. 



 

 

Table 2. Compounds characterized in non-irradiated cranberry syrup 

Peak 
RT 

(min) 

m/z 

experimental 

Molecular 

formula 

Error 

(ppm) 
Fragments Compound 

1 4.53 577.1375 C30H26O12 4.1 289.0735 (100%); 125.0242 (88%); 4070728 (38%) Procyanidin B isomer 1 

2 5.29 575.1190 C30H24O12 0.8 125.233 (100%); 289.0671 (44%); 285.0344 (31%) Procyanidin A isomer 

3 5.81 325.0918 C15H18O8 3.4 119.0500 (100%); 163.0391 (40%) Coumaroyl-hexose isomer 1 

4 6.14 719.1503 C75H58O30 2.9 289.0704 (100%); 125.0251 (63.7%); 151.0386 (45%); 

287.0547 (42%); 325.0875 (36%) 

Procyanidin A pentamer 

5 6.21 325.0922 C15H18O8 2.2 119.0286 (100%); 117.0340 (15%); 163.0433 (10%) Coumaroyl-hexose isomer 2 

6 6.41 577.1337 C30H26O12 2.4 289.0708 (100%); 407.0788 (71%); 125.0233 (49%); 

161.0253 (44%) 

Procyanidin B isomer 2 

7 8.36 289.0708 C15H14O6 3.4 109.0268 (100%); 121.0307 (24%); 123.0399 (54%); 

151.0387 (66%); 203.0696 (67%) 

Catechin* 

8 8.69 863.1849 C45H36O18 2.3 289.0715 (100%); 287.0524 (42.8%); 

285.0388 (35%); 575.1191 (16%) 

Procyanidin A trimer isomer 1 

9 11.17 479.0823 C21H20O13 1.7 316.0216 (100%);317.0277 (22%); 179.0009 (10%) Myricetin hexose 

10 11.83 863.1814 C45H36O18 4.5 575.1203 (100%); 423.0686 (74%); 

289.0715 (59%); 285.0394 (56%) 

Procyanidin A trimer isomer 2 

11 15.04 449.0703 C20H18O2 4.9 316.0216 (100%); 317.0277 (22%); 287.0161 (10%) Myricetin pentose 

12 15.33 577.1327 C30H25O12 4.2 289.0683 (100%); 163.0384 (45%); 407.0814 (30%); 

125.0220 (40%); 119.0542 (34%) 

Procyanidin B isomer 3 

13 15.65 463.0869 C21H20O12 2.8 300.0265 (100%); 301.0325 (50%); 271.0234 (10%) Quercetin 3-O-glucoside* 

14 17.23 575.1179 C30H24O12 2.8 285.0381 (100%); 289.0687 (70%); 125.0232 (32%) Procyanidin A2* 

15 17.40 863.1778 C45H36O18 3.6 575.1218 (100%); 285.0387 (31%); 

289.0674 (21%) 

Procyanidin A trimer isomer 3 

16 17.61 433.0762 C20H18O11 3.3 300.0269 (100%); 301.0336 (50%); 271.0262 (7%) Quercetin pentoside isomer 1 

17 18.25 863.1826 C45H36O18 1.9 575.1190 (100%); 285.0376 (21%); 

289.0686 (19.5%) 

Procyanidin A trimer isomer 4 

18 18.37 433.0754 C20H18O11 5.1 300.0273 (100%); 301.0332 (50%); 271.0255 (10%) Quercetin pentoside isomer 2 

19 19.33 433.0757 C20H18O11 4.1 300.0267 (100%); 301.0331 (72%); 271.0269 (11%) Quercetin pentoside isomer 3 

20 19.85 447.0918 C21H20O11 3.3 300.0262 (100%); 301.0324 (77%); 151.0030 (10%) Quercetin rhamnoside (quercitrin)* 



 

 

*Identification confirmed using commercial standards. 

 

 

 

 

 

 

 

 

Table 2. (Continued) 

Peak 
RT 

(min) 

m/z 

experimental 

Molecular 

formula 

Error 

(ppm) 
Fragments Compound 

21 20.31 463.0874 C21H20O12 1.7 301.0325 (100%) Quercetin hexose 

22 22.42 447.0914 C21H20O11 4.2 314.0430 (100%); 315.0432 (26%); 300.1081 (20%) Quercetin methyl ether-pentoside isomer 1 

23 23.04 447.0906 C21H20O11 6.1 314.0417 (100%); 315.0528 (23%); 243.0275 (10%) Quercetin methyl ether-pentoside isomer 2 

24 23.36 317.0289 C15H10O8 4.3 151.0034 (100%); 137.0231 (68.4%); 179.9994 (10%); 

165.0172 (7.5%) 

Myricetin* 

25 24.29 447.0905 C21H20O11 6.3 314.0420 (100%); 315.0475 (33%); 285.0399 (17%); 

243.0289 (10%) 

Quercetin methyl ether-pentoside isomer 3 

26 27.15 609.1236 C30H26O14 2.3 NA Prodelphinidin 

27 30.41 301.0344 C15H10O7 3.3 151.0019 (100%); 121.0296 (26%); 107.0137 (20%) Quercetin 



Chapter 6 

 

 315 

Quantification by HPLC-ESI-QTOF-MS and DMAC methods 

The main phenolic compounds were quantified by the aforementioned HPLC-

ESI-QTOF-MS method. In this way, myricetin, catechin, quercetin-3-O-glucoside, 

quercitrin, and procyanidin A2 were quantified by the calibration curves determined 

from their respective commercial standards. Since there are no available standards for 

all the characterized phenolic compounds, some compounds had their content 

estimated by using the analytical curves of compounds with similar chemical 

structures. In this way, proanthocyanidins were quantified using the procyandin A2 

calibration curve; myricetin derivatives were quantified using the myricetin calibration 

curve; quercetin and its derivatives were quantified by using the quercetin-3-O-

glucoside calibration curve; and coumaroyl glycosides isomers were quantified using 

the coumaric acid calibration curve. The quantitative results of the main compounds 

are displayed in Figures 2, 3, and 4, and the whole data are presented in Table 3 and 

Table 4. The cranberry syrup used as control showed a rich composition in 

procyanidins, being procyanidin A2 the most abundant (83 µg/mL), which has been 

described as the most bioactive proanthocyanidin against urinary tract infections 

(Krueger, Reed, Feliciano & Howell, 2013), followed by procyanidin B isomer 2 (35 

µg/mL) and isomer of procyanidin A (20 µg/mL). The main flavonols were quercetin 

(80 µg/mL) and its glucoside (320 µg/mL). 



 

 

Table 3. Concentration of each phenolic compound in cranberry syrup irradiated and non-irradiated (control) and after irradiation during storage (1, 3 and 6 moths) in 

chamber A (25ºC/60% of RH) and expressed as mean ± SD (µg/mL, n=3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data are expressed as mean ± standard deviation. Mean values with different superscript letters are significantly different (p < 0.05). 

*Identification confirmed using commercial standards. 

 Chamber A 

 

Compound 

 

Control  0 IRRA  1 m  3 m  6 m  

Procyanidin B isomer 1 4.4±0.3
b 

7.0±0.3
a 

6.0±0.2
c 

5.0±0.3
b,d 

3.00±0.04
e 

Procyanidin B isomer 2 35±3.0
a 

37±1.0
a 

36±1.0
a 

30±0.4
b 

14±0.6
c 

Procyanidin B isomer 3 3.0±0.3
a 

3.0±0.3
a 

2.8±0.2
a,b 

2.0±0.1
b,c 

0.60±0.03
d 

Procyanidin A isomer  20±2.0
a 

20±0.4
a 

14±1.0
b 

14±0.1
b,c 

10±0.5
d 

Procyanidin A2* 83±4.0
b 

93±5.0
a 

86±2.0
a,b 

70±3.0
c 

40±1.0
d 

Prodelphinidin  5.8±0.4
a 

7.0±0.1
a 

7.0±0.5
a 

7.0±0.1
a 

3.0±0.2
b 

Myricetin hexose 70±7.0
a 

72±2.0
a 

70±3.0
a 

60±4.0
a 

50±3.0
b 

Myricetin pentose 6.0±1.0
a 

7.0±0.3
a 

6.0±0.3
a 

3.0±0.7
b 

-- 

Myricetin* 20±2.0
a 

20±1.0
a 

14±0.6
b 

10±0.4
b,c 

4.0±0.7
d 

Quercitrin* 30±5.0
a 

33±1.0
a 

30±2.0
a 

30±2.0
a 

20±0.6
b 

Quercetin 3-O-Glucoside* 320±20.0
a 

320±10.0
a 

310±20.0
a,b 

280±3.00
b,c 

250±5.00
d 

Quercetin hexose 4.0±0.2
a 

4.0±0.3
a 

3.0±0.6
a 

3.0±0.2
a 

-- 

Quercetin xylopiranoside isomer 1 50±4.0
a 

60±2.0
a 

60±7.0
a 

60±0.1
a 

40±2.0
b 

Quercetin xylopiranoside isomer 2 40±5.0
a 

40±2.0
a 

40±3.0
a 

40±1.0
a 

30±1.0
b 

Quercetin xylopiranoside isomer 3 70±7.0
a 

72±5.0
a 

68±5.0
a 

68±5.0
a 

40±2.0
b 

Quercetin methyl ester pentoside isomer 1 4.0±0.3
a 

4.0±0.1
a 

4.0±0.4
a,b 

3.0±0.3
b,c 

2.0±0.1
d 

Quercetin methyl ester pentoside isomer 2 15±1.0
a 

15±0.3
a 

14±0.7
a 

14±0.5
a 

10±0.2
b 

Quercetin methyl ester pentoside isomer 3 7±1
a,b 

7.00±0.04
a 

6.0±0.2
a,b 

6.0±0.1
b 

3±0.3
c 

Quercetin 80±9.0
b 

100±2.00
a 

70±7.0
b,c 

80±0.1
b,d 

50±2.0
e 

Catechin* 65±4.0
a 

50±1.0
b 

40±2.0
c 

40±1.0
c,d 

26±1.0
e 

Coumaroyl hexose isomer 1 56±1.0
b 

90±4.0
a 

40±1.0
b,c 

100±5.00
a,d 

80±8.0
a,e 

Coumaroyl hexose isomer 2 90±3.0
b 

110±15.0
a 

150±10.0
a,b 

130±5.00
a,b 

60±10
c 



 

 

Table 4. Concentration of each phenolic compound in cranberry syrup irradiated and non-irradiated (control) and after irradiation during storage (1, 3 and 6 moths) 

in chamber B (40ºC/75% of RH) and expressed as mean ± SD (µg/mL, n=3) 

 
Chamber B 

Compound Control  0 IRRA  1 m  3 m  6 m  

Procyanidin B isomer 1 4.4±0.3
b 

7.0±0.3
a 

6.0±0.4
b,c 

3.0±0.1
d 

-- 

Procyanidin B isomer 2 35±3.0
a 

37±1.0
a 

25±2.0
b 

10±0.4
c 

1.0±0.2
d 

Procyanidin B isomer 3 3.0±0.3
a 

3.0±0.3
a 

2.0±0.2
b 

2.00±0.05
b,c 

0.80±0.09
d 

Procyanidin A isomer 1 20±2.0
a 

20±0.4
a 

10±0.6
b 

6.0±0.2
c 

2.0±0.1
d 

Procyanidin A2* 83±4.0
b 

93±5.0
a 

60±1.0
c 

30±0.2
d 

10±1.0
e 

Prodelphynidin 5.8±0.4
a 

7.0±0.1
a,b 

7.0±0.7
a,b,c 

3.0±0.1
d 

1.0±0.1
e 

Myricetin hexose 70±7.0
a 

72±2.0
a 

60±10
a 

40±2.0
b 

20±3.0
c 

Myricetin pentose 6.0±1.0
a 

7.0±0.3
a 

1.0±0.4
b 

-- -- 

Myricetin* 20±2.0
a 

20±1.0
a 

10±1.0
b 

2.0±0.3
c 

-- 

Quercitrin* 30±5.0
a 

33±1.0
a 

20±0.1
a 

10±0.6
b 

1.0±0.1
c 

Quercetin 3-O-Glucoside* 320±20.0
a 

320±10.0
a 

270±10.0
a 

230±10.0
b 

130±6.00
c 

Quercetin hexose 4.0±0.2
a 

4.0±0.3
a 

3.0±0.3
b 

-- -- 

Quercetin xylopiranoside isomer 1 50±4.0
a 

60±2.0
a 

50±1.0
a 

30±0.5
b 

10±0.6
c 

Quercetin xylopiranoside isomer 2 40±5.0
a 

40±2.0
a 

40±3.0
a 

30±0.5
b 

10±0.1
c 

Quercetin xylopiranoside isomer 3 70±7.0
a 

72±5.0
a 

50±5.0
b 

20±1.0
c 

-- 

Quercetin methyl ester pentoside isomer 1 4.0±0.3
a 

4.0±0.1
a 

3.0±0.2
b 

2.0±0.2
c 

0.50±0.02
d 

Quercetin methyl ester pentoside isomer 2 15±1.0
a 

15±0.3
a 

10±1.0
a 

1.0±0.07
b 

3.0±0.1
c 

Quercetin methyl ester pentoside isomer 3 7±1
a 

7.00±0.04
a 

4.0±0.3
b 

0.60±0.02
c 

-- 

Quercetin 80±9.0
b 

100±2.00
a 

80±8.0
b,c 

70±0.3
b,c,d 

40±3.0
e 

Catechin* 65±4.0
a 

50±1.0
b 

40±4.0
c 

30±0.7
d 

-- 

Coumaroyl hexose isomer 1 56±1.0
b 

90±4.0
a 

100±10.0
a,c 

100±10.0
a,c,d 

80±8.0
a,c,d 

Coumaroyl hexose isomer 2 90±3.0
b 

110±15.0
a 

100±10.0
a,c 

30±4.0
d 

-- 

Data are expressed as mean ± standard deviation. Mean values with different superscript letters are significantly different (p < 0.05). 

