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INFORME RAZONADO DE LOS DIRECTORES DE LA TESIS 
(se hará mención a la evolución y desarrollo de la tesis, así como a trabajos y publicaciones derivados de la 

misma). 
 

El doctorando Carlos Augusto Ledesma Escobar se incorporó al grupo de investigación del 
que forma parte con una excelente formación técnica, adquirida en su país, y con un enorme interés 
tanto en asimilar todos los conocimientos posibles sobre metabolómica, como en formarse y utilizar 
al máximo las herramientas analíticas de última generación existentes en el laboratorio del Grupo. 
Todo ello lo ha aprovechado en los estudios que ha realizado en metabolómica vegetal —
particularmente orientada a cítricos— y que han constituido el eje fundamental de la investigación 
que constituye su Tesis Doctoral. 
 

Los tres aspectos que ha abarcado su Tesis enmarcada, por tanto, en la metabolómica de los 
cítricos, han sido: (i) estudios bibliográficos para conocer en profundidad el estado actual de la 
investigación sobre cultivos mediterráneos en general y sobre cítricos en particular (Sección I); (ii) 
desarrollo experimental exhaustivo para mejorar todas las etapas implicadas en el análisis 
metabolómico global de cítricos y para identificar un número de metabolitos impensable hasta la 
fecha (Sección II); (iii) planificación minuciosa del muestreo del limón persa para un estudio 
exhaustivo de la evolución que experimentan sus componentes durante el crecimiento y maduración 
del fruto (Sección III). 
 
(i) Los estudios bibliográficos, amplios y críticos, abarcaron en primer lugar todos los residuos de 
cultivos representativos de la cuenca mediterránea para conocer el estado actual de su explotación. 
Una vez centrados los estudios en los cítricos, en las 3 siguientes publicaciones bibliográficas se 
discutió la situación y se propusieron vías para una mejor explotación de estos cultivos mediante un 
conocimiento exhaustivo de las características de sus compuestos más interesantes. La base de este 
conocimiento requería el desarrollo de métodos analíticos actuales y con el adecuado diseño que 
eliminaran las lagunas existentes en la bibliografía. Se consideraron también la relevancia, los 
aspectos analíticos y las mejoras posibles de metabolitos tan característicos de los cítricos como los 
carotenoides y las cumarinas. 
 
(ii) La investigación que recoge la Sección II se orientó a llenar las lagunas existentes en los métodos 
analíticos para realizar los estudios metabolómicos con las garantías máximas y en la aplicación de 
los nuevos métodos en esta área. Para ello se optimizaron mediante métodos multivariantes actuales 
las diferentes etapas del proceso analítico, desde el pretratamiento de la muestra, la lixiviación global 
y la selectiva de los metabolitos de interés y la separación cromatogáfica a la etapa de detección 
mediante espectrometría de masas. Todo ello permitió la identificación tentativa de un número de 
metabolitos nunca identificados anteriormente. Además del estudio global de ese gran número de 



  

compuestos identificados, se llevó a cabo el análisis dirigido de los flavonoides y se comparó la 
influencia que sobre esta subclase de metabolitos tienen el pretratamiento de la muestra y la etapa de 
lixiviación en presencia de diferentes energías auxiliares. 
 
(iii) Una planificación del muestreo del limón persa durante toda la fase de desarrollo del fruto 
posibilitó la investigación recogida en la Sección III. Se realizó el análisis global de la fracción polar y 
el análisis dirigido de la clase más abundante de metabolitos de naturaleza polar —los fenoles— 
mediante LC–QTOF. El estudio se completó con el análisis mediante CG–MS tanto de la fracción 
volátil, como de las fracciones de media polaridad y la polar —en este último caso previa 
derivatización. La información así obtenida permite seleccionar la etapa de crecimiento–maduración 
del fruto más adecuada para conseguir un mayor rendimiento en los metabolitos de interés. 
 
 
 
Consideramos que la investigación desarrollada por Carlos Augusto Ledesma Escobar y recogida en 
la Memoria reúne la originalidad, innovación y calidad requeridas. 
   
 
 
 

Por todo ello, se autoriza la presentación de la Tesis Doctoral. 
 
 
 
 

Córdoba, 2 de abril de 2018 
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Objetivos de la Tesis 

El objetivo genérico de esta Tesis Doctoral fue realizar un estudio metabolómico 

exhaustivo sobre cítricos, uno de los cultivos más abundantes en España y en México, los 

dos países que han contribuido a la formación del doctorando. El interés económico que 

tiene el limón en el Estado de Veracruz (patria chica del doctorando) y la escasa 

información de la que se disponía sobre el metaboloma de este cítrico condujo a su elección 

para el estudio. La información que se pretendió obtener abarcaba dos vertientes de interés 

económico: (a) la del propio conocimiento de la composición del fruto, que permite 

establecer el tiempo de crecimiento en el que se obtiene la mayor cantidad de cada uno de 

los metabolitos de interés. (b) La de la posibilidad de valorizar los residuos de las industrias 

de zumos mediante la extracción de los metabolitos de interés utilizables como 

antioxidantes, colorantes, etc. 

La investigación realizada ha tenido el limón persa como materia prima, un 

equipamiento analítico adecuado, la supervisión por personal experimentado y la 

formación+capacidad del doctorando para aceptar y desarrollar los retos planteados. Estos 

pilares han soportado los objetivos concretos, que se han dividido en 3 secciones en función 

del tipo de estudio.  

 

Sección A: 

El objetivo concreto de esta sección fue evaluar críticamente la bibliografía existente 

sobre la materia de la Tesis y de otras materias con las que se pudiese relacionar a lo largo 

del desarrollo de la investigación. El objetivo se ha satisfecho, tal como muestran los 

Capítulos I al IV que constituyen esta sección y que versan sobre: (i) el tratamiento y 

valorización de los residuos y desechos de los principales cultivos/productos 

agroalimentarios de la cuenca mediterránea (olivo/aceite de oliva, vid/vino y 

cítricos/zumos). (ii) La revisión exhaustiva de la bibliografía sobre el actual 

aprovechamiento de los residuos de cítricos, cuya discusión crítica puso de manifiesto los 

logros y las lagunas existentes, y que constituyó la base sobre la que edificar la investigación 

posterior. (iii) La discusión exhaustiva y crítica de los métodos existentes para el 

pretratamiento de la muestra, así como para la extracción y determinación de flavonoides 

en cítricos. (iv) El estudio bibliográfico sobre una familia de compuestos característicos de 
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los cítricos —las cumarinas— de gran interés por sus propiedades saludables y en el que se 

discutieron sus estructuras y las propiedades que derivan de ellas.  

 

Sección B: 

Esta sección tuvo como objetivo concreto optimizar métodos de pretratamiento y de 

preparación de las muestras de cítricos, así como la caracterización de sus componentes. 

Para este estudio se utilizaron herramientas analíticas y quimiométricas con las que la 

comprobación de la influencia de estas etapas quedara claramente de manifiesto. Con este 

bagaje se investigó: (i) El efecto que diferentes energías auxiliares (ultrasonidos, 

microondas o presión+temperatura altas) ejercen en la extracción de compuestos 

característicos de cítricos (metabolitos secundarios); (ii)  la influencia que tienen 

pretratamientos como la liofilización y el secado con aire caliente en la etapa de preparación 

de la muestra; (iii) la importancia del pretratamiento y de la preparación de la muestra en 

la obtención de los flavonoides, 32 de los cuales fueron tentativamente identificados en los 

extractos obtenidos tras la liofilización de las muestras y su extracción asistida por 

ultrasonidos; (iv) la caracterización de la fracción polar del limón, en la que se identificaron 

tentativamente 84 compuestos mediante LC–QTOF MS/MS. La consecución de este 

objetivo queda recogida en los Capítulos V al VIII de esta Memoria de Tesis.  

 

Sección C: 

El objetivo concreto de esta sección final de la Tesis, que abarca los Capítulos IX al 

XII, fue realizar un estudio exhaustivo de la evolución que experimentan los componentes 

del limón desde que comienza a formarse el fruto hasta su maduración, lo que requirió un 

muestreo amplio y representativo nunca realizado hasta la fecha. Las muestras se utilizaron 

para: (i) aplicar un análisis de varianza a los datos obtenidos mediante LC–QTOF MS/MS 

y poner de manifiesto que la concentración relativa de 394 de las 423 entidades moleculares 

cambia significativamente durante el crecimiento; además de identificar tentativamente 72 

metabolitos y analizar individualmente sus cambios en este periodo; (ii) determinar de 

forma cuantitativa mediante LC–QqQ MS/MS los cambios experimentados por 

compuestos fenólicos representativos durante el crecimiento, maduración y almacenaje de 

las muestras, además de proponer y explicar las rutas metabólicas correspondientes; (iii) 
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estudiar de forma exhaustiva mediante GC–MS los compuestos volátiles, los de baja 

polaridad y los polares en limón a diferentes tiempos de maduración y utilizando las 

herramientas adecuadas a la naturaleza química de los metabolitos —espacio de cabeza, 

derivatización, etc.; (iv) hacer un compendio de los logros alcanzados poniendo de 

manifiesto ordenadamente los avances conseguidos con el desarrollo de la investigación 

realizada.  

La formación del futuro doctor, objetivo último de una tesis doctoral, ha incluido el 

máster en “Química Fina” con el número de créditos correspondientes, así como todas las 

etapas implicadas en el cumplimiento de los requisitos exigidos para optar a la mención de 

Doctorado Internacional. Paralelamente a la investigación recogida en la parte principal de 

la Memoria, el doctorando ha adquirido una formación más amplia con la realización de 

otras actividades, que han merecido premios y reconocimientos en algunos casos. Todo ello 

se recoge en los siguientes anexos:  

 

Anexo I: Capítulo de libro sobre un tema relacionado con la Tesis, como es la 

obtención de nutracéuticos y otros compuestos utilizados para suplementar alimentos a 

partir de residuos y desechos de la industria agroalimentaria mediterránea. 

Anexo II: Artículo de investigación que ha resultado de la colaboración con 

miembros de otros grupos del Departamento de Química Analítica. 

Anexo III: Supervisión de la Tesis de Maestría de la estudiante Verónica Cuéllar 

Sánchez (Efecto del método de extracción sobre el perfil de metabolitos y la actividad 

antirradical de extractos de tejidos de diferentes variedades de aguacate), defendida en el 

Instituto Tecnológico de Veracruz, México. La supervisión tuvo lugar durante el año 2016, 

en el que por razones burocráticas tuvo que permanecer en su país, y durante el primer 

semestre de 2017, ya en España, en el cual la tesinanda realizó una estancia de 6 meses en 

los laboratorios del grupo FQM-227. 

Anexo IV: Codirección del Trabajo Fin de Grado (TFG) de Ángela Ayllón González 

(Estudio comparativo de la capacidad antioxidante y otras propiedades saludables de los 

extractos de desechos de la vid y del olivo y de sus productos) en la UCO, curso 2017–18, 

actualmente en desarrollo. 

Anexo V: Codirección de dos tesis doctorales en México, Instituto Tecnológico de 

Veracruz, de las doctorandas María del Carmen Moctezuma Sánchez (Perfil lipidómico del 

mesocarpio y fracciones celulares del aguacate (Persea Americana) durante la maduración 
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fisiológica y comestible) y Karla Gabriela Álvarez Villagómez (Análisis metabolómico 

durante la fermentación del grano de cacao, Theobroma cacao L., con un inóculo definido). 

Anexo VI: Su Tesis Doctoral nacional (Metabolómica como herramienta para el 

estudio de cítricos), que presentó y defendió en México en 2016.   

Anexo VII: Comunicaciones orales y en cartel en 2 conferencias nacionales. 

Anexo VIII: Premio “Rodolfo Quintero Ramírez” a la mejor Tesis de Doctorado en 

Ciencias en Alimentos 2016. Otorgado por: Unidad de Investigación y Desarrollo en 

Alimentos, Instituto Tecnológico de Veracruz (abril de 2017). 

Anexo IX: Obtención del grado Investigador Nacional nivel 1 (México, septiembre 

2017). 
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Objectives of the Thesis 

The basic objective of the research that constitutes this PhD Book was to develop a 

comprehensive study on citrus, one of the most abundant crops in Spain and Mexico, the 

two countries that have contributed to the training of the PhD student. Both the economic 

interest on lemon that exists in Veracruz (the state from which the PhD student come from), 

and the scant bibliographical information on the metabolome of this citrus decided its 

selection for the study. The information to be provided by this research had two economic 

outstanding aspects: (a) that from the composition of the fruit, which allows to known the 

growth time at which the maximum amount of each target metabolites is reached, and (b) 

that from the possibility of valuing the residues from the juice industries by extraction of 

metabolites of interest such as antioxidants, dyes, etc.  