*Identification confirmed using commercial standards. 
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Currently, the cranberry industry is using DMAC as a standard method to 

measure the PACs content of products (Krueger, Reed, Feliciano & Howell, 2013). 

Thus, to complement the latter quantitative results of each compound determined 

individually, DMAC assay was also performed to determine the overall PACs 

concentration, which include high mass oligomeric ones. These results are available in 

Table 5. The total PACs was 4130 µg/mL in the non-irradiated syrup, which is higher 

than those results from the analysis by HPLC-QTOF-MS. It could be explained since 

one limitation of HPLC-MS methods is the difficulty to separate and detect higher 

polymeric proanthocyanidins, which may lead to underestimated quantitative results. 

 

Table 5. Total PACs determined by DMAC assay 

Time 

(months) 

Mean ± SD  

(µg/mL)  

0 Control 4130 ± 50
a 

0 Irradiated 3460 ± 80
b 

Chamber A 

1  2720 ± 40
c 

3 2150 ± 160
d 

6 1420 ± 30
e 

Chamber B 

1  1910 ± 60
f 

3  1130 ± 40
g 

6 450 ± 10
h 

Data are expressed as mean ± standard deviation (SD). 

Mean values with different superscript letters are 

significantly different (p < 0.05). 

 

It is difficult to make a direct comparison between phenolic compounds found 

in this study and those reported by other authors because most articles refer to 

cranberry juices or fresh cranberries alone or in combination with other red fruits 

(Alighourchi, Barzegar & Abbasi, 2008, Boudesocque, Dorat, Pothier, Gueiffier & 

Enguehard-Gueiffier, 2013, Grace, Massey, Mbeunkui, Yousef & Lila, 2012, Sánchez-

Patán, Bartolomé, Martín-Alvarez, Anderson, Howell & Monagas, 2012). In 

particular, PACs are usually characterized and quantified in previous studies by the 
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degree of polymerization, but not individually due to their structural heterogeneity and 

difficult analytical separation (Pappas & Schaich, 2009). 

Resistance of phenolic compounds to gamma-irradiation and stability 

during storage 

Assessment by HPLC-QTOF-MS 

The main compounds were quantified by HPLC-ESI-QTOF-MS in syrup 

samples before gamma-irradiation, immediately after applying gamma irradiation and 

after 1, 3, and 6 months of storage of the irradiated syrup at 25ºC and 60% RH 

(chamber A) and 40ºC and 75% RH (chamber B). Interestingly, after the gamma-

irradiation treatment, the qualitative composition of the syrup was similar to the non-

irradiated one, showing poor quantitative differences. In any case, a significant 

increase (p < 0.05) in the content of procyanidin B isomer 1 (from 4.4 µg/mL to 7.0 

µg/mL) and procyanidin A2 (from 83 µg/mL to 93 µg/mL) was observed after 

irradiation and compared with the non-irradiated syrup (control). The increase in 

procyanidin A2 could be associated with the degradation of procyanidin A trimers or 

pentamer, which were only observed in non-irradiated syrup. In this regard, other 

authors have reported greater anthocyanins content after irradiation at 5-6 kGy in 

strawberries (Ayed, Yu & Lacroix, 1999) and other vegetable foods (Dixit, Bhatnagar, 

Kumar, Chawla, Fakhruddin & Bhatnagar, 2012), but the formation pathway is not 

clear.  

Figure 2 displays the stability of the concentration of the flavanols, including 

PACs and the monomer catechin, after gamma-irradiation and during storage under the 

two conditions studied. In general, the most stable PACs were procyanidin B isomers 

2 and 3, and prodelphinidin while the other isomer of procyanidin B and the isomer of 

procyanidin A showed higher susceptibility, e.g. isomers 2 and 3, remained stable in at 

25ºC/60% RH (chamber A) until the 1
st
 and the 3

rd
 month of storage, respectively. 

Similarly, (Chang, Zuo, Chow & Ho, 2006) also demonstrated the instability of B-type 

proanthocyanidins at room temperature after 6 months of storage, but remarkably our 

results show that this trend depends on the structure of procyanidin B. Not 
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surprisingly, compared with the initial time, the greatest losses were found when the 

syrup was stored under accelerated stability conditions, (40ºC/75% RH), in chamber 

B. In this case, in which all PACs showed significant changes (p < 0.05) in their 

concentration during storage except prodelphinidin, which remained constant under 

these conditions up to the first month. 
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Figure 2. Stability of PACs and catechin from gamma-irradiated cranberry syrup 

stored for 6 months at 25ºC/60% RH, chamber A (plain line), and at 40ºC/75% RH, chamber 

B (discontinuous line). 
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In the case of the flavanol catechin, its content significantly decreased (from 65 

µg/mL to 50 µg/mL), around 23%, after gamma-irradiation and was less stable than 

other simple flavonoids. The same effect was observed by (Breitfellner, Solar & 

Sontag, 2003) in strawberries in which the catechin concentration decreased as the 

irradiation dosage increased; specifically, at dosage of 5 kGy, the loss was over 25%. 

As found for PACs, the loss of this compound in chamber A was more gradual than in 

chamber B (Figure 2), where it was more accused. 

Flavonols were highly resistant to gamma-irradiation, and, as for flavanols, 

were less stable in chamber B conditions. As shown in Figure 3, quercetin was the 

most stable compound over time under different storage conditions. The total loss in 

chamber A, at 6 months of storage, was approximately 35%, whereas in chamber B the 

loss was around 50%. Regarding myricetin, quercetin and its derivatives, there were 

no significant differences (p < 0.05) between irradiated samples and non-irradiated 

controls at the starting time. Quercetin-3-O-glucoside was the main flavonol in 

cranberry syrup control (320 µg/mL) and remained constant until 1 month of storage 

in both chambers A and B. Breiffellner et al. also reported that quercetin-3-O-

glucoside in strawberry remained unchanged up to a dosage of 6 kGy (Breitfellner, 

Solar & Sontag, 2003). The rest of the studied flavonols (myricetin hexose, quercitrin, 

quercetin xylopiranoside isomers, and methyl quercetin pentoside isomer 2) remained 

constant until the 3
rd

 month of storage in chamber A, as showed in Figures 3 and 4. In 

view of these results, most of the cranberry‘s phenolic compounds were quite stable 

for one month of storage, but the combination of gamma-irradiation with other 

treatments (refrigeration, freezing, etc.) may improve the shelf-life of this syrup. 
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Figure 3. Stability of quercetin and quercetin derivatives from gamma-irradiated 

cranberry syrup stored for 6 months at 25ºC/60% RH, chamber A (plain line), and at 

40ºC/75% RH, chamber B (discontinuous line). 
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Figure 4. Stability of myricetin, myricetin derivatives, and coumaroyl derivatives from 

gamma-irradiated cranberry syrup stored for 6 months at 25ºC/60% RH, chamber A (plain 

line), and at 40ºC/75% RH, chamber B (discontinuous line). 
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Assessment by DMAC assay 

The results from the DMAC assay showed that the total concentration of 

procyanidins decreased with the time in both chambers, PACs being present in less 

concentration over time in chamber B (Table 1). Thus, non-irradiated syrup (control) 

had a concentration of 4130 ± 50 µg/mL, which is significantly higher than that found 

in gamma-irradiated syrup (3460 ± 80 µg/mL). However, this only meant a loss of 

only about 16%. 

On the other hand, the concentration of PACs in samples stored at 

25ºC/60%RH (chamber A) significantly differed between the different months of 

storage, with a total loss over 60% after 6 months. The loss of PACs in samples stored 

at 40ºC/75%RH in chamber B was higher after 6 months, the total loss of PACs being 

around 80%. These results from the DMAC assay agreed with results from HPLC-

ESI-QTOF-MS quantification. Overall, using the latter method and compared with the 

control samples, the total loss of PACs was over 65% in chamber A whereas in the 

chamber B the total loss was over 92%. Although the degradation pathway was not 

investigated in the present study, they could be related to their oxidation, hydrolysis or 

isomerization (Chang, Zuo, Chow & Ho, 2006).  

Although, DMAC assay is consider to be the best analysis available to perform 

an overall quantification of flavanols (Boudesocque, Dorat, Pothier, Gueiffier & 

Enguehard-Gueiffier, 2013), it is important to complement these results with the 

analysis of each individual compound, since the behavior depend on the chemical 

structure, even stereochemistry, such as our results found for procyanidin B isomers. 

 Conclusion 

The cranberry syrup studied was rich in flavonoids, mainly procyanidins and 

flavonols such as quercetin, myricetin, and their derivatives. The compounds were 

highly resistant to gamma-irradiation (dose of 5 kGy) and after one month of storage at 

room temperature. The combination of HPLC-ESI-QTOF-MS and DMAC assay 
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demonstrated to be powerful techniques to quantify flavanols and other phenolic 

compounds. Our results showed that both methods should be used in a complementary 

way in order to gain more exhaustive information about the phenolic composition 

during processing and storage, particularly flavanols. However, further studies under 

different storage conditions are necessary to optimize preservation. 
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Abstract 

Phenolic compounds from a cranberry extract were isolated in order to assess their 

contribution to the antibacterial activity against urophatogenic strains of Escherichia 

coli (UPEC). With this purpose, a total of 25 fractions from a cranberry extract were 

isolated using semipreparative high performance liquid chromatography (HPLC) and 

characterized based on the results obtained by reversed-phase HPLC coupled to mass 

spectrometry detection. Then, the effect on UPEC surface hydrophobicity and biofilm 

formation of the cranberry extract as well as the purest fractions (a total of 13) was 

tested. As expected, the whole extract presented a powerful antibacterial activity 

against UPEC while the selected fractions presented different behavior. Myricetin and 

quercitrin significantly decreased (p < 0.05) E. coli biofilm formation compared with 

the control, while dihydroferulic acid glucuronide, procyanidin A dimer, quercetin 

glucoside, myricetin and prodelphinidin B led to a significant decrease on the surface 

hydrophobicity compared with the control. The results suggest that apart from 
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proanthocyanidins, other compounds, mainly flavonoids, can act against E. coli 

biofilm formation and also modify UPEC surface hydrophobicity in vitro, one of the 

first steps of adhesion.  

 

Keywords: cranberry, semipreparative-HPLC, phenolic compounds, adherence, 

biofilm, surface hydrophobicity, Escherichia coli. 
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 Introduction 

Cranberries (Vaccinium macrocarpon) are popularly consumed as part of the 

human diet both fresh and processed forms. Additionally, their derived extracts are 

also used, mainly as part of some botanical dietary supplements forms due to their 

renowned human health benefits
1
. Cranberry has proved to be an excellent source of 

bioactive compounds such as flavonoids (procyanidins, flavonols), and phenolic acids 

derivatives
2
. Thanks to these health-promoting compounds, cranberry and cranberry-

based products consumption has been correlated with recurrent urinary tract infections 

(UTIs) prophylaxis
3,4

. UTI has been defined as the presence of significant number of 

pathogenic bacteria or organisms in the urinary system and it is considered the most 

common type of infection in the body, which affects women in a greater extent than 

men
5
. Escherichia coli (E. coli) is the main responsible bacterial species for the 

appearance of this infection, and causes more than 80 percent of all acquired UTIs in 

the community
6
. Concretely, the ability of urophatogenic Escherichia coli (UPEC) to 

form biofilm has been strongly associated with recurrent UTIs
7, 8

 and there have been 

proven that surface hydrophobicity is conductive to adhesion to surfaces and to 

penetration of host tissues
9
 since bacteria have developed many different ways to use 

hydrophobic effect in order to adhere to substrata, such as previously described by 

Doyle et al
10

. The importance of biofilms in public health is related to the decreased 

susceptibility to antimicrobial agents that biofilm-associated microorganisms exhibit. 

This is the case of E. coli which has shown to be increasingly resistant to some of the 

antibiotics
 
currently used in the treatment of UTIs

11,12
. In addition, the public interest 

in herbal medicines and natural products is still growing. For this reason, researchers 

have concluded the re-evaluation of first and second-line therapies for the treatment of 

UTIs becomes to be pivotal
13

. Consequently, the antimicrobial effect of cranberry 

products and their phenolic compounds have been widely studied, especially to 

develop new healthy food ingredients, functional foods, nutraceuticals, and 

pharmaceuticals
14

. The most accepted theory about the mechanism of action of 

cranberry compounds for the promotion of urinary tract health is based on the effects 
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of fructose and PACs in inhibiting the adherence of type 1 and P fimbriae of E. coli to 

the uroepithelial cell receptors
15,16

. Without adhesion, the bacteria cannot infect the 

mucosal surface. Despite a large number of studies highlighted that there are 

synergisms between different compounds present in cranberry extracts
17-19

, other 

authors such as Hisano et al. concluded that the use of the whole cranberry for UTIs 

prevention was not scientifically supported, and for that reason, it is pointed out the 

necessity of research focused on bioactive compounds from cranberry instead of the 

entire fruit
3
. However, the isolation of simultaneous compounds from cranberry 

extracts is an arduous task due to its complexity. Reversed-phase semipreparative high 

performance liquid chromatography (semipreparative-HPLC) has been increasingly 

used once possesses an interesting target separation ability, great efficiency and high 

recovery
20

, and therefore can be a valuable tool to solve the aforementioned difficulty.  

In this sense, the aims of the present research were to fractionate phenolic 

compounds from a cranberry extract by semipreparative-HPLC and to give new 

insights into their contribution to the antibacterial effect by testing the in vitro effect of 

the entire extract and the isolated fractions against E. coli surface hydrophobicity and 

biofilm formation. 

 Results and discussion 

Isolation of phenolic compounds from cranberry extracts by 

semipreparative-HPLC and characterization of fractions by HPLC-ESI-MS. 

Natural extracts usually consist of hundreds of compounds, and the isolation of 

particular components presents unique problems because the methods used to isolate 

them are based mainly on their polarity. The similarity of some polyphenolic 

structures makes that compounds elute at similar retention times, making difficult their 

separation. For that reason, only few studies have focused on the chromatographic 

methods for the isolation of multiple compounds simultaneously. In this regard, 

semipreparative-HPLC is a robust, versatile, and usually rapid technique by which 

compounds can be purified from complex mixtures
21

.  
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In the current research, the analytical HPLC method previously developed for 

the characterization of phenolic compounds from cranberry extracts
19

 was scaled-up to 

semipreparative-HPLC scale. Different gradients were tested to enhance the separation 

of the compounds (data not shown), selecting as optimum the method described in 

―experimental‖ section. Figure 1 shows the UV chromatogram of the cranberry extract 

under study acquired with the proposed method, where the fractions collected are 

indicated according to their elution order.  

The isolated fractions were subsequently analyzed by HPLC-ESI-QTOF-MS in 

negative ionization mode. Characterization strategy was carried out by generation of 

the candidate molecular formula with a mass accuracy limit of 5 ppm, considering 

their MS spectra determined by quadrupole time-of-flight mass spectrometer (QTOF–

MS), and also comparing with those of authentic standards whenever available and 

data from the literature. Databases such as SciFinder Scholar (http://scifinder.cas.org), 

MassBank (http://massbank.jp), and METLIN Metabolite Database 

(http://metlin.scripps.edu) were consulted in order to acquire chemical structure 

information.  

 

 

 

http://scifinder.cas.org/
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Figure 1. Semipreparative-HPLC-UV chromatograms of cranberry extract indicating the collected fractions. 



Chapter 7 

 

 
337 

Despite the scarcity of literature on the fractionation of cranberry using 

semipreparative-HPLC makes difficult to contrast our optimized method with others, 

and the results could not be comparable, the optimized method allowed obtaining 25 

fractions from the cranberry
 
extract (Table 1), which were composed predominantly 

by procyanidins (PACs) and flavonols. Even though the difficulty in separating and 

purifying PACs has been previously highlighted
22

, the current method allowed 

isolating some of them, including A-type procyanidin dimmers, an A-type procyanidin 

trimer (cinnamtannin B1) and a gallocatechin dimer (prodelphinidin). PACs are the 

most typical compounds characterized in cranberry, noteworthy for their antioxidant 

activity, although they may also present other pharmacological and medicinal 

properties such as anti-carcinogenic, anti-inflammatory, and vasodilator
23

. Isolated 

cranberry flavonols included quercetin derivatives which have been previously 

demonstrated to have both in vivo and in vitro antioxidant, anti-inflammatory, 

anticancer, and antidiabetic activities
24

. In addition, four myricetin derivatives were 

characterized. These compounds are also common dietary flavonoids which have 

demonstrated antioxidant, cytoprotective, antiviral, antimicrobial, anticancer and 

antiplatelet activities
25

. Apart from these compounds, one hydroxicinnamic acid 

derivative (dihydroferulic acid glucuronide) was isolated. 

Among these 25 eluted fractions, 13 were chosen in order to test their 

antibacterial activity against E. coli, namely F: 6, 8, 9, 11, 13–16, 18, 19, 21, 23, and 

25. These fractions were selected on the basis of their purity, due to they showed a 

purer composition than the rest, presenting up to two target phenolic compounds. 

HPLC-ESI-QTOF-MS chromatograms from these nearly pure fractions are displayed 

in Figure 2. Semipreparative-HPLC allowed getting 1.1 mg of F6, F8, and F18; 0.9 

mg of F9 and F15; 1.7 mg of F11; 1.5 mg of F13; 1 mg of F14; 0.7 mg of F16 and 

F21; 0.6 mg of F19 and F25; and 0.5 mg of F23. Different concentrations tested are 

depicted in Table 2. The use of different concentrations of each fraction was 

established in order to simulate their contribution in the whole extract. 



Chapter 7 

 
338 

Table 1. Retention time and mass spectral data of the compounds characterized 

in the fractions from cranberry extract by HPLC-ESI-MS in negative mode. 

 Proposed compound 
Retention 

time (min) 

Molecular 

Formula 

Calculated m/z 

([M-H]
-
) 

Fractions 

Quinic acid 5.212 C7H12O6 191.0561 1,2 

Kaempferol arabinoside 5.527 C20H18O10 417.0827 1 

Procyanidin B  5.736 C30H26O12 577.1351 3 

Caffeic acid glucoside 6.588 C15H18O9 341.0878 1 

Cinnamtannin B1 isomer 1 7.13 C45H36O18 863.1829 1,4 

Myricetin arabinoside 7.421 C20H18O12 449.0725 5 

Catechin * 7.765 C15H14O6 289.0718 4 

Procyanidin C1 9.689 C45H38O18 865.1985 4 

Myricetin glucoside isomer 1 9.065 C21H20O13 479.0831 6 

Myricetin glucoside isomer 2 9.123 C21H20O13 479.0831 7 

Dihydroferulic acid glucuronide 9.183 C16H20O10 371.0984 4,8 

Procyanidin A dimer isomer 1 10.611 C30H24O12 575.1195 9 

Quercetin glucoside isomer 1 12.155 C21H20O12 463.0882 12 

Quercetin glucoside isomer 2 12.191 C21H20O12 463.0882 11 

Procyanidin A dimer isomer 2 12.973 C30H24O12 575.1195 12,13 

Quercetin-3-O-glucoside * 14.775 C21H20O12 463.0882 10 

Cinnamtannin B1 isomer 2 15.019 C45H36O18 863.1829 14 

Quercetin glucoside isomer 3 15.095 C21H20O12 463.0882 10 

Quercetin arabinoside isomer 1 15.202 C20H18O11 433.0776 14, 16 

Quercitrin isomer 1 15.663 C21H20O11 447.0933 17,18 

Quercetin arabinoside isomer 2 16.013 C20H18O11 433.0776 15 

Myricetin * 20.229 C15H10O8 317.0303 21 

Quercitrin * 20.847 C21H20O11 447.0933 19,20,21 

Quercitrin isomer 2 21.668 C21H20O11 447.0933 22 

Prodelphinidin B 24.246 C30H26O14 609.125 23,24 

Quercetin  26.56 C15H10O7 301.0354 25 

*Compounds identified with standard. 
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Figure 2. HPLC-MS chromatograms of the isolated fractions from cranberry extract. 
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Table 2. Concentration tested in bioactivity assays. 

Fractions tested 
Dilution A  

(μg mL
-1

) 

Dilution B 

(μg mL
-1

) 

F6 550 275 

F8 550 275 

F9 450 225 

F11 850 425 

F13 750 375 

F14 500 250 

F15 450 225 

F16 350 175 

F18 550 275 

F19 300 150 

F21 350 175 

F23 250 125 

F25 300 150 

 

Antibacterial activity 

 Although some authors reported that cranberry does not have any effect against 

Gram-negative bacteria pathogens such as E. coli
26

, most of the research converges on 

the fact that berries, and especially cranberry and cranberry-based products, have both 

in vitro and in vivo antibacterial activity
14,16,19,22,27,28

. As aforementioned, the most 

accepted mechanism of action of cranberry focuses primarily on its ability to prevent 

bacterial binding to host cell surface membrane
29

, one of the initial steps in the 

infection process. This process is initially mediated by the electrostatic charge 

(characterized by determining its zeta potential) and consequently surface 

hydrophobicity of microorganisms followed by other factors such as formation of 

fimbriae and specific adhesins
30

. Thus, surface physicochemical parameters such as 

electrostatic charge are then fundamentally important with regard to influencing 

overall polarity in order to maintain the degree of bacterial surface hydrophobicity 

necessary for the bacterial adhesion. Subsequently, adhesion of bacteria to host 

surfaces is finally a key element in the formation of biofilms that constitutes a 

protected mode of growth that allows bacteria to survive in hostile environment
31

. For 

that reason, the effect of the previously isolated fractions as well as the whole extract 
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on biofilm formation and surface hydrophobicity of fourteen UPECs has been tested as 

a way to evaluate the individual contribution of every compound to the antibacterial 

activity.  

Figures 3 and 4 show the mean and standard deviation (SD) of biofilm 

formation and surface hydrophobicity for E. coli after incubation with each isolated 

fraction and with the cranberry extract, respectively, at two different assayed 

concentrations. Table 3 summarizes the Wilcoxon matched-pairs signed-ranks 

analysis for the biofilm formation and surface hydrophobicity of the isolated fractions 

and the whole extract. 
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Figure 3. (a) Mean and standard deviation in biofilm formation after incubating E. coli strains with 

each selected fraction; (b) Mean and standard deviations of surface hydrophobicity after incubating E. 

coli strains with each selected fraction. *Significant differences between control group and tested 

fraction (p < 0.05). 
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Figure 4. (a) Mean and standard deviation in biofilm formation after incubating E. coli strains with 

cranberry extract; (b) Mean and standard deviations of surface hydrophobicity after incubating E. coli 

strains with cranberry extract. *Significant differences between control group and tested extract (p < 

0.05). 
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Table 3. Surface hydrophobicity and adherence after incubating E. coli with each cranberry fraction 

compared with control. Dil A, dilution at 1 mg mL
-1

; Dil B, dilution at 0.5 mg mL
-1

. *Significant 

differences between control group and tested extract (p < 0.05). 