The developed research has used the Persian lemon as raw material, and the 

appropriate analytical equipment in each, the supervision by experienced researchers and 

the training+capability of the PhD student to accept and develop the planned challenges. 

These pillars have supported the specific objectives, divided into 3 sections as a function of 

the characteristics of the study. 

 

Section A:  

The specific objective of this section was to evaluate critically the existing literature 

on both the Thesis matter and other real or potentially related matters. The fulfilment of 

this objective is shown in Chapters I-to-IV that constitute this section and are devoted to: 

(i) treatment and valorization of residues and waste from the main crops/agrifood products 

in the Mediterranean basin (olive tree/olive oil, vine/wine and citrus/juices); (ii) 

exhaustive and critical review of the literature on the present exploitation of citrus that 

shows the achievements but also the existing gaps, thus providing a basis to support 

subsequent research; (iii) the also exhaustive and critical discussion on the existing 

methods for sample pretreatment, and for the extraction and determination of citrus 

flavonoids; (iv) the bibliographic study of a family of compounds characteristic of citrus —

coumarins—, of great interest because their healthy properties. The study also 

encompassed the discussion of their structures and properties resulting from them. 
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Section B: 

This section had as specific objective to optimize sample pretreatment and 

preparation methods for citrus as well as characterization of their components. Analytical 

and chemometric tools were used to study these steps and show clearly the influence of 

each. The following aspects were investigated with these tools: (i) the effect of different 

auxiliary energies (ultrasound, microwaves, or high pressure+temperature) on the 

extraction of citrus characteristic compounds (secondary metabolites); (ii) the influence of 

sample pretreatments such as lyophilization or hot air drying on the sample preparation 

step; (iii) the importance of both sample pretreatment and preparation on obtainment of 

flavonoids, 32 of which were tentatively identified in the extracts obtained after 

lyophilization of the samples and ultrasound-assisted extraction; (iv) characterization of 

the polar fraction of lemon, in which 84 compounds were tentatively identified by LC–

QTOF MS/MS. Chapters V-to-VIII of this Thesis-Book show the achievement of this 

objective. 

 

Section C: 

The specific objective of this final section of the Thesis, which encompasses Chapters 

IX-to-XII, was to study exhaustively the evolution experienced by lemon components from 

the fruit onset to maturation. A wide and representative sampling never performed so far 

was mandatory, the samples from which were used to: (i) apply an analysis of variance to 

the data obtained by LC–QTOF MS/MS and show that the relative concentration of 394 

out 423 molecular entities changed significantly during growth, in addition to identify 

tentatively 72 metabolites and analyze their individual changes during this period; (ii) 

determine quantitatively by LC–QqQ MS/MS the changes experienced by characteristic 

phenol compounds during growth, maturation and storage of the target samples, in 

addition to propose and explain the corresponding metabolic pathways; (iii) study 

exhaustively the volatile and polar lemon components by GC–MS either after sample 

preparation of the solid sample by headspace–solid-phase microextraction or 

derivatization of the extracts; (iv) make an ordered compendium of the achievements of the 

developed research.  
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The formation of the future PhD, which is the final objective of a Doctoral Thesis, 

has also included the master on “Fine Chemistry”, in which the PhD student developed the 

mandatory courses. In parallel to the above-mentioned tasks and to the research in the 

main part of the Thesis-Book, a wider formation of the PhD student has been sought by 

development of other activities summarized below as annexes:  

 

Annex I: Book chapter on a subject related to the Thesis, as is the obtainment of 

nutraceuticals and other compounds used for food supplementation from residues and 

waste from the Mediterranean agrifood industry. 

Annex II: Research article that resulted from the collaboration with members of 

other groups in the Department of Analytical Chemistry. 

Annex III: Supervision of the Master’s Thesis of Verónica Cuéllar Sánchez (Effect of 

the extraction method on the metabolite profile and anti-radical activity of tissue extracts 

from different avocado varieties), defended in the Technological Institute of Veracruz, 

Mexico. The supervision was carried out during 2016, year that the PhD student had to stay 

in his country for bureaucratic reasons, and also during the first semester of 2017, when 

the Master’ student made a 6 month stay at the laboratory of the FQM-227 group. 

Annex IV: Co-direction of the Final Degree Project (TFG) of Ángela Ayllón González 

(Comparative study of the antioxidant capacity and other healthy properties of the extracts 

from wastes from the vine and olive tree and their products), developed in the UCO, during 

the 2017–18 academic year, presently in development. 

Annex V: Co-direction of two doctoral thesis in México, Technologial Institute of 

Veracruz, of the PhD’s students María del Carmen Moctezuma Sánchez (Lipidomic profile 

of mesocarp and cellular fractions of avocado (Persea Americana) during the physiological 

and edible maturation), and Karla Gabriela Álvarez Villagómez (Metabolomic analysis 

during the fermentation of the cocoa bean, Theobroma cacao L., with a defined inoculum). 

Annex VI: His Mexican Doctoral Thesis (Metabolomics as a tool to study citrus), that 

he presented and defended in Mexico in 2016. 

Annex VII: Oral and poster communications in two national analytical meetings. 

Annex VIII: Award “Rodolfo Quintero Ramírez” for the best doctoral thesis in Food 

Sciences in 2016, awarded by the Unity of Research and Development on Foods, 

Technological Institute of Veracruz (April 2017).  

Annex IX: Obtaining the National Researcher level 1 (Mexico, September 2017). 
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INTRODUCTION 

The first aim of this introduction is to give an overview of the global production of 

citrus, of the unique properties of these fruits and the amount of residues from the juice 

industry that are scarcely exploited; then, to discuss the existing partial information on 

citrus composition, on the ways to preserve the compounds of interest and on the methods 

for their extraction and determination. In this way, the contributions developed as 

experimental part of the Thesis —the use of, (i) auxiliary energies to improve extraction, 

(ii) different sample conditioning and storage to clarify their influence on the analytical 

results; (iii) last-generation instruments to identify and quantify the target metabolites, 

and (iv) chemometric tools to mine the instrumental data and obtain the pursued results— 

are justified, and the achievements resulting from the developed research discussed and 

differentiated from the rest of the text by using italics. For some aspects widely discussed 

in bibliographic chapters (Chapters I-to-IV) the discussion in this section has been 

restricted and referred to as the corresponding chapter. 

The last part of this introduction is devoted to the subject that constitutes the basis 

of all the developed research: metabolomics.  

 

1. Global production of citrus 

Citrus is the most abundant crop of fruit trees in the world. These fruits belong to 

the genus Citrus of the family Rutaceae, among which lemon (Citrus limon L.), mandarin 

(Citrus reticulata L.), grapefruit (Citrus paradisi L.), and orange (Citrus sinensis L.) are 

representative and well known examples because of their refreshing fragrance, thirst-

quenching ability, and adequate provision of vitamin C as per recommended dietary 

allowance. The global annual production of citrus is approximately 115.5 million tons, 

among which the most important are oranges (70.6 million tons), mandarins (25.5 million 

tons), lemons and limes (12.9 million tons) and grapefruit (6.4 million tons) [1,2]. These 

fruits have a high commercial value in both the fresh market and food industry. The citrus 

processing industry has for many years been focused on the production of juices and 

essential oils. Citrus peels represent between 50 and 65% of the total weight of the fruits 

and remain as the primary residue and thus, a source of contamination [3,4]. This solid 

residue, referred to as citrus waste, is estimated to be 15 million tons per year worldwide 

[5]. For this reason, the correct exploitation of this residue constitutes a pending goal of the 
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citrus industry. The research developed by the PhD student contributes to the appropriate 

management of this material by a better knowledge of its composition and properties.  

 In general, the research on citrus analysis and exploitation is characterized by a 

wide dispersion and/or disagreement among the results found by different research groups 

owing to different: (i) sampling, which encompasses from purchasing at a local 

supermarket to a planned sampling in the field at programmed times and space; (ii) sample 

conservation and sample conditioning (fresh, frozen, dried, lyophilized, pasteurized, 

microwave (MW)-treated samples) with no study of degradation products (only monitoring 

the decrease of the original compounds); (iii) extraction methods (with or without the use 

of auxiliary energies), extractants, working conditions (temperature, etc.); (iv) analytical 

equipment for identification/quantitation; (v) different methods used to study antioxidant, 

scavenging or antimicrobial properties, which could be even higher for the non-known 

degradation products; (vi) the poor studies on the evolution of citrus components during 

the growing/maturation steps.  

 

2. Citrus components and their properties. Identification as support of the 

interest in obtaining products from citrus   

Citrus contain a great number of components the usefulness of which has been 

widely demonstrated because both their healthy properties and industrial applications, 

mainly in the food industry, but also in cosmetics and pharmaceuticals industries [6]. The 

compounds extracted from citrus can be divided into two big fractions as a function of their 

chemical characteristics: the polar fraction and the non-polar fraction, the latter including 

low-polar compounds. 

 The citrus polar fraction is composed of a great variety of compounds of very 

different nature, such as phenols, sugars, carboxylic acids and amino acids. The most 

studied polar sub-fraction is constituted by phenols, mainly flavonoids and phenolic acids. 

A table in Chapter II of this Thesis-Book lists the most abundant phenols in the different 

citrus varieties. These compounds, also known as phytochemicals, have arose a growing 

interest in the last 20 years thanks to their multiple beneficial effects on human health 

associated to their consumption [7]. The antioxidant properties of some families of phenols 

have favored their use in the food industry as natural preservatives or as additives in 

functional foods [8]. Also sugars and carboxylic acids from citrus have been the subject of 
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research because their recognized influence on the taste of these fruits and on other sensory 

properties (in this case together with aromatic compounds) [9]. Carboxylic acids also play 

a key role in stabilizing flavonoids and lengthening the storage time of fresh fruits [10]. The 

key role of amino acids in citrus, as in the rest of the vegetal and animal kingdoms, is the 

synthesis of proteins. Nevertheless, amino acids also act as regulators of the genic 

expression, in proteins phosphorylation, and as precursors in the synthesis of a great 

number of compounds, from hormones and phenol compounds such as flavonoids and 

phenolic acids, to low molecular nitrogen compounds [11,12]. 

 The high number of publications on polar citrus components has so far been mainly 

limited to few metabolites or to a given family. 

 

 The conviction that a more in-depth knowledge about the nature of the polar 

citrus fraction would give place to a higher use of these compounds promoted the study 

that constitutes Chapter VIII (LC–QTOF MS/MS platform) and a part of Chapter XI (GC–

MS platform) of this Thesis-Book. As a result of the former study, 84 secondary 

metabolites (32 flavonoids, 15 amino acids, 9 carboxylic acids, 6 coumarins, 6 sugars, 5 

phenolic acids and 11 compounds that were no classifiable into the previous groups) were 

tentatively identified. The GC–MS platform was applied to the derivatized products in the 

extracts, which provided a higher number of sugars, carboxylic acids and alcohols, and 

coumarins than in the non-derivatized extracts of the LC–QTOF MS/MS study. The 

identification process was based on the spectra obtained after separation by either the 

liquid chromatograph and detection by quadrupole–time-of-flight in the MS/MS mode 

(LC–QTOF MS/MS) or the GC–MS in the positive mode, and comparison with both public 

databases and those belonging to the team in which the PhD student is integrated. 

Information on fragmentation characteristics of both each compounds family and each 

given metabolite supported identification.   

 

 The non-polar and medium-polar fraction of lemon is mainly constituted by 

secondary metabolites that provide the characteristic odor to this fraction: essential oils 

[13], among which limonene (that together with linalool, α-terpineol, and terpinen-4-ol 

constitute a quality parameter of juices [14]) is, obviously, the most remarkable. 

Nevertheless, the fraction is composed by a high number of metabolites, the nature and 

relative proportion of which in the fruit define the characteristic odor of each citrus and 

each variety. A table in Chapter II of this Thesis-Book lists the most representative 
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metabolites in this fraction. This is the most studied fraction, and also the most 

commercially exploited, usually obtained as a sub-product of citrus processing, generally 

from the skin. The antimicrobial and insect repellent properties of citrus essential oils are 

widely used in the pharmaceutical, human health, cosmetic, agriculture and food 

industries.  