 

Hydrophobicity 

 

z 
Asymptotic 

significance 

 

Adherence 

 

z 
Asymptotic 

significance 

Extract Dil A -3.063 0.002* Extract Dil A - 3.296 0.001* 

Extract Dil B -3.065 0.002* Extract Dil B - 3.296 0.001* 

F6 Dil A -1.913 0.056 F6 Dil A -0.795 0.427 

F6 Dil B -0.577 0.564 F6 Dil B -0.852 0.394 

F8 Dil A -3.083 0.002* F8 Dil A -0.795 0.427 

F8 Dil B -3.081 0.002* F8 Dil B -1.931 0.053 

F9 Dil A -0.122 0.903 F9 Dil A -3.408 0.001* 

F9 Dil B -1.294 0.196 F9 Dil B -3.296 0.001* 

F11 Dil A -3.117 0.002* F11 Dil A -0.659 0.510 

F11 Dil B -2.988 0.003* F11 Dil B -0.471 0.638 

F13 Dil A -3.113 0.002* F13 Dil A -3.124 0.002* 

F13 Dil B -2.671 0.008* F13 Dil B -1.704 0.088 

F14 Dil A -1.256 0.209 F14 Dil A -1.590 0.112 

F14 Dil B -0.723 0.470 F14 Dil B -1.533 0.125 

F15 Dil A -3.074 0.002* F15 Dil A -0.738 0.460 

F15 Dil B -3.074 0.002* F15 Dil B -0.454 0.650 

F16 Dil A -3.315 0.001* F16 Dil A -2.556 0.011* 

F16 Dil B -3.188 0.001* F16 Dil B -1.533 0.125 

F18 Dil A -2.456 0.014* F18 Dil A -2.668 0.008* 

F18 Dil B -0.586 0.558 F18 Dil B -2.731 0.006* 

F19 Dil A -3.237 0.001* F19 Dil A -0.284 0.776 

F19 Dil B -2.989 0.003* F19 Dil B -0.966 0.334 

F21 Dil A -2.849 0.004* F21 Dil A -2.840 0.005* 

F21 Dil B -2.673 0.008* F21 Dil B -3.067 0.002* 

F23 Dil A -2.833 0.005* F23 Dil A 0.00 1.00 

F23 Dil B -2.631 0.009* F23 Dil B -1.420 0.156 
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Table 3. (Continued) 

 

Hydrophobicity 

 

z 
Asymptotic 

significance 

 

Adherence 

 

z 
Asymptotic 

significance 

F25 Dil A -2.449 0.014* F25 Dil A -0.454 0.650 

F25 Dil B -0.791 0.429 F25 Dil B -0.284 0.776 

 

After testing the selected fractions, two concentrations of F9 made up of 

procyanidin type-A dimer, showed a statistically significant increase in biofilm 

formation compared with the control (Figure 3). Other research has also described an 

increase of biofilm formation in four of the 20 E. coli strains tested after consuming 

cranberry juice
7
 and a reduction of biofilm formation only in one of them. However, 

F9 did not significantly change surface hydrophobicity. On the other hand, F13 (made 

up of other isomer of procyanidin type-A dimer) at the highest concentration (dilution 

A) caused an increase in biofilm formation while both concentrations tested 

significantly decreased surface hydrophobicity. In any case, it should be pointed out 

that the hydrophobicity of bacteria can vary even within the same strain depending on 

the mode and stage of growth
32

. Despite the study of PACs in E. coli has been widely 

described, controversial results are still reported in literature. Foo et al. also found a 

weak activity of procyanidin A2 against the inhibition of adherence of E. coli
33

. In 

another study, PACs as a group of compounds inhibited the growth of E. coli CM 871, 

with no inhibition of E. coli 50
17

. Foo et a.l also proved the anti-adherent effect of 

procyanidin trimers
33

. However, no statistical differences were found between F14 

(made up of cinnamtannin B1 and quercetin arabinoside) and the control in both 

assays tested. Prodelphinidin B (F23) also influenced the antibacterial effect against E. 

coli by decreasing the bacteria surface hydrophobicity. Prodephinidins with pyrogallol 

groups, which have similar structures to procyanidins except for their hydroxyphenyl 

group, have reported to have stronger antibacterial activity than procyanidins with the 

catechol groups
34

. However, the different results obtained from different isolated 

PACs, reinforce the theory proposed by Schmidt et al. who concluded that it was 



Chapter 7 

 
346 

likely that a mixture of several high molecular weight PACs were responsible for the 

anti-proliferation and anti-adhesion activity.  

 Regarding isolated flavonols, fraction formed by myricetin and quercitrin (F21) 

was the most active fraction against the E. coli biofilm formation and also influenced 

the decrease in E. coli surface hydrophobicity. Bacterial hydrophobicity has been 

proved to be largely influenced by the residues and structures on the surface of the 

cell
32

. In this way, recent research has pointed out that phytochemicals such as 

flavonoids can modify bacterial membrane surface hydrophobicity
35

 probably based 

on their ability to complex with extracellular and soluble proteins as well as with 

bacterial cell walls. Concretely, three mechanisms of action of flavonoids have been 

proposed: inhibition of nucleic acid synthesis, cytoplasmic membrane damage and 

inhibition of energy metabolism
36

. Although the anti-adherent effect of myricetin 

remains controversial, some authors have found that 0.5 mg mL
-1

 of myricetin strongly 

inhibited the growth of E. coli
17

. Only few studies have been carried out in order to 

assess the flavonoids structure-antibacterial activity relationship. In this sense, some 

authors concluded that the hydroxylation at position 5 on the A ring and at position 3 

on the C ring improves the antibacterial activity of flavones decreasing membrane 

fluidity
37,38

. These previous results could explain the antibacterial effects that the 

combination of quercitrin and myricetin (F21) showed in both assays. Cowan et al. 

reported that more lipophilic flavonoids may disrupt microbial membranes
26

. 

Furthermore, Wojnicz, et al. affirmed that flavonoids such as quercetin, reduced 

biofilm synthesis because they can suppress autoinducer-2 activity, which is 

responsible for cell-to-cell communication
39

. In particular other authors have described 

the existence of antibacterial activity of quercetin against E. coli
6
. Contrary to these 

previous findings, F25, formed by pure quercetin, a molecule that has a lipophilic 

character despite the presence of five hydroxyl groups in its structure, not only did not 

show statistical differences in UPEC biofilm formation at two tested concentrations, 

but also significantly increased the UPEC surface hydrophobicity compared with 

control at the highest concentration tested (dilution A). Some authors affirmed, in base 
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of their results, that the degree of hydroxylation might affect the antimicrobial activity 

of phenolic compounds, indicating that the more polar flavonoids, the more 

antibacterial effect
17

. In the current study, this theory could be applicable when 

comparing F25 (quercetin) and F21 (quercitrin and myricetin). The addition of one 

more hydroxyl group on the aromatic ring of myricetin compared with quercetin may 

be responsible for its antimicrobial activity. Other research attributes its antimicrobial 

mechanism against Gram-negative to a reaction with DNA or inhibition of protein 

synthesis bacteria
40,41

. An early theory based on that hydrophobic effect may be the 

primary driving force for the adhesion of most pathogens was also proposed
42

. 

However, taking into account the abovementioned case of quercetin, no relation was 

observed between E. coli surface hydrophobicity and biofilm formation rates.  

Despite the great general interest in glycosylated flavonoids due to their diverse 

bioactivity, research focused on their antibacterial properties is still at the 

developmental stage. None of the tested concentrations of F6 (myricetin glucoside) 

showed any activity against biofilm formation nor modifying surface hydrophobicity. 

Some authors have pointed out that the glycosylation of flavonoids leads to a loss of 

activity against some Gram-negative bacteria
43

. In addition, early studies concluded 

that quercetin monosaccharide derivatives showed weak activity against E. coli 
44

. 

Following with these compounds, other plant extracts such as white garlic extract, 

which contains a high concentration of quercetin-4-O-glucoside and quercetin-3,4-O-

diglucoside, had a large inhibiting activity on the growth of  E. coli, among other 

Gram-negative bacteria
6
. The current results show that quercetin derivatives do not 

always produce the same antibacterial effect. On one hand, fractions 18 and 19, made 

up of quercitrin isomer and quercitrin (quercetin-3- rhamnoside) respectively, showed 

different antibacterial activity. While incubation with F18 caused a statistically 

significant increment of UPEC biofilm formation compared with the control and did 

not present significant differences on surface hydrophobicity, F19 (quercitrin) did not 

show statistical differences in biofilm formation rates but produced a significant 

reduction on surface hydrophobicity. Taking into account that F19 was tested at lower 
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concentrations than F18, as depicted in Table 2, this fact suggests that the position of 

sugar moieties influences the antibacterial activity of flavonoids. Previous studies 

reported that among quercetin glycosides tested, quercetin-3-rhamnoside exhibited the 

strongest antibacterial activity against Gram-negative bacteria whereas other quercetin 

glycosides showed weak or no activity against the same Gram-negative bacteria
45

.  On 

the other hand, F15 and F16, made up of quercetin arabinoside isomers, showed 

similar trends in significant surface hydrophobicity reduction even testing different 

concentrations (Table 3) while only F16 at 300 μg mL
-1

 (dilution A) significantly 

increased the biofilm formation rate.  

In addition, both tested concentrations of fraction F8, made up of mainly 

dihydroferulic acid glucuronide, also showed a reduction in the hydrophobicity of E. 

coli. In this regard, Borges et al. found that ferulic acid had antimicrobial activity 

against E. coli by irreversible changes in membrane properties through hydrophobicity 

changes that caused local rupture or pore formation in the cell membranes causing the 

loss of essential intracellular constituents
46

. Despite Borges et al. also concluded in 

other study that ferulic acid reduced mass of biofilm formed by Gram-negative 

bacteria
47

, dihydroferulic acid glucuronide did not show statistically differences 

compared with the control. 

If we look at the whole extract, the data revealed statistical differences with 

respect to control in both, biofilm formation and surface hydrophobicity, after 

incubating UPEC strains with the cranberry extract independent of the concentrations 

tested (Figure 4). This finding suggests that even at low dosage, cranberry extract 

presents antibacterial activity in vitro. As pointed out along the text, the hydrophobic 

properties of microbial surfaces are conducive to adhesion and, thus, to penetration of 

host tissues. Taking into account the capacity of UPEC to form biofilms, it could be 

expected a positive relationship between hydrophobicity and biofilm formation. 

However, the nonparametric Kendall‘s rank correlation disclosed that there was no 

trend between surface hydrophobicity and adherence (W=0.236; p=0.019) of UPEC 

tested after the incubation with cranberry extract. These results could be attributed to 
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the different behavior of each strain. In fact, despite most of UPEC strains are in 

vitro positive for biofilm production
48

, it has been previously reported that even the 

same strain can respond very differently to biofilm formation depending on the 

environmental factors, among others
49

. Thus, the fact that complete extracts showed 

stronger inhibitions in surface hydrophobicity and biofilm formation compared with 

isolated fractions reinforces the theory that the antimicrobial activity of cranberry 

extracts is a synergistic effect of various phenolic compounds, many of which are 

probably still unidentified. 

 Conclusions 

In conclusion, the present work showed that semipreparative-HPLC proved to 

be a powerful tool for the fractionation of phenolic compounds from complex matrices 

like cranberry extracts. The results suggested that apart from PACs, other compounds, 

mainly flavonoids, can act against uropathogenic E. coli biofilm formation and also 

modifying UPEC surface hydrophobicity in vitro, one of the first steps of adhesion. 

Additionally, a synergism between compounds could affect the antibacterial effects of 

the studied extracts. However, further studies in vivo are necessary to confirm their 

antibacterial activity. 