                       

 The contribution to a deeper knowledge of both non-polar and medium-polar 

fractions of lemon by the present Thesis is in Chapter XI. The same analytical platform, 

GC–MS, was used for both groups of compounds, but with different sample preparation 

approaches depending on the polarity. Thus, non-polar compounds were removed from 

the solid sample to the headspace of a vial from which they were sampled to a microfiber, 

then desorbed and injected into the GC. The medium-polar fraction was obtained by 

ultrasound-assisted extraction, then derivatized and located into the vial in the GC 

autosampler. A number of 37 volatiles and 70 medium-polar compounds were tentatively 

identified. This information partially supported the study on the evolution of the identified 

metabolites during fruit growth (Chapters IX-to-XII). 

 

3. Sample conditioning and storage prior to analysis of the target compounds  

Sample conditioning usually begins by a drying step that minimizes undesirable 

enzymatic reactions by decreasing water content, and facilitates sample handling. The 

drying method influences the final results of the analyses, being freeze-drying or hot air- 

drying the most used in citrus fruit studies. This step, that precedes sample preparation as 

such, has the name of sample pretreatment [15], and it clearly differs depending on the 

target polar or non-polar fraction. 

 The influence of citrus conditioning on subsequent analysis of the polar fraction 

had been scarcely studied before the research in this Thesis-Book. Despite the great 

number of publications on extraction of citrus polar compounds, the influence of sample 

pretreatment on the final results was studied in few cases. This step consisted always of 

dehydration carried out either by lyophilization or hot air-drying. The former pretreatment 

protects thermolabile compounds and minimizes exposition to atmospheric oxygen that 

can produce undesirable oxidation reactions; nevertheless, lyophilization can lead to losses 

of volatile compounds, and, in addition, it is a relatively costly procedure. On the contrary, 

hot air-drying is cheaper, but the sample is exposed to heat and air for relatively long 
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periods. The studies on this step have been focused on the effect of different temperatures 

and drying times on the extraction of phenol compounds as compared with the use of fresh 

or lyophilized samples, always monitoring the overall yield of the extraction [16,17]. The 

low yield in the extraction of flavonoids from samples subjected to different drying 

temperatures has been attributed, but no tested, to break of the glycosidic bond with release 

of the aglycon [17,18]. 

 

 The interest in knowing the behavior of phenol compounds in citrus (lemon, in 

this case) when the samples are subjected to dehydration by either drying or 

lyophilization as compared to fresh lemon gave place to the research that constitutes 

Chapters VI and VII of this Thesis-Book. The influence of this step on 74 compounds 

(flavonoids such flavonones, flavones, flavonols, flavans, isoflavones, but also phenolic 

acids, coumarins and amino acids) tentatively identified allowed knowing: (i) the 

similitude in the concentration of interesting compounds between fresh samples and those 

dried under air stream. (ii) The significant difference between the concentrations in the 

two previous samples and those lyophilized —similitudes and differences established by 

application of ANOVA and PCA. (iii) The tentative identification of the compounds 

belonging to each class and sub-class, and the study of the metabolic pathways in which 

they are involved, thus showing the importance of: (iii-a) the inactivation of the 

corresponding enzymes by sample freezing prior to lyophilization or their activation by 

moderate increase of temperature in air-drying; (iii-b) the effect of the moderate 

increased temperature on the thermolabile compounds. 

 

4. Extraction of target compounds from lemon. Existing methods for volatile 

and non-volatile compounds improved by the research developed by the PhD 

student 

The extraction step is the key to obtain the target compounds and its nature clearly 

influences the quality of the final extract. The main objectives of this step —together with 

others, if necessary, to yield the analytical sample— are: (i) release the metabolites from the 

sample in an efficient manner. (ii) Avoid the presence of interferents that can make difficult 

subsequent analysis. (iii) Achieve an extract compatible with the rest of the analytical 

equipment. (iv) Concentrate, if necessary, the metabolites of interest prior to analysis [19].
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  In dealing with phenols (and their bioactive properties) from citrus solid samples, 

the solid–liquid extraction step (more properly known as leaching or lixiviation) has been 

based on maceration–agitation, Soxhlet extraction, supercritical fluid extraction or 

superheated liquid extraction, or it has been assisted by energies such as ultrasound (US) 

or MW [20], as widely discussed in Chapter II. In the case of liquid samples, the extraction 

techniques more commonly used have been liquid–liquid extraction (LLE), solid-phase 

extraction (SPE) or solid-phase microextraction (SPME) [21–23]. The extractants or 

eluents more used in citrus studies have been water, methanol, ethanol, chloroform, hexane 

or a mixture of some them [20]. The extraction step is avoided in some studies on citrus 

juice where the sample is only subjected to centrifugation and/or filtration prior to 

introduction into analytical equipment [24]. A cleaning step such as SPE or the 

miniaturized format (SPME) subsequent to leaching has been scantly included in sample 

preparation for citrus components analysis [21–23,25]. 

Concerning volatile compounds such as essential oils the extraction procedure has 

traditionally been cold press [26], steam distillation [27] or hydrodistillation [28]. 

Presently, volatiles extraction is based on headspace (HS), from which the target 

compounds are removed by SPME, then desorbed and injected into the GC either manually 

[29,30] or by on-line desorption and injection in the splitless mode [31].  

Among the huge amount of articles published in this area, the majority is focused 

on a specific family or a group of compounds, and in very few instances methods based on 

different techniques have been compared. In these scant cases the studies have not been 

rigorous [32–34]; therefore, discrepancies among the results obtained by different authors 

have been very frequent. 

 

 The research in Chapters V and VII of this Thesis-Book was aimed at solving the 

discrepancies in the bibliography about the effect of different auxiliary energies (US, MW 

or the combined effect of temperature and pressure) on obtaining target compounds from 

citrus, selecting lemon as a model. An exhaustive optimization of the variables involved 

in each method using a desirability criterion, and a pairwise comparison by ANOVA of 

232 molecular features showed the thermolability of most of the target compounds in 

lemon. After a comprehensive discussion of the effect of each type of auxiliary energy on 

each given metabolite, US assistance was chosen for subsequent studies.  
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5. Types of analyses in lemon extracts and required analytical equipment 

The analysis applied to the components of a given extract depends on the 

information intending to be obtained, which, in turn, conditions the required instrument 

or equipment. In the order of complexity of the required equipment the analysis is divided 

into unselective, that of individual components, and profiling.     

 Unselective analysis refers to as the total content of components endowed with a 

given characteristic. The simplest analyses of this type are total indexes, and those of 

phenols or anthocyans, based on the absorbance of the given solution measured at 280 or 

520 nm, respectively [35]. Slightly more complex is the Folin–Ciocalteu method, very 

frequently used for the determination of total phenol compounds. It is based on the use of 

the reagent with the same name that gives colored products with the analytes, the total 

absorbance of which is measured at 765 nm and interpolated within a calibration curve 

from a single reference standard (usually caffeic acid or galic acid) [36,37]. Other methods 

to determine some property of the studied compounds (total scavenging capacity for free 

radicals by well known reagents such as DPPH or ABTS; antioxidant activity by FRAP) have 

been applied to extracts from skin or fruits of different citrus [38–41]. 

The simplest methods for individual quantitation of components in an extract are 

based on separation by LC or GC and detection by simple detectors based on molecular 

absorption (either UV–visible or DAD) or flame ionization (FID), respectively. In both 

cases the analytical equipment is relatively cheap and requires standards for proper 

identification (based on the retention time in each case) and the run of a calibration curve 

from each compound, for quantitation. The absence of commercial standards makes 

difficult or hinders development and use of the method [42,43]. As examples, the individual 

separation of phenols, carotenoids and vitamin C in citrus has been carried out  by C18 or 

UP-18 chromatographic columns [43], while for separation of organic acids the column has 

been ICSep Coregel-87H3 [40]. A UV–visible detector was used in all instances. On the 

other hand, quantitation of volatiles as essential oils has been performed in a simple 

manner by GC–FID if commercial standards have been available [44]. 

Nuclear magnetic resonance (NMR) has been used in citrus research mainly for 

metabolomics studies. The non-destructive, rapid and high throughput characteristics of 

this technique makes it very useful, particularly for not very low concentrations of target 

metabolites [45–47]. 1H-NMR has been the most used mode of this technique [48–50], 
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sometimes provided with the powerful set-up known as High Resolution Magic Angle 

Spinning for solid samples [51]. Information on the way in which metabolites are affected 

by severe citrus diseases such as huanglongbing [49], determination of the different stages 

of citrus canker development [50], and use of the metabolic fingerprint to reveal 

commercial frauds [51] are examples of the interest of this technique in citrus studies. 

 Mass detectors are instruments increasingly used for metabolites quantitation 

thanks to their high sensitivity, clearly overpassing that of NMR, and potential to 

discriminate compounds simultaneously eluted, thus making unnecessary most times an 

exhaustive separation by the chromatograph. These key analytical characteristics are 

extending their use despite their acquisition and maintenance costs [4,27,52,53]. The GC–

MS coupling was, in principle, the most used for citric analysis for both volatile and non-

volatile compounds (in the latter case after derivatization), because of the earlier 

development of the proper interface [52]. Presently, the proved excellent performance of 

LC–MS interfaces has complemented the use of GC–MS as the former avoids derivatization 

and offers a wide range of possibilities concerning columns and mobile phases both for 

polar and non-polar compounds [54], in addition to the high sensitivity and selectivity of 

the detector, mainly in the case of triple quadrupole instruments [55]. Also capillary 

electrophoresis took advantage of LC–MS interfaces [56]. In any case, unequivocal 

quantitation makes convenient the use of stable isotopic labeled internal standards (SIL-

IS), usually deuterated isotopes, that increase the price of the analysis [57].  

 When the study deals with compounds identification or comparison among 

samples obtained in —or subjected to— different conditions, the most appropriate detector 

connected to the separation system is time-of-flight (TOF), preferably hybridized to a 

quadrupole (QTOF) [58]. The MS/MS spectra obtained by this equipment provide 

information on the structure of the target compounds and their fragmentation pattern 

(parent or precursor ion, product ions, loss of neutral mass, adducts formation). They allow 

identification supported on the appropriate databases; while the comparison of the 

metabolite profile by the required chemometric approaches makes possible the evaluation 

of the differences among samples, generally as compared with non-treated samples 

(control samples). The necessity for mass standards, which depend on the given instrument 

and the ionization mode, together with the special training required data interpretation, 

and the acquisition cost of these instruments make them prohibitive for a low-medium 

budget laboratory. 



 

Introduction 

 

Page | 23  

  

The range of analytical instruments used for development of the research that 

constitutes this Thesis-Book encompasses the coupling of gas- and liquid chromatographs 

to simple detectors (FID, DAD), but mainly mass detectors (simple quadrupole, ion trap, 

triple quadrupole —QqQ— and QTOF detectors): all them have contributed to training of 

the PhD student. The objectives of the research (viz., develop and compare extraction 

methods, compare sample pretreatments, identify the citrus extract components, and 

study the changes occurring in the composition of citrus during fruit growth affecting to 

polar, non-polar and volatiles compounds) have gave to the PhD student the opportunity 

of using the different equipment required in each instance.  

  

6. Chemometric approaches and contributions by the developed research 

The interest in obtaining each time more information on the subject under study 

from the data provided by the analytical instruments has led the development of 

chemometric tools for an optimal exploitation of the analytical information that 

encompasses that from the optimization steps of the process to that provided by the present 

multidetectors. 

 The univariate optimization designs have been displaced by multivariate designs 

[38–40,44,59] that have become indispensable when the target variables are inter-related 

[60,61].   

 The necessity for, and the wide development of data treatment are clear in 

chromatograph–mass spectrometer couplings, the data from which require the following 

preliminary steps: (i) preprocessing of the raw data by typically deconvolution, peak-

picking, alignment, phase correction and baseline correction [62]; and  (ii) normalization, 

scaling, centering and outliers detection that are mandatory before performing statistical 

analysis of the data to remove the effects of biological, experimental and instrumental 

variables [63]. The large number of analytical data provided by these approaches requires 

multivariate analysis that involves more than one dependent variable and several 

independent variables, which provide further information on the samples. 

 The most used multivariate approach is principal component analysis (PCA) that 

transforms a set of variables (original variables) into a new set of variables (principal 

components), uncorrelated each other, and containing most of the information (variance) 
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in the sample. PCA is used to identify patterns and trends in the treated data, and frequently 

constitutes the starting point for analysis [64]. This data treatment has been used to 

differentiate citrus juices from different countries using the profile of volatile compounds 

as provided by GC–MS/FID [65], and also to discriminate samples either as a function of 

both the maturation degree or as parts of Citrus grandis Osbeck samples [66].  

 Partial least squares (PLS) analysis usually follows PCA application. That attempts 

to maximize the covariance between the dependent and independent variables to 

discriminate among samples [62]. Prediction of free-radical scavenging potential of Citrus 

grandis Osbeck  based on 1H NMR [66], and correlation of instrumental data with sensory 

attributes from Citrus grandis [67] are some typical applications of the PLS approach in 

citrus research. 

Simpler approaches commonly used in data analysis are Venn diagrams —that 

group the common responses of the different treatments under study and separate those 

that are unique to each treatment—, and box and whisker plots —that show the distribution 

of samples with respect to the median. These approaches had been scantly used to obtain 

information from the data obtained in citrus research, but they have demonstrated their 

usefulness in the research contained in this Thesis-Book. 

   

 Multivariate experimental designs have been applied in the developed research to 

find out the suited conditions for both extraction of metabolites from lemons using 

auxiliary energies (US, MW or superheated liquids) and SPME of the HS from Persian 

lime samples. The data obtained from these designs have been used to optimize either one 

single response by surface response methodology or multiple responses simultaneously 

using a desirability function approach. The suited conditions to maximize the extraction 

of 10 major metabolites individually (phenols or flavonoids) are discussed in Chapter 5 of 

this Thesis-Book; thus, all extracts used in the presented studies were obtained at suited 

conditions. 

The chemometric applications for data analysis require a data-pretreatment step 

to obtain clean matrices. In general, the raw data were filtered by abundance; then, 

signals without Gaussian distribution were removed. Once the clean matrix was 

obtained, the data were normalized by internal standards, transformed and scaled to 

ensure that all signals had the same weight in the statistical analysis, irrespective of their 

abundance.  In studies based on LC–QTOF MS/MS analyses, a Log2 transformation was 

used, but in the case of GC–MS and HS–SPME–GC–MS, the matrices obtained by both 
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methods were combined to obtain a global data matrix used in the statistical analysis. 

For this purpose, a Z-transform, which allows combining signals with different 

probability distributions, was applied to the global dataset to correct the possible data 

heteroscedasticity produced by the use of different analytical platforms, and to make 

more symmetrical their distribution. The resulting data matrix was used for the statistical 

analysis.  

Once the data matrixes were obtained, analysis of variance (ANOVA) was used 

to reveal both the number of molecular entities significantly different among the 

extraction methods, and the differences in the concentration of target metabolites either 

among extraction methods or maturation stages. Tthe significance of these 

differences/changes were analyzed by pairwise mean comparisons (Tukey's honest 

significance test). Additionally, multivariate analysis by PCA was used to discriminate 

samples among different (i) extraction methods, (ii) sample pretreatments and (iii) 

maturation stages, based on untargeted analysis. On the other hand, the discrimination 

among samples in the targeted analysis of the changes in the main phenols during Persian 

lime maturation (Chapter 10) were analyzed by PLS-DA. The multivariate analysis used 

during these studies showed to be a powerful tool to reveal differences/similarities among 

samples using large data matrices that could be difficult to analyze by other statistical 

methods. 

 

7. The necessity for an in-depth study on the evolution of citrus components 

during growing and maturation 

The wide and in-depth bibliographic study that gave place to Chapters I-to-IV 

showed that improvements in sampling conditioning and storage, in extraction of given 

citrus metabolites, and in identification of unknown citrus components were desirable. 

Obtainment of these improvements led to take advantage of them for development of a 

study as complete as possible on the evolution of citrus components during growing and 

maturation.  

 The necessity for this study was clear after detecting that few of the studies on citrus 

developed so far had evaluated changes in chemical or physical properties during fruit 

ripening [39,68–70] and, when chemical changes were considered, few compounds were 

monitored. The ripening indicators were based on indices such as the ratio between 

titratable acidity (% of citric acid) and soluble solids (º Brix), and the color, despite they 
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constitute an ambiguous ripening estimator highly dependent on temperatures at night 

[69]. Additionally, these studies were focused on advanced maturation stages and the first 

growing weeks were ignored. Moulehi et al. (2012), and Yoo and Moon (2016) evaluated 

changes in the content of phenolic compounds, vitamin C and carotenoids in three varieties 

of citrus fruits, where only three stages of maturation —and based on fruit color— were 

sampled. No significant changes in the total content of flavonoids or phenolic acids during 

the maturity stages under study were observed, and only the contents of vitamin C and 

carotenoids increased during this maturation period [39,70]. The analysis of sugars and 

carboxylic acids in mandarins (Citrus reticulata) at three ripening stages (120, 195 and 205 

days) pointed out an increase in sugars and decrease in organic acids during fruit ripening 

[68]. Metabolomics analysis based on volatile compounds from tangerine was used for 

discrimination and characterization of samples from different ripening stages. The results 

of this study revealed that profiles of volatile compounds are characteristic of different 

ripening times and provide information on specific volatile metabolites strongly associated 

with the aroma/flavor [71]. 

 

 Based on these premises, an in-depth study was planned that started by a 

representative sampling methodology from week 1 to 14 of the growing–maturation 

process, including samples from week 14 stored for 2 weeks. Polar and non-polar extracts 

from the samples were subjected to the most appropriate chromatograph–mass 

spectrometer arrangement to obtain the data that provided the information of interest 

after suitable treatment. In this way, the data from polar extracts obtained by LC–QTOF 

MS/MS, LC–QqQ MS/MS or GC–MS were subjected to analysis of variance, thus showing 

that 394 out of 423 molecular entities, obtained by the QTOF mass detector, changed 

significantly during maturation. Also 72 metabolites were tentatively identified and the 

changes in relative concentration during growth individually analyzed. Changes in the 

concentration of 20 flavonoids, 4 phenolic acids and their biosynthetic precursors 

phenylalanine and tyrosine during fruit maturation (14 weeks) were evaluated by LC–

QqQ MS/MS. PLS provided a clear differentiation among fruits belonging to different 

maturation stages. Regarding GC–MS analysis, polar and low-polar extracts after 

silylation, and volatiles after HS–SPME were analyzed. Based on MS information from 

these extracts, the tentative identification of 106 metabolites was achieved in samples 

from all maturation stages. PCA applied to the general matrix revealed a clear 

discrimination among samples, being volatiles, sugars and carboxylic acids the main 
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responsible. The behavior of all metabolites during fruit growth was described by 

ANOVA.  

  

In short, untargeted analysis of phenolic compounds constitutes a useful tool for 

classification of samples among citrus varieties [72], and even among process variables 

such as different sample pretreatments or extraction methods [73]. Similarly, application 

of PLS-DA revealed that the concentration of phenols can be used for discrimination of 

Persian lime among different growth stages. 

These results open the possibility for new evaluations of the role of citrus fruits as a 

source of by-products, to allow a comprehensive exploitation of this crop.  

 

8. Metabolomics as the basis of the developed research 

 Metabolomics is the name applied to the science that deals with the study of the 

metabolome. The definitions of this omics encompass from the simplest from Fiehn, who 

considered this science as “a global and comprehensive analysis in which all metabolites of 

a biological system are identified and quantified [74]”, to the most recent and broadest from 

Beyoğlu and Idle (2013) who established that "metabolomics is the global and unbiased 

study of small molecules (<1 kDa) in a biofluid, tissue, organ or organism" [75]. 

 The information provided by metabolomics would lead to the complete metabolome, 

which is defined as the quantitative complement of low-molecular-weight metabolites 

(thus excluding proteins) present in a biological fluid, cell or organism under a given set of 

physiological conditions or under different perturbations (e.g., genetic variations, 

pathological states or responses to external stimuli) [76]. The metabolome, and therefore 

the metabolic state of a living organism, can be affected by various intrinsic factors (age, 

health status, ripening, etc.) and extrinsic (nutrients, artificial compounds such as 

pesticides, fertilizers, environmental pollutants, etc.). Therefore, the study of the 

metabolome is of great importance to know the state of an organism and how it is affected 

by the environment.  

 The objects of metabolomics are the metabolites, defined as "intermediates or end 

products of metabolism, usually restricted to small molecules that are not genetically 

encoded". Depending on the metabolic pathways in which the metabolites are involved and 

their function, they can be classified into primary metabolites (those that are directly 

involved in the growth, development and reproduction of the organism) or secondary 
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metabolites (those not directly involved in the processes of growth, development and 

reproduction, but generally they have a key biological function as, for example, defense 

against predators, parasites or diseases, competition among species, facilitating 

reproduction processes or in cellular signaling mechanisms). 

 In the great diversity of chemical structures in the metabolome, there are endogenous 

and exogenous metabolites; the former (including amino acids, organic acids, nucleic acids, 

fatty acids, sugars, vitamins, cofactors, pigments, etc.) are naturally produced by an 

organism, and the latter (such as drugs, fertilizers, environmental toxins, food additives, 

and other xenobiotics) come from the interaction with the outside. 

  Metabolomics can be applied to almost any type of matrix and can be focused on a 

multitude of case studies.  

 Strategies applied in metabolomics. Metabolomics analysis encompasses different 

strategies the nature of which depends on the objective of the study and previous 

knowledge of the biological problem [77]. 

-Targeted analysis, defined as a quantitative analysis (concentrations are determined) or 

semiquantitative analysis (relative signals are registered) of a few metabolites and/or 

substrates of metabolic reactions that might be associated to common chemical classes or 

linked to selected metabolic pathways [78]. In this metabolomic approach there is a 

previous knowledge of the metabolites involved in the biological process under study. 

Therefore, selection of the most appropriate analytical technique and the best sample 

preparation as a function of the nature and abundance of the target metabolites, looking 

for sufficient sample cleanup and preconcentration, typically using SPE or LLE is 

mandatory [19].  

 A mass spectrometer is the preferred detector —particularly the QqQ approach— in 

targeted metabolomics because of its sensitivity and selectivity when known compounds 

are determined. This instrument was used to develop targeted analytical methods in the 

research that constitutes the present Thesis-Book. 

-Untargeted analysis, based primarily on the qualitative or semiquantitative analysis of 

the largest possible number of metabolites from a diversity of chemical and biological 

classes contained in a specimen [79]. Detection of this wide range of metabolites can be 

done through a single analytical platform or a combination of complementary platforms, 

mainly based on NMR or MS, along with GC, LC or, less commonly, CE. In these studies, 
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the relative concentrations of the analyzed metabolites are generally calculated and their 

variations between two or more system situations are statistically studied. In untargeted 

approaches, the sample preparation step should be as simple as possible to obtain the 

widest metabolite coverage. Non-selective sample pretreatments such as solid–liquid and 

liquid–liquid extraction with solvents characterized by different polarity are generally used 

[30,80,81]. Besides, the data set obtained by applying these methods is very extensive, so 

it requires treatments with advanced chemometric approaches for conversion into 

manageable signals and, finally, interpretable results.  

-Metabolomics fingerprinting, defined by Fiehn as a high throughput, fast methodology 

for analysis of biological samples that provides fingerprints for sample classification and 

screening [82]. Fingerprinting is not focused on particular metabolite(s); therefore, it 

allows the discovery of novel metabolic pathways disturbed by a pathology, stress 

conditions or a preset stimulus. 

 Each of these strategies has its own inherent advantages and disadvantages, but they 

can be highly complementary when used in combination, as demonstrated in the research 

in this Thesis-Book (Chapters IX and X are examples of the untargeted and targeted 

strategies, respectively).  

 The detection techniques used also depend on the chosen strategy. For example, to 

obtain a metabolomic fingerprint the detection technique should allow direct and rapid 

analysis of the sample. NMR, MS (depending on the complexity of the sample) and, to a 

lesser extent, the infrared and Raman spectroscopies, are mainly used in this context. A 

separation technique is generally applied in both targeted and untargeted analysis prior to 

individual detection of the metabolites for their quantification or identification, being GC 

or LC the most used in this area. Then, MS is the commonest detector in metabolomics, 

both for targeted and untargeted analysis, as it provides a high spectral resolution —and 

therefore a great accuracy in the measurement of the m/z ratio—, or an excellent sensitivity, 

depending of the given MS approach. Therefore, MS has been the detector mainly used in 

the development of the research included in this Thesis-Book. 

 The main shortcomings found in application of metabolomics in the vegetal field are: 

(i) the enormous number and chemical diversity of metabolites, mainly secondary 

metabolites, which can be specific from a plant family and encompass a high range of 

concentrations —from picomolar to millimolar; (ii) the scant databases available for 
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identification of the target metabolites that forces researchers to build their own databases 

and difficult metabolomics standardization.  