 Experimental 

General Experimental Procedures  

Formic acid and acetonitrile used for preparing mobile phases were from 

Sigma-Aldrich (Steinheim, Germany) and Fisher Scientific (Loughborough, Leics, 

UK),  respectively. Ultrapure water with a resistivity value of 18.2 MΩ was obtained 

from Milli-Q system (Millipore, Bedford, MA, USA). HPLC grade methanol (99.9%) 

was purchased from Fisher Scientific (Loughborough, Leics, UK). For microbiological 

determinations, tryptic soy broth (TSB) (Fluka), phosphate buffered saline pH-7.4 

(PBS), ammonium phosphate; acetic acid, methanol, and Hucker‘s cristal violet were 

supplied from Sigma-Aldrich (Steinheim, Germany).  
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Sample preparation 

A commercial extract in capsules of American cranberry consisted on 

concentrated cranberry juice was used to carry out this study (Urell
®

 Pharmatoka, 

Rueil Malmaison, France). The content of five capsules (200 mg each) was mixed and 

5 mg of the cranberry extract were weighted and dissolved in 5 ml of a (50:50, v/v) 

methanol/water mixture to obtain a final concentration of 1 mg mL
-1

. Then, the 

solutions were vortexed for 2 min, sonicated for 10 min, and centrifuged at 984 × g. 

Finally, the supernatants were filtered through 0.2 μm regenerated cellulose syringe 

filters. The extraction procedure was carried out in triplicate. 

For isolation of phenolic compounds from cranberry extract, solution stock at 

50 mg mL
-1

 was prepared by dissolving the appropriate amount of cranberry extract in 

(50:50, v/v) methanol/water mixture, and the aforementioned procedure was followed.  

To develop the antimicrobial assays, two solutions of the extract were prepared 

at 1 mg mL
-1

 (dilution A) and 0.5 mg mL
-1

 (dilution B) in phosphate buffered saline 

(PBS), pH 7.4. 

Isolation of compounds by semipreparative-HPLC  

Fractionation was conducted at room temperature using a Gilson 

semipreparative HPLC system (Gilson Inc., Middleton, WI, USA) equipped with a 

binary pump (model 331/332), automated liquid handling solutions (model GX-271), 

and UV-Vis detector (model UV-Vis 156). To separate the target compounds, an 

Ascentis C18 column (10 µm, 250 × 212 mm) was used. The mobile phases consisted 

of 1% formic acid in water-acetonitrile (90:10, v/v) (phase A) and acetonitrile (phase 

B). The following optimized multi-step linear gradient was developed: 0 min, 5% B; 

10 min, 9.5% B; 35 min, 17.5% B; 50 min, 25% B; 55 min, 100% B; 57 min, 5% B; 62 

min, 0% B. The initial conditions were held for 10 min. The injection volume was 

1 mL. The flow rate used was 15 mL min
-1

. The separated compounds were monitored 

with UV-Vis (220–280 nm). The fraction-collection step consisted of UV-based 

purification, determining the elution time window for collecting each fraction. Finally, 
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a total of 25 fractions were collected, and the solvent was evaporated under vacuum. 

The residue of each fraction was weighted and dissolved a) in methanol to obtain a 

final concentration of 100 ppm to analyze them by HPLC-ESI-MS, and b) in 2 mL of 

PBS to carry out the antibacterial assays. 

Characterization of the fractions by HPLC-ESI-MS  

Analyses were carried out by an Agilent 1200 series rapid resolution (Santa 

Clara, CA, USA) equipped with a binary pump, a vacuum degasser, an autosampler, a 

thermostated column compartment, and a diode array detector (DAD). Compounds 

were separated at room temperature using a Zorbax Eclipse Plus C18 column (1.8 µm, 

150 × 4.6 mm) (Agilent Technologies, Palo Alto, CA, USA) according to the method 

proposed by Iswaldi et al.
19

.  

The compounds detection was carried out using a QTOF mass spectrometer 

(Agilent 6540) equipped with Jet Stream dual electrospray ionization (ESI) interface 

operating in negative ionization mode. To maintain mass accuracy during the run time, 

continuous infusion of a reference mass solution containing ions m/z 112.985587 

(trifluroacetate anion) and 1033.988109 (trifluroacetic adduct of hexakis (1H, 1H, 3H-

tetrafluoropropoxy)phosphazine or HP-921) was used. Data acquisition in profile 

mode was governed via MassHunter Workstation Software (Agilent Technologies). 

Data analysis was performed on MassHunter Qualitative Analysis Version B.06.00 

(Agilent Technologies). 

Bacteria and cultures 

A mixture of fourteen strains of uropathogenic E. coli (UPEC) were used, ten 

obtained from patients with acute pyelonephritis (471, 787, 753, 472, 595, 760, 695, 

697, 629, and 795), together with four strains obtained from the Spanish Type Culture 

Collection (CECT): CECT 424 (F- thr- leu- lacY mtl- thi- ara gal ton 2 malA xyl, 

resistant to phages T1, T2, and T6.), CECT 4076 (Serovar. O157:H7, originally 

isolated from haemorrhagic colitis), CECT 417 (SupE44 (am). mutant tRNA), and 

CECT 743 (Serovar. O142 K86B:H6, isolated from children with diarrhea). 
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Biofilm formation and surface hydrophobicity  

To determine the adherence and subsequent biofilm formation of tested mixture 

of UPEC, a tube test proposed by Stepanovic et al.
50

 was performed. Briefly, the 

mixture of uropathogenic strains were subcultured at 37ºC for 24 h in glass tubes with 

2.5 mL of tryptic soy broth (TSB). Then, 0.5 mL of the aforementioned culture and 50 

μL of the cranberry extract and each selected fraction at two different concentrations 

displayed in Table 2 were placed into Eppendorf tubes. An Eppendorf tube without 

inoculums containing the same amount of TSB was used as a negative control, while 

0.5 mL of the bacterial suspension in an Eppendorf tube together with 50 µL of 

phosphate buffer saline (PBS) was used as a positive control. After incubating for 24 

h, the content of each tube was aspirated carefully and washed three times with 1 mL 

of PBS. Tubes were air dried and 200 μL of 99% methanol were added as a fixative. 

After 15 min, the excess of methanol was removed and the tubes were air dried. Then, 

200 μL of the colorant Hucker‘s cristal violet solution (2% dye content) were added, 

and after 5 min the tubes were submerged in distillate water to take out the surplus. 

After air drying, biofilm was dissolved in each tube with 1 mL 33% acetic acid. Once 

the absorbance was measured at 570 nm using Boehringer–Mannheim photometer-

4010 model (Boehringer GmbH, Mannheim, Germany), results were calculated 

according to Eq. (1), where OD is the optical density of the strains incubated with the 

cranberry extract or with each phenolic fraction and ODc is the optical density from 

the strains after incubating with the same volume of PBS.  

(1) Δ biofilm = OD/ODc  

 In order to determine the surface hydrophobicity, the ammonium sulphate 

aggregation test, described by Lindahl et al.
51

, was carried out. In brief, a mixture of 

strains was performed in 2 mL of TSB medium. The culture was washed three times 

with PBS and centrifuged at 562 × g for 10 minutes. Bacteria were resuspended into 

0.002 mol L
-1

 sodium phosphate (OD1 at 540 nm). Then, 10 μL of the cranberry 

extract and each selected fraction at two different concentrations displayed in Table 2 

were incubated at room temperature for 30 min in a rotary shaker (Heidolph Reax, 
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ConThermo GmH & Co. KG, Germany) with 100 µL of the bacterial suspension of the 

selected strains, in PBS. Several solutions of ammonium sulphate at osmolarities 

ranged from 0.2 to 4 mol L
-1

 in sodium phosphate 0.002 mol L
-1

 were prepared. Then, 

10 μL of bacterial suspension with the same volume of ammonium sulphate were 

added on a slide. The lowest concentration of ammonium sulphate which produced 

visible aggregation after 30 seconds gentle manual rotation at room temperature was 

written down. Aggregation with 4 mol L
-1

 solution was interpreted as 0% 

hydrophobicity, while aggregation with 0.2 mol L
-1

 was interpreted as 95% 

hydrophobicity. The results obtained, expressed as % hydrophobicity, were calculated 

according to Eq. (2) where ΔH is the ratio of the hydrophobicity of the strains 

incubated with the whole extract or with each phenolic fraction and ΔHc are the 

hydrophobicity of the strains after incubation with an equal volume of PBS.  

(2) % hydrophobicity = ΔH/ ΔHc * 100 

Statistical analysis 

Data of bioactivity are expressed as mean ± standard deviation. Significant 

differences in the adherence and surface hydrophobicity of E. coli pre and post- 

incubated with the extract or phenolic fractions were determined using the Wilcoxon 

matched pairs signed rank test by IBM SPSS Statistics (Chicago, IL, USA). 

Differences between means were considered to be significant when the p value was 

below 0.05. In addition, Kendall‘s correlation coefficients of inter-variable 

concordance were calculated. 
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Abstract  

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a circulating protein 

that regulates cholesterol metabolism by promoting LDL receptor degradation in the 

liver and has recently been proposed as a therapeutic target in the management of 

hyperlipidaemia. We investigated the impact of dietary fat on the metabolism of 

sterols and on plasma PCSK9 concentrations to explore likely clinical usefulness. In a 

post hoc analysis of a double-blinded randomised crossover controlled feeding trial 

[The Canola Oil Multicenter Intervention Trial (COMIT)], volunteers (n= 54) with at 

least one condition related to metabolic syndrome consumed diets with one of the 

following treatment oils in beverages: 1) conventional canola oil (Canola); 2) canola 

oil rich in docosahexanoic acid (DHA) (CanolaDHA); and 3) high-oleic acid canola oil 

(CanolaOleic). The enrichment in oleic acid resulted in lower plasma cholesterol 

concentration compared with diets enriched in DHA. Contrarily, DHA-enriched oil 

significantly decreased plasma PCSK9 and triacylglycerols levels, but increased 

circulating levels of sterols. The variations in lathosterol, sitosterol and campesterol 

indicate that plasma PCSK9 levels are sensitive to changes in cholesterol synthesis 

and/or absorption. There was a significant correlation between plasma PCSK9 levels 
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and plasma triacylglicerol and apolipoprotein B (apoB) levels, which was not affected 

by dietary fat. Therefore, our results suggest that the impact of dietary fats should not 

be discarded as complementary treatment in the management of patients with 

hyperlipidaemia. These findings should be considered in the analysis of ongoing 

studies and may represent a cautionary note in the treatment of patients with 

cardiovascular risk. 

 

Keywords: PCSK9, fatty acids, docosahexaenoic acid, sterols, hyperlipidaemia. 
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 Introduction 

Coronary mortality remains the most common cause of early death in the 

Western world
(1)

. Accordingly, the European Guidelines on cardiovascular disease 

prevention in clinical practice affirm that more than 50% of the reduction in 

cardiovascular disease (CVD) mortality relates to changes in risk factors, and 40% to 

improved treatments
(2)

. In this regard, the quality of dietary fats is important in 

preventing the development and progression of chronic diseases such as CVD. These 

European Guidelines report that increased plasma total and low-density lipoprotein 

(LDL) cholesterol are among the main risk factors for CVD
(2)

. Because of this, 

proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibition has become a 

therapeutic target in order to control LDL-C levels in plasma as alternative drugs of 

statin classes
(3,4)

. 

Abifadel et al. first reported an association between autosomal dominant 

hypercholesterolaemia (ADH) and PCSK9
(5)

. Since its discovery, PCSK9 has been 

proposed as the third gene related to autosomal dominant familial 

hypercholesterolaemia, after LDL receptor (LDLR) and apoB-100
(5)

. The principal 

mechanism of PCSK9 in increasing plasma cholesterol is based on promoting LDLR 

degradation in liver, the primary conduit for the removal of LDL from the circulation, 

leading to an increase in blood LDL-C levels
(6)

, and as such is considered a novel 

target in cholesterol-lowering therapy. In fact, the Copenhagen Heart Study showed 

that loss of function of PCSK9 is associated with an 11–15% reduction in the LDL-C 

level, which resulted in a 6–46% risk reduction in coronary heart disease events
(7)

. 

LDLR and PCSK9 are transcriptionally regulated by sterol response element-binding 

proteins (SREBPs), a family of transcription factors involved in the regulation of lipid 

homeostasis, including the activation of genes required for cholesterol biosynthesis
(8)

.  