  

 The research in this Thesis-Book is a clear example of metabolomics diversity, the 

wide concentration range of the target metabolites and the necessity for more and more 

complete databases. A part of the tentative identification of metabolites of the research in 

this Thesis-Book has been based on the Group databases and the PhD student has built his 

own database for citrus metabolomics.  
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1. Características de las muestras 

Para el desarrollo de la parte experimental que se recoge en los Capítulos V and XI 

de esta Memoria se usaron como modelo dos variedades de cítricos: (i) limón (Citrus 

limon), con la que se estudió el efecto del tipo de extracción y pretratamiento de la muestra 

que se presentan en los Capítulos V al VII, y (ii) lima o limón persa (Citrus latifolia), 

variedad con la que se estudiaron los cambios en la concentración de los metabolitos 

durante el crecimiento del fruto, según se recoge en los Capítulos IX al XI.  

 

2. Muestreo por coordenadas aleatorias 

Las muestras de limón persa (Citrus latifolia) se recolectaron en la ciudad de 

Martínez de la Torre, Veracruz, México, entre agosto de 2012 y marzo de 2013. La selección 

de las muestras se realizó mediante un muestreo por coordenadas rectangulares aleatorias 

considerando la superficie de la parcela como un rectángulo, tal como se muestra en la 

figura suplementaria 1 del Capítulo XI. En primer lugar se marcaron las ramas que 

presentaban floración y que estaban más próximas a la coordenada aleatoria 

correspondiente a cada muestra. Según el plan de muestreo, se recolectaron muestras a las 

1, 3, 5, 7, 9, 12 y 14 semanas, considerando como semana cero el momento en que brota el 

fruto. Las muestras se introdujeron inmediatamente en nitrógeno líquido y se liofilizaron 

para mantener sus propiedades lo más parecidas posible a momento antes de la recogida 

del árbol. Además, para un análisis postcosecha, parte de las muestras obtenidas en la 

semana 14 (frutos maduros) se conservaron sin ningún tipo de tratamiento a 25 °C durante 

dos semanas y, una vez transcurridas, se les aplicó el mismo tratamiento que al resto de las 

muestras. Las muestras deshidratadas se pulverizaron (diámetro de partícula ≤ 0.5 mm) y 

se almacenaron al vacío en oscuridad a –40 °C hasta su uso.  

 

3. Pretratamiento de la muestra 

Las muestras de limón (Citrus limon) se deshidrataron hasta peso contante por 

liofilización (48 horas, aproximadamente) y con aire (flujo de aire 3 m3/s, durante 48 horas, 

a 35 °C). Las muestras deshidratadas se pulverizaron hasta un diámetro de partícula ≤ 0.5 

mm y se almacenaron en oscuridad a –20 °C hasta su uso. Además, como referencia se 
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utilizaron muestras sin deshidratar, que se pulverizaron en un mortero usando nitrógeno 

líquido hasta obtener un polvo fino y homogéneo.  

 

4. Extracción de metabolitos 

En la investigación recogida en los Capítulos V y VI de esta Memoria de Tesis se 

evaluó el efecto del tipo de extracción en el perfil de metabolitos obtenidos de limón (Citrus 

limon). Para este estudio comparativo se utilizaron la extracción asistida por ultrasonidos, 

la asistida por microondas y los líquidos sobrecalentados; los extractos de todas ellas se 

compararon con extractos obtenidos por agitación, cuyo tiempo de extracción a 25°C se 

determinó mediante estudios cinéticos. Antes de realizar el estudio comparativo, se llevó a 

cabo una optimización de cada uno de los tipos de extracción seleccionados mediante 

optimización multiobjetivo. Para ello, se seleccionaron los 10 picos cromatográficos más 

intensos, distribuidos a lo largo de los cromatogramas obtenidos mediante HPLC–DAD y 

comunes a todos los extractos, con los cuales se obtuvieron las condiciones idóneas para la 

extracción global (Capítulo V) y para la extracción de flavonoides (Capítulo VII) de cada 

una de las energías auxiliares estudiadas. Con estas condiciones se obtuvieron nuevos 

extractos que se analizaron mediante LC–QTOF MS/MS, para realizar los estudios 

comparativos.  

Las extracciones asistidas por ultrasonidos se realizaron usando un sonicador digital 

Branson 450 (20 kHz, 450 W), equipado con una sonda de titanio (12.7 mm diámetro), el 

cual permite manipular parámetros como la amplitud de onda y el ciclo útil, que se 

incluyeron, junto con el tiempo de extracción y la proporción de etanol en la mezcla 

extractante, entre las variables a optimizar.  

Las extracciones asistidas por microondas se realizaron en un digestor (Microdigest 

301; Prolabo; París, Francia) de 200 W de potencia máxima, que permite variar la potencia 

aplicada. La potencia, la composición del extractante y el tiempo de extracción fueron las 

variables que se consideraron en la optimización de esta etapa.   

La extracción con líquidos sobrecalentados se llevó a cabo mediante un equipo 

construido en el laboratorio donde se realizó la investigación, el cual consta de las 

siguientes unidades: a) depósito de extractante; b) bomba de alta presión (Shimadzu LD-

AC10) para impulsar el líquido a través del sistema; c) válvula colocada a la salida de la 
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bomba para el desarrollo de extracciones estáticas; d) cámara de extracción de acero 

inoxidable (550 mm de longitud × 10 mm d.i., volumen interno 4.3 mL); e) válvula de 

control de presión; f) refrigerante tipo serpentín de acero inoxidable (1 m de longitud, 0.4 

mm d.i.) refrigerado con agua, y g) horno de cromatógrafo de gases (Cromatix KNK-2000, 

Konix). En este caso se optimizaron el tiempo de extracción, la composición del extractante 

y la temperatura, siempre a una presión suficiente para mantener el disolvente en estado 

líquido por encima de su temperatura normal de ebullición.  

Además de la extracción de los compuestos polares, se optimizó la de compuestos 

volátiles mediante microextracción en fase sólida del espacio de cabeza. Las extracciones 

del espacio de cabeza se realizaron manualmente mediante fibras DVB/CAR/PDMS 50/30 

μm StableFlex™ (Supelco). Los parámetros que se optimizaron fueron la temperatura y los 

tiempos de equilibro y de extracción.  

 

5. Optimización de los métodos de extracción  

La optimización de la extracción en todos los casos se realizó por el método de 

superficie de respuesta usando un diseño experimental Box-Behnken. En primer lugar se 

optimizan de forma individual cada una de las respuestas seleccionadas mediante la 

siguiente expresión:  

𝑌𝑖=𝛽𝑜 + 𝛽𝑚𝑋𝑚 + 𝛽𝑛𝑋𝑛 + 𝛽𝑚𝑚𝑋𝑚
2 + 𝛽𝑚𝑛𝑋𝑚𝑋𝑛 + 𝛽𝑛𝑛𝑋𝑛

2     (Ecuación 1) 

Donde Yi, representa el valor estimado de la i-ésima respuesta, X es el valor de cada 

uno de los factores estudiados y β corresponde a los coeficientes de regresión del modelo.   

A partir de los resultados obtenidos en la optimización individual de cada una de las 

respuestas, se realizó la optimización multiobjetivo mediante un modelo de deseabilidad 

(Ecuación 2), que facilita encontrar la combinación de variables que permiten maximizar o 

minimizar las respuestas, según convenga,  en los rangos que proporciona el diseño. 

𝐷 = (𝑑𝑖(𝑌𝑖)… (𝑑𝑛(𝑌𝑛))
1

𝑛      (Ecuación 2) 

Donde D representa la deseabilidad global del experimento, di(Yi) es la deseabilidad 

individual de cada metabolito en el experimento y n el número total de respuestas 

estudiadas en cada experimento. Para evaluar la deseabilidad global del experimento es 
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necesario calcular, en primer lugar, la deseabilidad individual de cada una de las 

respuestas. En el caso de maximizar la respuesta, la función de deseabilidad individual se 

define como: 

𝑑𝑖(𝑌𝑖) =
𝑌𝑖−𝑌𝑚𝑖𝑛

𝑌𝑚𝑎𝑥−𝑌𝑚𝑖𝑛
      (Ecuación 3) 

Donde Yi es el resultado experimental, Ymax e Ymin representan el valor máximo y 

mínimo, respectivamente, de la respuesta encontrada en el rango del diseño experimental.   

Para los extractos polares, la optimización multiobjetivo se enfocó a maximizar 

simultáneamente 10 picos cromatográficos obtenidos por LC–DAD, mientras que para la 

SPME se maximizó la concentración de 5 metabolitos obtenidos por GC–MS. 

 

6. Separación y análisis de metabolitos  

Los métodos desarrollados en la parte experimental de esta Tesis Doctoral se han 

basado en una separación cromatográfica mediante LC y GC, y la posterior detección 

basada en espectrometría de masas. Para los análisis no dirigidos basados en LC y para la 

obtención del perfil metabolómico de los extractos de cítricos (Capítulos V al IX) se utilizó 

un equipo HPLC Agilent 1200 Series acoplado a un detector de masas de cuadrupolo–

tiempo de vuelo de alta resolución, Agilent 6540, realizando la detección en el modo 

MS/MS. El análisis dirigido, que se utiliza en el Capítulo X, se llevó a cabo mediante LC y 

posterior detección por MS/MS utilizando un cromatógrafo Agilent 1200 Series LC 

equipado con una bomba binaria, un desgasificador, un automuestreador y un 

compartimento de columna termostatizados, y un espectrómetro de masas Agilent 6410 de 

triple cuadrupolo con una fuente de ionización por electrospray (ESI) con tecnología “Jet 

Stream”. En todos los estudios basados en LC, la separación de los metabolitos se llevó a 

cabo en una columna cromatográfica de fase reversa C18 Inertsil ODS-2 (250 mm × 4.6 

mm d.i., 5 μm partícula), usando como fases móviles agua y acetonitrilo. También en todos 

ellos se usó el software MassHunter para la adquisición de espectros y el análisis 

cualitativo–cuantitativo de los datos. 

Los análisis no dirigidos basados en GC se realizaron utilizando dos equipos 

diferentes. El análisis de compuestos volátiles se llevó a cabo con un cromatógrafo de gases 

Agilent 7890B acoplado a un espectrómetro de masas Agilent 5977A, usando una columna 

capilar de sílice fundida Factor VF-5 ms (30 m× 0.25 mm I.D., 0.25 μm, Varian). El análisis 
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de compuestos polares derivatizados se realizó en la Universidad de Georgia, EEUU, 

durante una estancia de investigación en la que se usó un GC–MS Perkin-Elmer Clarus SQ 

8, equipado con una columna cromatográfica Elite-5 MS (5% difenil/95% dimetil 

polysiloxano) Perkin-Elmer (60 m×0.25 mm I.D., 0.25 μm). 

 

7. Pretratamiento de datos 

En todos los casos se realizó en primer lugar el alineamiento y filtrado de los datos 

para descartar las señales correspondientes al ruido químico y las que no seguían una 

distribución gaussiana. Se utilizó el programa MassHunter Profinder v.6.0 para los datos 

obtenidos por LC–MS y Qualitative Analysis v.7.0 para los obtenidos mediante GC–MS; 

ambos programas  proporcionados  por Agilent Technologies. Las matrices limpias 

(alineadas y filtradas) se normalizaron mediante su correspondiente estándar externo, se 

transformaron y escalaron mediante el método de auto-escalado, para obtener las matrices 

a utilizar en los análisis estadísticos correspondientes. En todos los estudios realizados 

mediante LC–MS se utilizó la transformación Log2, mientras que en el estudio basado en 

GC–MS (Capítulo XI), en el que se usaron diferentes métodos de preparación de muestra 

e inclusivo diferentes equipos analíticos, se utilizó una transformada Z que permite 

combinar señales con diferentes distribuciones de probabilidad, y corregir la 

heterocedasticidad de los datos obteniendo una distribución más simétrica.  

 

8. Análisis estadístico 

Tras el pretratamiento de los datos se obtuvieron las matrices para el análisis 

estadístico. Independientemente del tipo de estudio (dirigido o no), se realizó ANOVA para 

conocer el número de entidades significativas y pruebas de rango múltiple (Tukey HSD, 

p≤0,01) para identificar si aquéllas eran significativamente diferentes o no.  

Para los análisis no dirigidos (Capítulos V, VI, VII, IX y XI) se realizaron estudios 

discriminantes mediante análisis de componentes principales (PCA) con el fin de detectar 

diferencias entre las muestras en función de su perfil global, mientras que para el análisis 

dirigido (Capítulo X), la discriminación se realizó mediante un análisis discriminante por 

mínimos cuadrados parciales. Entre los programas utilizados para el análisis estadístico de 

los estudios realizados destacan: 
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 Statgraphics: software que permite realizar distintos análisis estadísticos univariantes y 

multivariantes, así como el diseño y análisis de los experimentos recogidos en esta 

Memoria de Tesis.  