Although relatively modest, diet-related reductions in hepatic PCSK9 secretion 

could be amplified over the longer term via the reciprocal relationships in the LDLR-

PCSK9-LDL axis
(9)

. Other study has demonstrated that PCSK9 expression is 

dependent on nutritional regulation, decreasing upon fasting and increasing after re-
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feeding with a high carbohydrate diet in rodents
(10)

. The relationship between PCSK9 

and sterols is being investigated. Some research demonstrated that PCSK9 expression 

follows a diurnal rhythm accompanied by parallel fluctuations in the lathosterol-to-

cholesterol ratio
(11)

. In addition, it has been suggested that plasma PCSK9 

concentration reflect hepatic SREBP2 activity due to fasting induces changes in both, 

PCSK9 and markers of cholesterol synthesis in humans and these parameters 

downstream effects of SREBP2
(12)

. However, only a few studies have described a 

dietary modulation of PCSK9 in humans. One of them showed that the Mediterranean 

Diet, in the absence of weight loss, reduced plasma PCSK9 in men (n=19) with 

metabolic syndrome
(13)

, while a randomised controlled trial demonstrated that n-6 

polyunsaturated fatty acids (PUFA) lower PCSK9 plasma levels
(14)

. 

Despite many randomised controlled trials showing a reduction in CV risk-

factors with decreases or modifications in dietary fat intake
(15,16)

, little is known about 

whether divergent dietary intakes with varying fatty acid compositions directly impact 

circulating PCSK9 levels. Therefore, the objective of the present study was to 

investigate the impact of dietary fat – including conventional canola oil, high-oleic 

acid canola oil enriched with DHA canola oil, and high-oleic canola oil – on the 

metabolism of sterols and on plasma PCSK9 concentrations to explore likely clinical 

usefulness. 

 Materials and Methods 

Trial design and study subject 

The Canola Oil Multicenter Intervention Trial (COMIT) was a double-blind, 

randomised, crossover trial conducted at the University of Manitoba, Laval University 

and the Pensylvania State University. This study was carried out according to the 

guidelines laid down in the Declaration of Helsinki and all procedures involving 

human subject were approved by the Biomedical Ethics Board at the University of 

Manitoba, Comité sectoriel d‘éthique de la recherche en sciences de la santé de 

l‘Université Laval, and the Institutional Review Board at the Pennsylvania State 

University. The trial was registered at clinicaltrials.gov under the registration 

http://www.clinicaltrials.gov/
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number NCT01351012. Written informed consent was obtained after an initial 

interview with each participant. The interview included a full description of the study 

and a discussion of the compliance issues and study expectations. The COMIT design, 

procedure and clinical protocol have been described in detail elsewhere
(17)

.  

Briefly, participants with at least one of the metabolic syndrome risk factors 

based on the International Diabetes Federation definition
(17) 

were recruited. As a sub-

study of the COMIT, 54 participants (16 males and 38 females) aged 18 years or older 

at RCFFN were selected for the present work based on the sample availability.  

Study diets 

Importance of canola oil 

Traditionally, the terms canola oil and rapeseed oil has been interchangeably 

used. However, in spite that both oils belong to the Brassicaceae family, by definition, 

canola has specific cut-off levels of erucic acid (< 2%) and glucosinolates (< 30 

umol/g)
 
for both human and animal consumption

(18)
. Canola oil is the third largest 

source of vegetable oil in the world, according with the United States Department of 

Agriculture (USDA)
(19)

. The importance of its consumption reside in its composition 

in low saturated fat and high monounsaturated fatty acids (MUFA) and PUFA 

concentrations which improve lipid profiles and reduction of CVD risk
(18)

. In fact, in 

the USA, the Food Drug Administration (FDA) approved a health claim regarding the 

association between canola oil consumption and reduction of risk of coronary heart 

disease
(20)

.  

Diet design 

Three out of five COMIT interventions were chosen in order to estimate the 

impacts of oleic acid and DHA on PCSK9 plasma levels. Study diets were prepared in 

a metabolic kitchen facility where kitchen staff and clinical coordinators were blinded 

to the treatments. Three isocaloric meals were cooked each day and two snacks were 

provided per day for each subject in a 7-day rotating menu cycle. Subjects consumed 

http://www.clinicaltrials.gov/NCT01351012
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at least one of three daily meals under supervision. The other meals were prepared and 

packed for each subject to be taken away. Weekend meals and shakes were distributed 

to the participant‘s place of residence or were delivered to the feeding site on Fridays. 

The study intervention oils were delivered in a shake-style beverage, divided into two 

equal doses to be consumed at breakfast and supper each day
(17,21)

. The majority of the 

oil treatments were consumed under the supervision of a clinical coordinator to ensure 

optimal compliance. Subjects were also instructed to consume only the prepared meals 

and not to consume alcohol or caffeinated beverages. 

Diets were provided at caloric levels that matched the individual volunteer's 

daily requirements, which were calculated by using the Mifflin-St Jeor equation
(22)

. 

The nutrient content of the diet was analysed using FOOD PROCESSOR (Food 

Processor, Salem, OR) to ensure the adequacy of macro- and micronutrients. Table 1 

summarises the specific composition of oils with different fatty acids
 (21)

. Briefly, 

subjects consumed a fixed composition of a precisely controlled basal, weight-

maintaining diet (35% energy from fat, 50% carbohydrate, and 15% protein) 

supplemented with the following treatment oils: 1) Canola (59% OA, 20% LA, and 

10% ALA); 2) CanolaDHA (63% OA and 6% DHA); 3) CanolaOleic (72% OA and 

15% LA). The quantities of oil provided were 60, 48 or 36 g oil per day, based on the 

calculated energy requirements of the participants 3000, 2400 or 1800 Kcal 

respectively. Oils were weighed to the nearest gram and added to the shakes. During 

the study period, body weight was monitored so that the baseline weight did not 

fluctuate by more than 1 kg and if subjects gained or lost weight energy adjustments 

were made. 

Baseline characteristics of the participants are summarised in Table 2.  
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Table 1. Fatty acid and sterol profile of the treatments oils
1
. 

  Canola CanolaDHA CanolaOleic 

Fatty acids (%) 
   

16:0, palmitic acid 4.1 5.3 3.7 

18:0, stearic acid 1.8 1.7 1.8 

18:1, oleic acid 58.6 63.2 71.5 

18:2, linoleic acid 19.5 12.7 14.7 

18:3, α-linolenic acid 9.8 2.0 2.3 

20:4, arachidonic acid 0 0.1 0 

20:5, EPA 0 0.2 0 

22:5, DPA 0 2.4 0 

22:6, DHA 0 5.8 0 

Total SFA 7.3 9.0 6.9 

Total MUFA 60.3 64.7 73.2 

Total PUFA 29.3 23.1 17.0 

Sterols ( µmol/L) 
   

Brassicasterol 91 95 109.9 

Lathosterol 0.0 0.8 0.6 

Stigmasterol 1.9 26.2 2.7 

Sitosterol 390.6 343.1 381.4 

Lanosterol 0.0 3.4 0.0 

Campesterol 257.7 233.4 253 
1
The amount of treatment oil was adjusted to contribute 18% of energy for each 

calorie level. Canola, conventional canola oil (Richardson Oilseed Ltd); 

CanolaDHA, high–oleic acid canola oil (Richardson Oilseed Ltd) with DHA 

(Martek Biosciences Corporation) and CanolaOleic, high–oleic acid canola oil. 
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Table 2. Baseline characteristics in 54 COMIT participants from RCFFN 

 

Sex (n)   

Men 16 

Women 38 

BMI (kg/m2) 29.68 ± 5.03 

Age (y) 43.87 ± 15.81 

TC (mmol/L) 5.39 ± 1.13 

HDL-C (mmol/L) 1.25 ± 0.28 

LDL-C (mmol/L) 3.41 ± 1.01 

Triacylglycerols (mmol/L) 1.61 ± 0.92 

Glucose (mmol/L) 5.43 ± 1.65 

Body weight (kg) 80.69 ± 15.93 

Waist (cm)  

Women 90.64 ± 11.92 

Men 103.37 ± 13.76 

SBP (mm Hg) 122.44 ± 20.33 

DBP (mm Hg) 81.24 ± 12.41 

Adapted from Jones PJ et al.
(29)

. DBP, diastolic blood pressure; HDL-C, 

HDL cholesterol; LDL-C, LDL cholesterol; RCFFN, Richardson Centre for 

Functional Foods and Nutraceuticals, Winnipeg, Manitoba, Canada; SBP, 

systolic blood pressure; TC, total cholesterol. 
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Sample collection  

Twelve-hour fasting blood samples were collected on days 29 and 30 (endpoint) 

of each phase. Endpoint values were determined as the mean values from days 29 and 

30. After centrifugation of blood, plasma and serum samples were separated and stored 

at - 80°C until further analysis. 

 Biochemical analysis 

 Sterols and serum lipids analysis and quantification 

The extraction methodology was performed as described by Mackay et al.
(23)

 

with some modifications regarding derivatization. 5α-Cholestane (100 µL; 1 mg/mL) 

was added to 500 µL of each plasma sample as the internal standard. Alkaline 

hydrolysis was performed using methanolic KOH to convert sterol fatty acid esters to 

free sterols prior to solvent extraction.  

Total cholesterol and non-cholesterol sterols were characterised and measured 

using an Agilent 6890N gas chromatograph (Agilent Technologies, Palo Alto, CA, 

USA), equipped with a flame ionization detector (FID) and an on-column injector. A 

SAC-5 capillary column (30 m x 0.25 mm x 0.25 µm, Supelco Inc., Bellefonte, PA) 

was used. Peak identification was accomplished by comparing the retention times with 

those of a standard mixture of pure sterols. Since 5α-cholestane has been reported to 

have a similar FID response to sterols, quantification of compounds was performed 

using 5α-cholestane as the internal standard.  

Serum lipids were analysed using a Roche Cobas 6000 c501 System (Roche 

Diagnostics, Indianapolis, IN) and standardized with the Centers for Disease Control 

and Prevention (CDC) Lipid Standardization Program for external quality control. 

LDL cholesterol concentrations were calculated using the Friedewald formula. The 

concentrations of apolipoprotein A-1 and B (apoA and apoB respectively) were 

measured by nephelometry (BN Prospec, Siemens). 
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PCSK9 measurement 

Plasma PCSK9 concentrations were measured using a commercial high-

sensitivity, quantitative sandwich enzyme immunoassay technique (Quantikine 

ELISA, R&D Systems Europe Ltd, Sweden). Plasma PCSK9 measurement was 

carried out following meticulously the manufacturer‘s protocol. Briefly, plasma 

samples were 20-fold diluted in dilution buffer. 50 µL of standards and plasma 

samples were loaded into the 96-well microplate that was coated with a monoclonal 

antibody specific for human PCSK9 and it was incubated for 2 h at room temperature. 

Then, a total of 4 washes with wash buffer were done and when the microplate was 

totally dried, 200 µL of PCSK9 conjugate were added to each well follow by an 

another 2h-incubation. In order to remove any unbound antibody-enzyme reagent, 

other 4 washes were carried out. Once dry, 200 µL of a substrate solution which 

contains stabilized hydrogen peroxide and tetramethylbenzidine were added to achieve 

a coloured development. After 30 min, 50 µL of stop solution were added into each 

well and the optical density was measured at 450 nm using a Varian 50 MPR 

Microplate Reader and Cary 50 Bio UV-Visible Spectrophotometer (Varian). PCSK9 

levels after each of the three dietary interventions were tested in duplicate. In order to 

minimise the analytical variations all the measurement were carried out by the same 

researcher. The intra-assay analytical variation (CV) varied from 0.05% to 12.61%. 

Linearity of all 0.625 to 40 ng/mL calibration curves were excellent (R
2
 > 0.99). 