 MassProfiler Professional: software que permite la aplicación de diferentes algoritmos 

estadísticos especialmente adecuados para el análisis metabolómico. 

 MetaboAnalyst: herramienta web (http://www.metaboanalyst.ca) que permite realizar 

estudios analíticos en metabolómica de alto rendimiento para el análisis e 

interpretación de datos metabolómicos. 

 

9. Identificación de metabolitos 

La información MS/MS obtenida mediante LC–QTOF MS/MS se analizó mediante 

el programa MassHunter Qualitative Data Analysis v.7.0 (Agilent Technologies, Inc. 2014) 

y se utilizó para la identificación de tantos metabolitos como fue posible en cada caso, por 

comparación de los  espectros MS/MS obtenidos con los almacenados en bases de datos 

propias generadas por el grupo de investigación, así como en las bases de datos públicas  

METLIN (http://metlin.scripps.edu); HMDB (http://www.hmdb.ca) MassBank 

(http://www.massbank.jp) y ReSpect (http://spectra.psc.riken.jp). La identificación de los 

metabolitos detectados por GC–MS se realizó, mediante el programa NIST Mass Spectral 

Search Program v.11.0 (NIST, Washington, DC, USA), considerando una correlación 

superior a 0.65 entre el espectro obtenido experimentalmente y el contenido en la base de 

datos.  
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En esta primera sección de la Tesis se han recogido las publicaciones del 

doctorando que ponen de manifiesto la formación que ha adquirido sobre la literatura 

relacionada con el tema en el que se han centrado sus estudios. Esta formación, que debe 

siempre preceder al desarrollo experimental, requiere una constante actualización que 

puede, en algún caso, cambiar el curso de la investigación planificada. 

Las publicaciones que aparecen en esta Sección A se han ordenado en función de 

su generalidad, de tal forma que la que se ha situado como Capítulo I es a su vez un capítulo 

de un libro multiautor dedicado a proporcionar una visión global de las posibilidades de 

valorización de los residuos y/o desechos que resultan de la agricultura y de las industrias 

agroalimentarias mayoritarias de la cuenca mediterránea, es decir, de los binomios 

olivo/aceite de oliva, vid/vino y zumos/cítricos. Este estudio bibliográfico proporcionó al 

doctorando una comparación de los tres binomios y la posibilidad de adoptar o no en el 

último (del que sería objeto su Tesis) aspectos contemplados en los otros dos.  

El Capítulo II lo constituye una revisión bibliográfica en la que se discute de forma 

crítica el aprovechamiento actual de los residuos de cítricos y las lagunas que existen en 

cuanto a los compuestos de interés en ellos. Se apuntan las vías para un mejor conocimiento 

de la composición total y para una separación y conservación óptimas de los componentes 

que pueden proporcionar un valor añadido al residuo. 

El capítulo de libro multiautor que constituye el Capítulo III de la Memoria está 

dedicado a los flavonoides. Estos compuestos, muy abundantes en cítricos y cuyas 

características saludables han promovido su obtención a partir de esta materia prima, 

hacen imprescindible una discusión exhaustiva y crítica de los métodos existentes para el 

pretratamiento de la muestra, así como para la extracción y determinación de los 

flavonoides.   

Finalmente, y como ejemplo de que no hay que olvidar las propiedades 

nutricionales de muchos de los compuestos de los cítricos, se ha estudiado críticamente la 
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bibliografía sobre cumarinas (su biosíntesis, aislamiento y, especialmente, sus 

características antioxidantes, anticancerígenas y neuroprotectoras). Éste ha sido el 

contenido de otro de los capítulos de libro multiautor que se han publicado y que constituye 

el Capítulo IV de esta Memoria de Tesis. 
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This first section of the Thesis Book collects the publications of the PhD student 

that support his knowledge on the literature related to the thesis subject. This knowledge, 

which must always precede the experimental development, requires a thorough updating 

that can change, in any case, the planned research.  

 The publications in this Section A have been ordered as a function of their 

generality. Chapter I —which is also a chapter of a multiauthor book— is devoted to 

providing an overall overview on the valorization of residues and/or wastes from the main 

agriculture crops and agrofood industries in the Mediterranean basin; thus is, from the 

olive/olive oil, vineyard/wine and citrus/juices binomials. This bibliographical study 

provided to the PhD student the way to compare the three binomials and the possibility of 

either adopting or not in the last binomial (that which would be the subject of his Thesis) 

aspects developed in the other two. 

 Chapter II reviews critically the present exploitation of citrus residues, and the 

existing lags concerning interesting compounds in them. New ways for a better knowledge 

of their total composition and for the optimum separation and storage of the components 

are also proposed to provide the best added value to citrus residues. 

 The chapter of the multiauthor book that constitutes Chapter III is devoted to 

flavonoids. These compounds, very abundant in citrus, are endowed with healthy 

characteristics that have promoted their obtainment from this raw material. Therefore, the 

critical and exhaustive discussion of the methods for sample pretreatment, as well as for 

extraction and determination of flavonoids had been a pending goal prior to the publication 

of this chapter.  

 Finally, and as an example of the excellent healthy, preventive and nutraceutical 

properties of a number of citric compounds, the literature on coumarins has been critically 

studied (their biosynthesis, isolation and, particularly, their antioxidant, anticarcinogenic 
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and neuroprotective properties). This is the content of other chapter in a multiauthor book 

that also constitutes Chapter IV of this Thesis-Book. 
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agrofood industry 

 

Carlos A. Ledesma-Escobar and María D. Luque de Castro 

 

1. INTRODUCTION 

 

The agriculture in Mediterranean countries is dominated by extensive crops of 

olives, grapes and citrus. This region is the first in the world in production of olive oil and 

wine, and one of the leading producers of citrus juices [1]. In addition to the overall 

economic importance of these products for the region, they are the main contributors to 

the consideration by UNESCO of the Mediterranean diet a heritage of humanity [2,3]. 

However, residues from the crops and byproducts from the derivated industries represent 

a serious environment damage, if not properly treated, both because the huge amounts thus 

produced and their seasonal character. There are different treatments for either 

exploitation or safe disposal of the diverse type of residues generated by the Mediterranean 

agrofood industry. For many years, the only goal of treatments was to reduce pollution from 

the residues. Nowadays, research on the characteristics of the residues from these crops 

and derivated industries has shown they are key sources of raw materials for 

pharmaceutical, cosmetics and food industries, among the most important, with a final use, 

for both the excedents after supplying the industries and the residues from the industries 

after extracting the compounds of interest, as an overall source of energy [4]. Proper 

exploitation of these residues allows a comprehensive utilization of crops and reduces 

polluting effects on the environment. The different treatments for safe disposal of the 

residues from the production of olive oil, wine and citrus juices, and from the related 

agriculture, as well as their present and potential total or partial exploitation are discussed 

in this chapter.  
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2. TREATMENTS FOR SAFE DISPOSAL/EXPLOITATION OF AGROFOOD 

WASTES OR RESIDUES 

 

A number of treatments for safe disposal of wastes from the agrofood industry have 

so far been developed. Simple physical processes such as evaporation, sedimentation, 

filtration, centrifugation or dilution have been used for many years to treat wastes either 

liquid wastes or those containing a high percentage of water; nevertheless, none of the 

treatments alone is able to reduce the chemical oxygen demand (COD) and toxicity to 

acceptable limits. Usually, a combination of other physical processes coupled with 

coagulation, flocculation or adsorption steps is more efficient for removing organic matter, 

the main reason of high COD and toxicity of wastes. Also chemical oxidation is a common 

treatment to reduce the toxicity of wastewaters. On the other hand, thermal processes like 

incineration, pyrolysis or gasification are effective to reduce the volume and toxicity of solid 

wastes and also to recover energy that can be used as fuel. Finally, biological treatments 

allow both pollution caused by waste to be reduced and reuse of the products from 

microbial degradation. This type of treatments is commonly known as bioremediation. 

As most physical and chemical treatments are shared by the wastes from the 

agrofood areas, the object of this chapter, they are discussed in this section, then 

emphasizing the differences characteristic of their use in each area, if any, in the 

corresponding section. 

 

2.1 Physical processes 

 The main physical processes for safety disposal of agrofood wastes are 

sedimentation, filtration and centrifugation. 

Sedimentation consists of separation by gravity of the solid particles with higher 

density than the liquid phase in a suspension. The sedimentation velocity depends on the 

concentration, the weight and size of the solid, as well as the viscosity of the liquid phase. 

To increase sedimentation velocity or allow sedimentation of small or low density particles, 

strategies such as addition of salts or application of an electric field are used. The 

agglomerates thus formed are referred to as floccules and their characteristics largely 

depend on the type of waste; therefore, they are described in each case [5–7]. 

Filtration is an operation by which solid particles are separated from a liquid or a 

gas by forcing the mixture through a porous medium that retains the particles. Filtration 

can be carried out through a porous surface (filter medium), or through a packed bed 
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(mainly glass wool, rock wool or sand). The purpose of the filter may be to remove 

undesirable particulate matter from a liquid or to recover a solid product from a liquid–

solid system [8].  

Centrifugation is an accelerated way to separate solid particles from a liquid or two 

immiscible liquids with different density from each other. This separation is made possible 

by the effect of centrifugal forces as a result of applying a rotational movement to the 

heterogeneous system thus increasing the gravitational force and allowing precipitation of 

small particles [9]. 

 

2.2 Physicochemical processes 

The most common physicochemical processes for safety disposal of wastes are 

coagulation–flocculation and adsorption.  

Coagulation–flocculation processes are mainly used for removal of colloidal 

material that causes color and turbidity in wastewater; therefore, they have the aim of 

eliminating suspended solids and as much organic material as possible [10]. In dealing with 

colloids, each particle is stabilized by a number of charges of the same sign on their surface, 

causing them to repel each other, thus preventing that larger masses (flocs) are formed and 

consequently the particles do not sediment. Coagulation destabilizes colloids and allows 

formation of sedimentable flocs [11], generally achieved by addition of chemicals or 

application of energy [12]. The terms coagulation and flocculation are often used 

interchangeably to refer to the formation of aggregates, probably because both phenomena 

often occur simultaneously; however, conceptual differences exist between these two 

operations: coagulation is the destabilization of the colloidal suspension and flocculation is 

limited to transport of the coagulated particles to cause collisions between them, thus 

allowing agglomeration [13]. 

Adsorption is the phenomenon by which the molecules of a fluid (gas or liquid) are 

retained on a solid surface. Depending on the type of intermolecular attraction, adsorption 

can be physical or chemical. Physical adsorption has low selectivity and is irreversible, 

whereas chemical adsorption is reversible and can be highly selective. Adsorption processes 

are widely used in the food industry to ensure the quality and/or appearance of the 

products; they are also the key in combating environmental pollution, as purification of 

drinking water, wastewater treatment or removal of gaseous pollutants from smoke stacks 

[14,15]. Most adsorbents utilized in technological applications of adsorption are porous 

solids with large specific surfaces resulting in very high adsorption capacities. Common 
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adsorbents are activated materials such as silica, clay, or charcoal. Some residues from the 

agrofood industry have recently been used as adsorbents for dyes from aqueous solutions 

[16,17]. 

 

2.3 Advanced oxidation processes 

Advanced oxidation processes (AOPs) are defined as those that generate hydroxyl 

radicals in quantities sufficient for oxidizing the majority of the complex chemicals present 

in wastewater effluents. Hydroxyl radicals are powerful oxidants which lead to very efficient 

oxidations, the kinetics of which —between hydroxyl radicals and most organic and many 

inorganic compounds— are very fast [18]. Several studies have shown that AOPs can be 

used to convert compounds such as insecticides, dyes, surfactants or organochlorines into 

relatively harmless products such as carbon dioxide and water [19]. Conventional sources 

for generation of hydroxyl radicals are oxidants such as hydrogen peroxide (H2O2), ozone 

(O3), UV irradiation and ultrasound. Among single oxidants, O3 generally appears to be the 

most effective for pollutants oxidation, while H2O2 alone is inefficient for destruction of 

high concentrations of organic pollutants. Similarly, UV photolysis alone has also been 

reported to ensure decomposition of most organic molecules at very slow rates [20]. 

Combined systems have been developed to enhance oxidation and mineralization rates by 

generation of hydroxyl radicals. In most cases, combination of UV irradiation, oxidants 

(H2O2 or O3) and catalysts (Fe2+ or TiO2) can further increase the production of hydroxyl 

radicals [21]. Basic reactions to generate these radicals by combined systems are as follows: 

1) Ozone and hydrogen peroxide: O3 + H2O2→ OH• + O2 + HO2
• 

2) Iron salts and hydrogen peroxide: Fe2+ + H2O2 → Fe3+ + OH• + OH− 

3) UV-light and hydrogen peroxide: H2O2 [+UV] → 2OH• 

The use of AOPs, mainly as a pretreatment stage for industrial wastewater 

remediation, is considered a highly competitive water treatment technology for the removal 

of organic pollutants not treatable by conventional techniques owing to their high chemical 

stability and/or low biodegradability. In recent years, many authors have developed 

combined AOPs and biological systems for treatment of a diversity of industrial 

wastewaters [22]. 

 

2.4 Thermal processes 

Thermal treatment of wastes aims at reducing the volume and mass of the given 

waste, inertizing its hazardous components by heat and reducing pollutant emissions to air 
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and/or water. It is considered an environmental and economic friendly way to diminish 

residues disposal. The process may involve energy recovery by exploiting the produced fuel 

gas, which may be used to generate electricity or heat. Thermal treatments of wastes can be 

divided into two groups, within each: 1) waste is combusted in the presence of oxygen 

(incineration) and; 2) waste is heated in the presence of little or no oxygen so that there is 

no direct combustion but pyrolysis or gasification [23]. In modern European waste 

management, waste incineration plays the absolute dominant role. The processes result in 

residual products from the waste as well as products from flue gas cleaning additives, which 

afterwards they have to be deposited at a controlled site such as  landfills or mines. After 

thermal treatment, ferrous and non-ferrous metals can be recovered and recycled. Also, the 

grate ash or slag can be recovered for building purposes. Nutrients and organic matter are 

destroyed and cannot be recovered after thermal treatment [24]. An especial type of 

thermal treatment is caused by weather conditions, particularly by sun. 

 Incineration involves combustion of waste in a controlled manner to convert it into 

less harmful components, less bulky and more controllable. The energy content of waste 

can be recovered and used as fuel for some industrial applications. Its main limitations are 

that not all waste can be incinerated and some combustion products of the waste may affect 

the quality of industrial products [24]. Compared to other treatments, incineration is very 

expensive because the high cost of combustors and the associated air pollution control 

system [25]. Stoichiometric or theoretical combustion is the ideal combustion process 

where fuel is completely burned, as expressed by the following reaction: 

CaHb + (a +¼ b) O2→ a CO2 + ½ b H2O 

Pyrolysis is the thermal decomposition of organic material through the application 

of heat without extra air or oxygen [24]. It is an alternative to reduce waste volume and a 

process to obtain energy from agricultural wastes [26] that has as significant advantage 

zero net emissions. In pyrolysis carried out at temperatures around 450 °C and under no 

additional air, the hydrocarbons in the waste react and generate fuel gas. This gas mainly 

consists of carbon monoxide and hydrogen, which can be used either for electricity 

generation or for providing heat in boiler applications. The gas has a calorific value between 

22 and 30 MJ/m3, depending on the waste material being processed. The solid residue from 

pyrolysis, known as pyrolysis coke, is constituted by the residual carbon that is not 

converted into gas during the process. To improve pyrolysis, dolomite is used as catalyst, 

the presence of which causes a high increase in the gas fuel yield giving place to a vast rise 

http://www.wtert.eu/default.asp?Menue=12
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in hydrogen production [26]. The pyrolysis reaction is described by the following equation 

[27]: 

CaHbOc + heat → H2O + CO2 + H2 + CO + CH4 + C2H6 + CH2O + tar + char 

Gasification of biomass is the thermochemical conversion of a solid or liquid carbon-

based waste into a combustible gaseous product (syngas) by the supply of a gasification 

agent (other gaseous compound) [28]. The gasification agent (e.g. oxygen, carbon dioxide, 

hydrogen or water steam) allows conversion of waste into gas by different heterogeneous 

reactions under high pressure, generally at temperatures above 800 °C. Main chemical 

reactions of biomass gasification include the following [29]: 

1) C + ½O2 → CO 

2) C + O2 → CO2 

3) C + 2H2O → CO2 + 2H2 

4) C + H2O → CO + H2 

5) C + CO2 → 2CO 

6) C + 2H2 → CH4 

The combustible gas, containing H2, CO, CO2, CH4, and light hydrocarbons, can be 

used in fuel cell units for electricity production at high efficient levels (40% electrical 

efficiency and 85% overall thermal efficiency) [30].  

Generally, gasification is the process subsequent to pyrolysis where the residual 

carbon is oxidized from the glowing embers of the pyrolysis coke [31]. Depending on the 

gasification agent used, the syngas has different heating values: gasification with air 4–7 

MJ/Nm3; with oxygen 10–12 MJ/Nm3; with steam 15–20 MJ/Nm3 [28].  

Evaporation has as goal to reduce the volume of liquid wastes by removing water by 

evaporation. This is the most common process for liquid elimination from wastes in 

Mediterranean countries: evaporation in storage ponds in the open air because of the low 

investment required and the favorable climatic conditions. However, this method needs 

large areas and involves several problems such as bad odour, infiltration and insect 

proliferation [32]. Other option is the use of multistage evaporation systems that reduce 

the time of the process; however, they require more investment and high energy demand. 

The concentrate from evaporation has to be treated before disposal, generally by biological 

treatments such as aerobic digestion or an activated sludge process —aerobic and anaerobic 

treatments, respectively— [25].  
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2.5 Biological treatments 

Generally speaking, biological treatments involve degradation of organic matter by 

microorganisms. Depending on the type of microorganism used and the conditions under 

which degradation is carried out, biological treatments are divided into aerobic and 

anaerobic degradation. In addition to helping to reduce pollution from agroindustrial 

wastes, biological treatments offer a solution for soil amendment and reduce consumption 

of fossil fuels. 

Anaerobic digestion is the mechanism by which the organic molecules of the biomass 

are decomposed by the action of microorganisms. This degradation is characterized by 

production of a gas phase and a liquid or solid phase. The former mainly consists of 

methane and carbon dioxide, commonly known as biogas, which can be recovered and used 

as fuel [33,34]. The liquid or solid phase, containing the components difficult to degrade 

plus nitrogen, phosphorus and other elements originally present in the biomass, can be 

used as fertilizer [35]. The main factors that affect anaerobic degradation are temperature, 

pH, nitrogen-to-carbon ratio (C/N), and the content of toxic compounds or inhibitors 

present in the biomass [36]. Therefore, the type of microorganisms, as well as the operating 

conditions must be previously optimized according to the residue to be treated. 

Aerobic digestion consists of degradation of organic matter under aerobic 

conditions. This process has for many years been used for soil amendment by producing 

bio-fertilizers as a result of composting. The main factors affecting aerobic degradation is 

the content of air and water and the pH, temperature and C/N ratio [37]. Because this 

treatment requires a high intake of air and water —at present not recommended for wastes 

with high organic load— this type of treatment has in many cases been replaced by 

anaerobic digestion, which, in addition to reducing pollution from organic waste, produces 

biogas [36]. 

 

3. EXPLOITATION OF BYPRODUCTS FROM OLIVE TREES AND OLIVE OIL 

PRODUCTION 

 

3.1 Generalities  

Olive trees is one of the major crops in the Mediterranean basin, with a harvested 

area of 9 million of hectares and approximated production of 15 million of tons per year 

(Table 1) [1]. Olive fruit has been especially recognized because of its high content of 

polyunsaturated fatty acids and phenols, reasons why olive oil is considered the edible oil 
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with better nutritional properties. This oil has for many years been a part of the 

Mediterranean diet, famous by low incidence of atherosclerosis, certain cancers, and 

cardiovascular and neurodegenerative diseases. Some of the healthy properties of the 

Mediterranean diet have been strongly associated to olive oil consumption [2]. This is the 

reason why the consumption of olive oil has increased over the world about 40% in the last 

decade, trend that is growing at present [38]. Both the excellent nutritional properties of 

olive oil and its healthy properties are worldly accepted and start to be recognized by official 

organisms [39].  

 

Table 1. Total production of olive drupes and olive oil in Mediterranean countries [1] 

Mediterranean country 
Olive drupes Olive oil 

production 
(tonnes) 

Production 
(tonnes) 

Harvested 
area (Ha) 

Spain 3 626 600 2 300 000 992 000 
Italy 2 992 330 1 056 005 570 000 

Greece 2 100 000 900 000 351 800 
Turkey 1 820 000 805 500 206 300 

Syrian Arab Republic 1 095 043 700 000 200 000 
Tunisia 963 000 1 800 000 192 600 

Morocco 1 315 794 968 123 130 000 
Algeria 39 3840 328 884 32 000 
Libya 139 091 216 013 15 000 
Israel 63 000 33 700 12 300 

Lebanon 90 307 56 529 11 300 
Egypt 465 000 55 000 8 800 
France 27 969 17 055 3 600 
Cyprus 14 865 10 852 2 400 
Albania 12 5000 48 000 800 
Croatia 50 900 19 000 600 

Slovenia 2 000 1 000 600 
Montenegro 2 888 2 350 187 

Malta 8 8 3 
Bosnia and Herzegovina 160 110 (*) 

Total Mediterranean production 15 287 795 9 318 129 2 730 290 

 

Olive oil is classified into eight types according to their physico-chemical 

characteristics and the method used for oil production [40]: 1) extra virgin olive oil 

(EVOO); 2) virgin olive oil (VOO); 3) lampante olive oil; 4) refined olive oil; 5) olive oil 

composed of refined and virgin olive oils; 6) crude olive-pomace oil; 7) refined olive-

pomace oil; and 8) olive-pomace oil. Table 2 summarizes the characteristics of each oil). 

EVOO and VOO are the most valued olive oils, and they result from the fruit of the 

olive tree (Olea europaea L.) using only mechanical processes; thus excluding oils obtained 

using solvents, re-esterification or any mixture with other oils [41]. They consist of 98% of  
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saponifiable compounds (triacylglycerols, diacylglycerols, monoacylglycerols and free fatty 

acids), and 2% of unsaponifiable or minor fraction (aliphatic and triterpenic alcohols, 

sterols, hydrocarbons, volatile compounds, and antioxidants like carotenes, tocopherols, 

and phenols) [42]. As can be seen in Table 2, the main difference between EVOO and VOO 

is lower acidity of the former.  

Olive oil quality can be influenced by factors. Cultivar, environment and agronomic 

practices affect the fruit physiology, whereas processing and storage conditions alter oil 

composition (Sánchez de Medina, personal communication, December 10, 2013). The 

ripening index (RI) has been studied as a key factor affecting the composition of olive oil, 

showing that the oleic/linoleic acid ratio is inversely proportional to the ripening processes. 

The RI is determined by the color of the fruits, classified into the following categories: 0= 

with deep or dark green color; 1= with yellow or yellowish–green color; 2= with yellowish 

color and reddish spots; 3= with reddish or light violet color; 4= with black color [43]. Table 

3 shows the differences in fatty acids profile between VOO (RI = 0) and olive oil from ripe 

olive drupes (RI = 4). 

 

Table 3. Effect of the ripening index on the fatty acids profile of olive oil. 

 

 

Over 95% of the world’s olive oil is produced in the Mediterranean basin, being 

Spain, Italy and Greece the producers of around 70% of the olive oil in this region [44].  

Fatty acid Abbreviated formula 
VOO(1) 

(RI = 0) 
Olive oil(2) 

(RI = 4) 
Myristic C 14:0 0.01 nd 

Palmitic C 16:0 10.5 1.24 

Palmitoleic C 16:1 0.76 0.04 

Margaric C 17:0 0.1 0.03 

Margaroleic C 17:1 0.14 3.13 

Stearic C 18:0 3.53 65.12 

trans-Oleic C 18:1n9t 0.00 nd 

Oleic C 18:1n9c 77.49 16.55 

trans-Linoleic C 18:2n9,12tt 0.00 nd 

Linoleic C 18:2 6.05 0.45 

Linolenic C 18:3 0.61 0.49 

Arachidic C 20:0 0.39 0.01 

Gadoleic C 20:1n9 0.25 0.11 

Behenic C 22:0 0.11 0.04 

Lignoceric C 24:0 0.06 3.98 

Oleic/Linoleic 18:1/18:2 12.81 4.27 
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The overall mechanical process to extract VOO from the olive drupe includes three 

steps: i) crushing of the fruit to obtain a homogenous paste; ii) malaxation to increase the 

percentage of free oil and help small oil droplets to coalesce and agglomerate thus 

facilitating separation of the oil and water phases and; iii) separation of the oily phase by 

pressing (discontinuous process) or centrifugation (continuous process), as shows Fig. 1. 