Statistical Analysis 

Results are presented as mean ± SD. Data were analysed using the PROC 

MIXED procedure for subjects over treatment periods in Statistical Analysis Software 

(SAS) (version 9.2; SAS Institute, Inc., Cary, NC, USA) with treatment, age and sex 

used as fixed effects, repeated over treatment periods. Tukey-adjusted P values were 

used to examine differences between treatments. The Pearson's correlation coefficient 

was applied for quantitative variables. Statistical significance is displayed at a 95% 

confidence level (P ≤ 0.05). 
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 Results 

Plasma sterol levels 

Plasma sterol levels after the three dietary treatments are summarised in Table 

3. Consumption of the CanolaDHA diet resulted in a significantly higher (p=0.0104) 

total cholesterol level compared with the CanolaOleic, but not with Canola diet, 

whereas there was no significant differences observed between Canola and 

CanolaOleic treatments (Table 3). Sterols including desmosterol, lathosterol, 

campesterol, β-sitosterol and cholestanol were identified in the plasma samples of all 

participants. No differences were observed in desmosterol levels between diets. The 

plasma lathosterol level was significantly higher (p < 0.0001) in the CanolaDHA 

group compared with the other two interventions. Highest plasma concentrations of 

campesterol and cholestanol were observed after the CanolaDHA treatment compared 

with the CanolaOleic treatment (p=0.0063 and p=0.0010, respectively). In addition, β-

sitosterol levels were higher after the CanolaDHA intervention compared with the 

Canola (p=0.0252) and CanolaOleic (p=0.0015) treatments. 
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Table 3. Between-treatments comparisons of plasma plant sterols, cholesterol, and plant 

sterols-to-cholesterol ratios 

  Canola CanolaDHA CanolaOleic 

TC (mmol/L) 4.55 ± 0.12
a,b

 4.65 ± 0.12
a
 4.37 ± 0.12

b
 

Desmosterol (μmol/L) 3.77 ± 0.47 3.91 ± 0.47 3.64 ± 0.47 

Lathosterol (μmol/L) 6.64 ± 0.32
b
 8.63 ± 0.33

a
 6.31 ± 0.33

b
 

Campesterol (μmol/L) 12.58 ± 0.68
a,b

 13.09 ± 0.67
a
 11.94 ± 0.67

b
 

Sitosterol (μmol/L) 5.00 ± 0.38
b
 5.57 ± 0.38

a
 4.79 ± 0.38

b
 

Cholestanol (μmol/L) 6.52 ± 0.35
a,b

 6.81 ± 0.35
a
 6.34 ± 0.35

b
 

Total PS (μmol/L)* 17.54 ± 1.02
a
 18.68 ± 1.02

a
 16.76 ± 1.02

a,b
 

Desmosterol-to-cholesterol ratio 0.83 ± 0.11 0.84 ± 0.11 0.81 ± 0.11 

Lathosterol-to-cholesterol ratio 1.45 ± 0.07
b
 1.81 ± 0.07

a
 1.38 ± 0.07

b
 

Campesterol-to-cholesterol ratio 2.84 ± 0.13
a
 2.88 ± 0.13

a
 2.73 ± 0.13

a,b
 

Sitosterol-to-cholesterol ratio 1.12 ± 0.08
b
 1.23 ± 0.08

a
 1.11 ± 0.08

b
 

Cholestanol-to-cholesterol ratio 1.45 ± 0.07 1.47 ± 0.07 1.43 ± 0.07 

All values are least-squares means ± SD; n=54. Mean values with different superscript letters are 

significantly different between treatments; p < 0.05. TC, total cholesterol (mmol/L); Total PS, total 

plan sterols (μmol/L); *Total plant sterols (campesterol + sitosterol). 
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Plasma PCSK9 levels 

Plasma PCSK9 concentrations at the endpoints are presented in Table 4. 

Consumption of the CanolaDHA diet resulted in the significantly lowest plasma 

PCSK9 concentration (212.53 ± 10.2 ng/mL) compared with Canola (238.54 ± 10.3 

ng/mL) and CanolaOleic (234.18 ± 10.2 ng/mL) treatments (p=0.0042 and p=0.0179, 

respectively). Plasma obtained from subjects during consumption of the Canola and 

CanolaOleic diets was not significantly different in terms of plasma PCSK9 

concentrations.  

 

Table 4. Between-treatment comparison of plasma lipidic profile and PCSK9 

  Canola CanolaDHA CanolaOleic 

PCSK9 (ng/mL) 238.54 ± 10.29
 a
 212.53 ± 10.20

 b
 234.18 ± 10.23

 a,c
 

apo A-1 (mmol/L) 1.48 ± 0.20
 a
 1.54 ± 0.24

a
 1.50 ± 0.21

 a
 

apo B (mmol/L) 0.96 ± 0.26
 a
 1.01 ± 0.27

 a
 0.96 ± 0.25

 a
 

HDL-C (mmol/L) 1.25 ± 0.29
 b
 1.38 ± 0.36

 a
 1.25 ± 0.29

 b
 

LDL-C (mmol/L) 3.02 ± 0.90
 b
 3.22 ± 0.99

 a
 2.94 ± 0.82

 b
 

TAG (mmol/L) 1.64 ± 0.99
 a
 1.30 ±0.70

 b
 1.68 ± 1

 a
 

All values are least-squares means ± SD; n=54. apo, apolipoprotein; Canola, conventional 

canola oil; CanolaDHA, high-oleic acid canola oil (Richardson oilseed Ldt) with DHA 

(Market Biosciences Corporation);  HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; 

TAG, Triglycerides. Values with different letters are significant at p < 0.05. 

Serum lipids and apolipoprotein levels 

Serum lipid profiles, as well as apolipoprotein and PCSK9 concentrations, 

across the three oil interventions are presented in Table 4. LDL-C and HDL-C levels 

were higher after the CanolaDHA treatment (3.22 ± 0.99 and 1.38 ± 0.36 mmol/L, 

respectively) versus the other two treatments, whereas the LDL-C plasma 

concentration showed the lowest concentration after CanolaOleic intervention. Plasma 

apolipoprotein A-1 and B concentrations were similar across the three treatments. 

Moreover, mean plasma TAG concentrations were lower after consumption of the 
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CanolaDHA diet compared with the Canola and CanolaOleic (1.30 ± 0.70 mmol/L 

respectively) interventions. 

Correlations between plasma PCSK9 and metabolic parameters 

Table 5 summarises the correlations between plasma PCSK9 and metabolic 

parameters across the three diet interventions. Briefly, PCSK9 was significantly 

correlated with TC, TAG, apoB and cholesterol synthesis markers (desmosterol and 

lathosterol). However, a weak correlation was found between PCSK9 and cholesterol 

absorption markers (campesterol, β-sitosterol and cholestanol). Finally, there was no 

significant correlation between PCSK9 and HDL-C. 

Comparisons between the most relevant correlations of the 3 diets are displayed 

in Figure 1. The most remarkable finding was that CanolaOleic presented the 

strongest correlation between PCSK9 and TC (r=0.483, p=0.000) compared with the 

other two interventions, while CanolaDHA led to the strongest correlation between 

PCSK9 and apoB (r=0.883; p < 0.0001).  

 

Table 5. Correlations between circulating PCSK9 and metabolic parameters at the end of 

each experimental phase (n=54) 

  All treatments Canola CanolaDHA CanolaOleic 

Correlation with PCSK9 r p r p r p r p 

TC (mmol/L) 0.300 0.000 0.279 0.041 0.348 0.009 0.483 0.000 

HDL-C (mmol/L) -0.045 0.565 -0.108 0.439 0.005 0.972 0.023 0.867 

LDL-C (mmol/L) 0.202 0.010 0.172 0.214 0.229 0.096 0.265 0.055 

TAG (mmol/L) 0.449 <.0001 0.484 0.000 0.356 0.008 0.464 0.000 

apoA (mmol/L) 0.224 0.004 0.222 0.106 -0.139 0.317 0.287 0.037 

apoB (mmol/L) 0.348 <.0001 0.366 0.007 0.883 <.0001 0.439 0.001 

Desmosterol (µmol/L)* 0.322 <.0001 0.340 0.011 0.298 0.028 0.365 0.007 

Lathosterol (µmol/L)* 0.261 0.000 0.309 0.023 0.353 0.009 0.304 0.027 

Campesterol (µmol/L)** -0.152 0.06 -0.130 0.347 -0.179 0.197 -0.127 0.365 

β-sitosterol (µmol/L)** -0.181 0.021 -0.102 0.464 -0.249 0.069 -0.129 0.355 

Cholestanol (µmol/L)** 0.074 0.352 0.113 0.415 -0.049 0.719 0.188 0.178 

Pearson‘s correlations between plasma PCSK9 levels and metabolic parameters in volunteers with at 

least one condition of metabolic syndrome (n=54) after different diet treatments. * Cholesterol synthesis 

markers; ** Cholesterol absorption markers. 
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Figure 1. Comparative correlations between plasma PCSK9 and metabolic parameters across 

the tree diets. A. Conventional Canola oil; B. High oleic canola oil enriched with DHA; C. 

High oleic canola oil. 
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 Discussion 

This post-hoc analysis from the COMIT trial provides the first line of the 

evidence that sterol metabolism and plasma PCSK9 concentration could be influenced 

by consumption of different dietary fats. In fact, the current study is the first to 

correlate the effect of the blend of fat intake from different canola oils and plant sterols 

and PCSK9 plasma concentrations.  

Our results showed that plasma levels of PCSK9 were positively correlated with 

cholesterol synthesis markers (lathosterol and desmosterol) across all three diets, 

corroborating that plasma PCSK9 levels are sensitive to changes in cholesterol 

synthesis. Recently, investigators have presented study findings in a positive 

relationship between the diurnal variations of plasma PCSK9 and the lathosterol-to-

cholesterol ratio
(24)

. Additionally, a strong correlation between PCSK9 and lathosterol 

in humans, suggesting that hepatic PCSK9 and 3-hydroxy-3-methylglutaryl coenzyme 

A (HMG-CoA) reductase are regulated by the same mechanism, SREBP-2, has been 

previously reported
(25)

. 

One of the most remarkable finding in the current research was that 

CanolaDHA led to the highest plasma TC while simultaneously presenting the lowest 

plasma PCSK9. It is commonly believed that PCSK9 binds to hepatic low-density 

lipoprotein receptors (LDLRs), thus preventing LDLR recycling to the cell surface 

after endocytosis, resulting in a reduction in LDLRs on the surface of hepatocytes, 

decreased cellular uptake of LDL-C, and higher plasma LDL-C levels
(6)

. The 

relationship between PCSK9/TC has been previously investigated in 198 

normolipidaemic subjects resulting in positive correlation of plasma PCSK9 with TC 

in men, but not in women
(26)

.  

Data from several researches have suggested that PUFA such as DHA could 

help in the reduction of plasma PCSK9 concentration inhibiting its actuation
(27,28)

. 

However, the mechanism underlying the interplay between different fatty acids and 

PCSK9 is not well-established. With respect to the reduction of circulating PCSK9 

after consuming PUFA, some authors showed this mechanism is in line with the 
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notion that PUFA increases hepatic cholesterol, resulting in decreased activity of 

SREBP-2, and subsequently reduced serum concentrations of PCSK9
(14)

. Nevertheless, 

PCSK9 expression is not only influenced by SREBP-2. Recently, it has been 

demonstrated that SREBP-1c can also regulate PCSK9 via the same response element 

as SREBP-2 in the promoter of PCSK9
(10)

. Accumulating evidence supports that 

peroxisome proliferator-activated receptor γ (PPARγ) can be activated by ligands such 

as DHA, among others factors
(29,30)

. In other studies it has been shown that while 

PPARα suppresses PCSK9 and activates furin cleavage of PCSK9, PPARγ induces 

PCSK9 transcription but reduces PCSK9 secretion
(31)

. For that reason, another 

mechanism that should not be discarded is the fact that the reduction of PCSK9 plasma 

concentration after CanolaDHA treatment could be owing to the down-regulation of 

SREBP-1c signalling by DHA
(32)

.  

The connection between PCSK9 and different plasma lipid parameters is being 

extensively investigated. Our current results show that plasma PCSK9 was positively 

correlated with apoB (p < 0.001) in all three oil interventions (Figure 1). These results 

are consistent with previous clinical trials that reported a relationship between the 

apoB and PCSK9
(33,34)

. However, the association between these parameters is still 

controversial and remains unclear.  

Some researches show that elevations in PCSK9 increase cholesterol, TAG and 

apoB levels in blood in different mouse models, indicating that PCSK9 prevents the 

intracellular degradation of apoB and increases very low-density lipoprotein (VLDL) 

secretion, which provides an additional mechanism whereby PCSK9 could increase 

circulating cholesterol and TAG
(33)

. This fact is supported in part by our results, in 

which the dietary interventions Canola and CanolaOleic showed the highest PCSK9 

plasma levels and led to the highest TAG plasma concentrations.  

Furthermore, recent analyses, including data from The Dallas Heart Study 

carried out with 3138 subjects, showed positive and significantly correlated levels of 

PCSK9 with the plasma levels of LDL-C, HDL-C and triacylglycerols
(34)

. In 

agreement with these results, we found significant correlations between plasma 
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PCSK9 and plasma TAG and LDL-C (p < 0.05) in all three oil interventions, but no 

correlations were found between PCSK9 and HDL-C within this study.  

There is a lack of information regarding the impact of the diet and particularly 

dietary fats in PCSK9 plasma concentrations. However, the potential of the diet in 

helping to prevent hyperlipidaemia and other CV-risk factors should not be forgotten, 

especially in those treated with monoclonal antibodies to inhibit PCSK9. 

 

Strengths and limitations 

 

Strengths of this trial include the controlled feeding (participants were provided 

all meals, with one meal a day eaten under supervision for the majority of days) and 

the crossover design. However, the scarcity of previous information about the effect of 

fatty acids on PCSK9 made it difficult to compare our results with previous data in the 

same field. In addition, our study provides the first approach between the effects of the 

oils studied in PCSK9 plasma concentration. Limitations of the present study were the 

lack of a control Western diet and the relatively high oil supplementation.  

 

 Conclusions 

 

The current study presents a new approach in understanding how different 

dietary fats could influence several factors related to CVD. The suppression of plasma 

PCSK9 concentrations with DHA-enriched high–oleic acid canola oil treatment may 

be of importance, which could lead to further investigations of mechanism of actions 

of DHA on PCSK9. To the best of our knowledge, it is the first time such a response 

has been observed in humans. Our findings support that DHA-enriched high–oleic acid 

canola oil treatments could attenuates CVD risk factors via a decline in PCSK9 plasma 

levels. Further long-term studies are necessary to determine the clinical importance of 

the blends of the studied oils on PCSK9. 
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 CONCLUSIONS 

 

1. The ultrasound-assisted extraction using ethanol:water 50% was the optimal 

extraction system for the recovery of phenolic compounds from Moringa 

oleifera leaves. The use of HPLC-ESI-QTOF-MS enabled the tentative 

characterization of 59 phenolic compounds (mainly flavonoids) from the leaves 

of Moringa oleifera, 30 of them have not been previously described in this 

matrix, demonstrating its potential as source of bioactive compounds. 

2. The optimal conditions which allowed the higher extraction yield, total phenolic 

content, and total flavonoid content as well as the best antioxidant activity 

under microwave-assisted extraction were an extraction time of 20 min, 42% of 

ethanol and 158ºC, while the optimal extraction parameters for pressurized 

liquid extraction were extraction time of 20 min, 35% of ethanol and 128ºC. 

After the HPLC-ESI-QTOF-MS analytical characterization under the optimal 

extraction conditions, it was confirmed that MAE extracts were richer in 

flavonoids whereas PLE extracts were richer in more polar compounds, those 

with more hydroxyl groups, and temperature sensitive compounds such as 

glucosinolates. 

3. The optimization of the downstream green extraction systems, namely SFE, 

GXLs, and PHWE proved to be a powerful tool that enabled the extraction of 

diverse fractions rich in different families of bioactive compounds with various 

polarities from Moringa oleifera leaves. A volatile fraction rich in fatty acids, 

alcohols, ketones, alkanes, and esters, a flavonoid-rich fraction and fractions 

rich in phenolic acids were produced. Although the fractions extracted by SFE 

and GXLs presented a similar composition in volatile compounds, the latest 

was more suitable for extracting ketones and esters compared to SFE. The 

fraction resulting from PHWE presented a higher content of phenolics than did 

the GXL fraction, while the latter was richer in flavonoids. 
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4. An HPLC-ESI-QTOF-MS method was optimized for the qualitative and 

quantitative characterization of Pistacia lentiscus leaves. The optimal 

parameters established for a higher resolution, less time of analysis, and the best 

peak width were mobile phases consisting of methanol and 0.25% of acetic acid 

in water, a flow rate of 0.8 mL/min, an injection volume of 10 µL, and a final 

analysis time of 45 min. The optimized analytical method revealed that the 

leaves of Pistacia lentiscus are a good source of bioactive compounds, mainly 

flavonoids. 

5. The polar fraction of the Spanish melon varieties Galia, Cantaloupe, and Piel de 

Sapo was characterized in depth for the first time. This fraction was rich in 

amino acids and derivatives, phenolic acids, and derivatives, and organic acids, 

among other compounds such as lignans and flavonoids. The principal-

component analysis (PCA) gave a clear differentiation between the 3 varieties 

through 12 compounds which could be identified. 

6. Proanthocyanidins and flavanols studied in a cranberry syrup proved highly 

resistant to gamma irradiation and they were stable up to 1 month of storage at 

room temperature. Among these, quercetin and some of its derivatives were the 

most stable compounds, remaining unaltered for 3 months of storage at room 

temperature. 

7. The use of semi-preparative HPLC proved to be a powerful technique for the 

fractionation of complex matrices such as the extract of commercial cranberry 

capsules. Furthermore, it was demonstrated that, apart from proanthocyanidins, 

other phenolic compounds have in vitro antibacterial activity against 

Escherichia coli adherence and biofilm formation. The entire extract presented 

a clear antimicrobial effect by means of diminishing the adherence and biofilm 

formation of the mixture of 14 strains of uropathogenic E. coli, suggesting a 

synergic effect between the compounds from the matrix under study. 
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8. A total of 54 plasma samples were taken during a clinical trial in which 

volunteers consumed different types of canola oils: conventional canola oil, 

high oleic acid canola oil and docosahexaenoic-acid-enriched canola oil. These 

plasma samples were analyzed by GC-FID, and PCSK9 plasma proprotein was 

quantified by ELISA assay. The results showed that plasma levels of PCSK9 

were positively correlated with cholesterol synthesis markers (lathosterol and 

desmosterol) across all three diets, corroborating that plasma PCSK9 levels are 

sensitive to changes in cholesterol synthesis. In addition, the results 

demonstrated for the first time that the intake of DHA-enriched oil diminish the 

PCSK9 plasma concentration by almost 10%, suggesting that the intake of 

some types of dietary fat could act as a complementary treatment in the 

management of patients with hyperlipidemia. 
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 CONCLUSIONES 

 

1. La extracción asistida por ultrasonidos utilizando como disolvente una mezcla 

de etanol y agua al 50 % resultó ser el sistema de extracción óptimo de 

compuestos fenólicos totales de las hojas de Moringa oleifera. El uso de HPLC-

ESI-QTOF-MS permitió la caracterización tentativa de 59 compuestos 

fenólicos (mayoritariamente flavonoides) en la hoja de Moringa oleifera, 30 de 

los cuales no habían sido descritos previamente en esta matriz, demostrando su 

potencialidad como fuente de compuestos bioactivos. 

2. En la extracción asistida por microondas de hojas de Moringa oleifera, las 

condiciones óptimas que permitieron obtener el mayor rendimiento, mayor 

contenido en compuestos fenólicos y flavonoides totales, así como la mejor 

capacidad antioxidante fueron 20 minutos de extracción, 42% de etanol y 

158°C, mientras que los parámetros óptimos de extracción mediante fluidos 

presurizados fueron 20 minutos de extracción, 35% de etanol y 128°C. Tras la 

caracterización analítica mediante HPLC-ESI-QTOF-MS de los extractos 

obtenidos en las condiciones optimizadas para cada técnica, se comprobó que 

los extractos obtenidos por MAE fueron más ricos en flavonoides y sus 

derivados glicosados como kaempferol y quercetina, mientras que los extractos 

obtenidos por PLE fueron más ricos en compuestos más polares, con más 

grupos hidroxilo, así como en compuestos termolábiles como los 

glucosinolatos. 

3. La optimización de los sistemas de extracción limpios, SFE, GXLs y PHWE, 

llevados a cabo hasta agotar la muestra de hoja de Moringa oleifera mostraron 

ser una potente herramienta la cual permitió la obtención de diversas fracciones 

ricas en diferentes familias de compuestos bioactivos con diferentes 

polaridades. De esta forma se obtuvieron tres fracciones: una fracción volátil 

rica en ácidos grasos, alcoholes, cetonas, alcanos y ésteres, otra fracción rica en 

flavonoides y la última fracción rica en ácidos fenólicos. Las fracciones 
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extraídas mediante SFE y GXLs presentaron una composición similar en 

compuestos volátiles, siendo la última más favorable para extraer compuestos 

como cetonas y alcoholes. La fracción obtenida mediante PHWE presentó un 

contenido mayor de compuestos fenólicos que la fracción GXLs, mientras que 

el contenido total de flavonoides fue superior en esta última. 

4. Se optimizó un método de HPLC-ESI-QTOF-MS para la caracterización 

cualitativa y cuantitativa de las hojas de Pistacia lentiscus. Los parámetros 

óptimos establecidos para la obtención de una mayor resolución, menor tiempo 

de análisis y una mejor forma de pico fueron el uso de fases móviles 

consistentes en metanol y agua con 0.25% de ácido acético, flujo de 0.8 

mL/min, volumen de inyección de 10 µL y un tiempo de análisis de 45 minutos. 

El método analítico optimizado reveló que las hojas de Pistacia lentiscus son 

una importante fuente en compuestos bioactivos, mayoritariamente flavonoides. 

5. Se caracterizó por primera vez la fracción polar de las variedades españolas de 

melón Galia, Cantaluz y Piel de Sapo, las cuales fueron ricas en aminoácidos y 

derivados, ácidos fenólicos y derivados, así como ácidos orgánicos, entre otros 

compuestos como lignanos o flavonoides. El análisis de componentes 

principales (PCA) permitió una clara diferenciación entre las 3 variedades, 

siendo 12 los compuestos diferenciadores que pudieron ser identificados. 

6. Las proantocianidinas y flavanoles estudiados procedentes de un jarabe de 

arándano rojo americano fueron bastante resistentes a la radiación gamma y se 

mantuvieron estables a temperatura ambiente hasta 1 mes de almacenamiento. 

De entre ellos, la quercetina y algunos de sus derivados fueron de los 

compuestos más estables, permaneciendo sin alterarse hasta 3 meses de 

almacenamiento a temperatura ambiente. 

7. El uso de cromatografía semipreparativa se presentó como una potente técnica 

para el fraccionamiento de matrices complejas como es el caso del extracto 

procedente de cápsulas a base arándano rojo americano. Además, se demostró 
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que otros compuestos fenólicos aparte de las proantocianidinas tienen efecto 

antimicrobiano in vitro en cuanto a la adherencia y la formación de biofilm de 

Escherichia coli se refiere. El extracto procedente de cápsulas a base de 

arándano rojo americano presentó un claro efecto antimicrobiano, 

disminuyendo la adherencia y la formación de biofilm in vitro frente a 14 cepas 

uropatógenas de E. coli, sugiriendo un efecto sinérgico entre lo compuestos 

presentes en la matriz de estudio. 

8. 54 muestras de plasma sanguíneo procedentes de un ensayo clínico en el que los 

voluntarios consumieron diferentes tipos de aceites de canola: aceite de canola 

convencional, aceite de canola enriquecido en ácido oleico y aceite de canola 

alto oleico enriquecido en omega 3 (DHA), fueron analizadas mediante GC-

FID y se cuantificó la proproteína PCSK9 mediante ELISA. Los resultaros 

mostraron que los niveles plasmáticos de PCSK9 estuvieron positivamente 

correlacionados con los marcadores de la síntesis de colesterol (latosterol y 

desmosterol) en las tres intervenciones dietéticas, corroborando que los niveles 

plasmáticos de PCSK9 son sensibles a cambios en la síntesis del colesterol. Los 

resultados obtenidos demostraron por primera vez que el consumo de aceite 

enriquecido en DHA disminuye cerca de un 10% la concentración de la 

proproteína PCSK9, sugiriendo que el consumo de determinados tipos  de grasa 

en la dieta podría actuar como tratamiento complementario para tratar a 

pacientes con hiperlipidemia.  

 



 

 



 

 

 

 

 

 