 

 

 

Fig. 1. Main processes for olive oil extraction. 

 

Pressing extraction is the oldest method to obtain olive oil. The olive paste after 

crushing is placed on a uniform layer onto fibre disks on top of each other and then placed 

in the press, pressure is applied on the disks to compact the solid phase of the olive paste 

and to percolate the liquid phases (oil and water). To facilitate oil separation from the other 

phases a small quantity of water is added and VOO is separated by decantation. This 

process produces two residues: (i) a solid waste, known as olive cake or “orujo”, containing 

the olive pulp, skin, stones and small amounts of water and oil; (ii) a liquid waste, known 

as olive mill waste water (OMWW) or “alpechín”, which is the residual water after oil 

decantation [45]. The process is cheap, technically simple and requires small quantity of 

water (40 to 60 L water/100 kg olives) [46]. However, it is a batch process with high man-
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power cost. The traditional pressing process gave way to continuous processes by 

centrifugation; first, to a three-phase system and, most recently, to a two-phase system. 

Both processes consist of a decanter to separate phases by centrifugation, based on the 

different densities of olive oil, water and insoluble solids.  

Three-phase centrifugal decanters generate three fractions at the end of the process: 

a solid residue (olive cake or “orujo”) and two liquid phases (olive oil and olive mill waste 

water (OMWW). This process requires warm water to be added to dilute the olive paste. 

Natural antioxidants in the oil are thus reduced and large amounts of OMWW (80–120 

L/100 kg olives) are generated, resulting in the worldwide production of more than 30 

million m3 per year of OMWW [47]. This system has some advantages over traditional 

pressing extraction: it allows complete automation and reduces the area needed; however, 

it has as main disadvantages the high consumption of water and energy, higher OMWW 

production and more expensive installation [32]. Worldwide annual OMWW production is 

estimated to be over 3 million m3 [48], which has very high organic loads with COD values 

of up to 220 g/L, and a corresponding biochemical oxygen demand (BOD) of up to 100 g/L 

[49], thus causing serious environmental issues. The OMWW organic fraction consists of 

sugars, polyalcohols, pectins, lipids and significant amounts of aromatic compounds such 

as tannins and phenols, responsible for antimicrobial activities and phytotoxicity 

[38,50,51]. To reduce water consumption during olive oil extraction, consequent 

generation of OMWW and washing of phenols, the two-phase decanter centrifugation was 

developed in the 90’s, thus reducing 75% of olive mill wastes [45]. 

The two-phase system separates the olive paste into olive oil and a semisolid 

byproduct known as two-phase olive mill waste (TPOMW) or “alperujo”, without requiring 

the addition of huge amounts of water. This residue is a combination of olive cake and 

OMWW, which can be reprocessed to further extract the remaining oil by either solvent 

extraction or a second centrifugation. TPOMW has a high moisture content (56.6–74.5%) 

and an organic fraction or ‘‘orujo’’ (dry weight) with lignin (45.8%), hemicellulose (37.7%), 

cellulose (20.8 %), soluble in water carbohydrates (10.1%), fats (13.0%), proteins (7.7%), 

and phenols (1.5%) as main components [47]. Table 4 shows the chemical characteristics 

of the different olive oil wastes. 

The large amounts of wastes from the olive oil industry represent a serious 

environmental problem, mainly in the Mediterranean region as they are produced in short 

periods of time and must be properly disposed off to avoid environmental risks. The safe 

disposal of this waste is crucial because of its polluting effects on soil and water. Several 
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ways for safe disposal, and partial or full exploitation of olive oil waste have so far been 

developed. 

 

Table 4. Chemical characteristics of OMWW, TPOMW and solid residues from olive oil 

production [38]. 

 

Parameters 
Olive oil byproducts 

OMWW 
Solid residue 
(olive cake) 

TPOMW 

Pulp (%)  12–35 10–15 
Olive-stone (%)  15–45 12–18 
Dry matter (%) 6.33–7.19 87.1–94.4  

Ash  (%) 1 1.7–4 1.42–4 
pH 2.24–5.9  4.9–6.8 

Electrical conductivity (dS/m) 5.5–10  1.78–5.24 
Total carbon (%) 2–3.3 29.03–42.9 25.37 

Organic matter (%) 57.2–62.1 85 60.3–98.5 
Total organic carbon (g/L) 20.19–39.8   

Total suspended solids (g/L) 25–30   
Mineral suspended solids (g/L) 1.5–1.9   
Volatile suspended solids (g/L) 13.5–22.9   

Volatile solids (g/L) 41.9   
Mineral solids (g/L) 6.7   
Volatile acidity (g/L) 0.64   

Inorganic carbon (g/L) 0.2   
Total nitrogen (%) 0.63 0.2–0.3 0.25–1.85 

P (%) 0.19 0.03–0.06 0.03–0.14 
K (%) 0.44–5.24 0.1–0.2 0.63–2.9 

Na (%) 0.15  0.02–0.1 
Ca (%) 0.42–1.15  0.23–1.2 

Mg  (%) 0.11–0.18  0.05–0.17 
Fe (%) 0.26 ± 0.03  0.0526–0.26 
Cu (%) 0.0021  0.0013–0.0138 
Mn (%) 0.0015  0.0013–0.0067 
Zn (%) 0.0057  0.0010–0.0027 

Lipids (%) 0.03–4.25 3.5–8.72 3.76–18.0 
Total phenols (%) 0.63–5.45 0.2–1.146 0.4–2.43 
Total sugars (%) 1.5–12.22 0.99–1.38 0.83–19.3 

Total proteins (%)  3.43–7.26 2.87–7.2 
Chemical oxygen demand (g/L) 30–320   
Biological oxygen demand (g/L) 35–132   

Cellulose (%)  17.37–24.14 14.54 
Hemicellulose (%)  7.92–11.00 6.63 

Lignin (%)  0.21–14.18 8.54 

 

Olive tree leaves constitute a waste associated to production of olive oil, but also it 

results from pruning during the spring–summer time. 
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3.2 Exploitation of alpechín   

 

Alpechín is a major environmental problem affecting olive oil producer countries, 

which results yearly during VOO production for about 3 months. More than 30 million m3 

of OMWW are produced in the Mediterranean basin during the press season [48], which 

must be properly managed to avoid the negative environmental impact associated with its 

disposal. The main alpechín exploitation has so far been as fertilizer.  

For many years, direct spreading of alpechín on agricultural lands was its most 

common use in the Mediterranean region [52], as it constitutes a low cost source for water 

and nutrients. In addition, spreading OMWW on the ground was a simple and relatively 

inexpensive method for disposal that contributed to the development of sustainable 

agriculture [53]. Nevertheless, the chemical properties of OMWW are affected by the olive 

fruit ripeness and irrigation level, which in turn affect the agriculture spread with alpechín. 

Two major factors affect OMWW composition: 1) solute concentrations in the fruit 

vegetable water and; 2) extraction efficiency of the vegetable water into the wastewater 

phase [54]. However, the agronomic use of alpechín for direct spreading on agricultural 

lands is limited by some constraints, such as oil and grease, high salinity, acidity, and 

phenols concentration. These last compounds are the main responsible for the phytotoxic 

and antimicrobial actions of OMWW. Generally, these environmental issues arise from the 

constraints mentioned above: 1) negative effects on the physical, chemical and biological 

properties of the soil; 2) phytotoxic effects on crops and; 3) groundwater pollution [55].  

The impact of alpechín application on the structure of bacterial communities in soil 

was analyzed using actinobacteria and ammonia-oxidizing bacteria as models. Two types 

of soils were irrigated weekly with aqueous solutions of 2 and 4% of alpechín for a period 

of 49 days, after which changes in the structure of the communities of actinobacteria and 

ammonia-oxidizing bacteria were observed and considered as induced by alpechín. The 

alterations attributed to alpechín application are potentially the result of environmental 

changes including lowered oxidative conditions, strong competition for mineral-N and 

phenols availability [56].  

 

3.3 Overall use of either alperujo or orujo 

 

Two main overall uses of both alperujo and orujo have been reported: 

bioremediation and brick fabrication. 
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The main overall use of the solid waste from the olive oil industry is bioremediation 

that involves microorganisms to remove pollutants and reduce the COD of organic wastes. 

They are considered environmentally friendly, reliable and cost-effective. Degradation of 

the organic material produces a biomass that yields a mixture of gases, and a fertilizer free 

from phenols, and thus, without danger for bacterial communities. When degradation is 

carried out under aerobic conditions the main gas produced is CO2 instead of CH4, the latter 

being characteristic of degradation under anaerobic conditions and commonly known as 

biogas. Under anaerobic conditions, the maximum rate of biogas production from orujo 

has been reported around of 0.70 L of biogas per L of digester volume per day during 20 

days with a yield of 0.08 L biogas per g COD added to the digester. The methane content of 

the biogas was around of 80%, the remainder being principally carbon dioxide [57]. 

 Among non biological methods recently developed for overall exploitation of 

alperujo or orujo, the most effective has been to enter them into the composition of bricks. 

Studies on this application show that, in addition to helping to reduce pollution, these raw 

materials decrease the amount of energy required for brick fabrication. The studies on this 

use led to replacement of a part of clay by alperujo. Different amounts (3, 6 and 12 wt%) of 

clay have been substituted by alperujo, and the properties of the resulting ceramic units 

were compared to those of conventional products. Addition of 12 wt% alperujo showed 

advantages such as [58]: 1) lower density (1710 kg/m3 versus 1850 kg/m3 of the reference 

value). The lower density is caused by greater water absorption in experimental bricks than 

in traditional bricks. This allows fabricating blocks of the same size but with less weight 

than traditional bricks, thus facilitating handling and reducing transportation costs [59]. 

2) Higher thermal insulation effectiveness (18% reduction in the bulk of fired clay thermal 

conductivity). 3) The strength attained (approximately 14 N/mm2) is enough high for this 

type of units. Finally, 4) the reduction of the traditional firing temperature of 920 °C to 880 

°C when alperujo is added to the raw material, which results in heating requirements 

reduced within the range 2.4–7.3%, depending on the final product [58]. In all studies, the 

resulting units are equivalent to traditional bricks in mechanical properties and can save 

water and energy in the production process. This application can alleviate environmental 

impact from the two-phase olive oil extraction industry and, at the same time, results in 

economic savings for the brick manufacturing industry [60]. 
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 3.4 Partial use of either alpechín or alperujo 

Alpechín has as favorable characteristic a very significant phenols content (it is 

estimated that 53% of olive phenols remain in alpechín after oil separation [61]). The most 

abundant phenol in alpechín is hydroxytyrosol, representing around 70% of total phenols, 

followed by tyrosol, p-coumaric acid, oleuropein and caffeic acid [62,63]. Also, the presence 

of elements such as Pb (6.7–10 μg/L), Cd (0.03–10 μg/L), Fe (0.45–20 mg/L), Zn (1.7–

4.98 mg/L), Cu (0.49–2.96 mg/L), Mn (0.46–20 mg/L), Mg (0.03–0.17 g/L), Ca (0.03–

0.29 g/L), K (0.73–6.1 g/L), Cl (0.76–1 g/L) and Na (0.03–0.13 g/L) has been reported 

[45]. The favorable characteristics of this waste make it of potential application for 

preparation of functional beverages after treatment by the appropriate methods (e.g. 

ultrafiltration) to maximize recovery of the bioactive constituents and removal of 

undesirable suspended solids [45].  

In recent years, the use of membranes for filtration of wastewater has generated 

many expectations, mainly by allowing, in addition to water purification, recovery of 

compounds of interest contained in it without the use of solvents. Filtration membranes 

have also been used for alpechín, and the best results were provided by an integrated 

system constituted by in series high-to-low porosity membranes, thus allowing 

fractionation in mainly 3 phases: 1) substances with high molecular weight, which can be 

subjected to anaerobic digestion for biogas production; 2) bioactive compounds such as 

phenols, suitable for cosmetics, food and pharmaceutical industries, and; 3) purified water, 

which can be reused in the olive oil extraction process [64]. Generally the ultrafiltration 

process starts with a coagulation–flocculation treatment to remove suspended solids as 

much as possible. Systems based on ultrafiltration–nanofiltration [64] or ultrafiltration–

osmotic distillation [65] allow recovery of 96% or 78% of total phenols in alpechín, 

respectively. 

Also alperujo is a great source of natural antioxidants, as it is estimated that 45% of 

total phenols in olive drupes remains in alperujo after oil separation [61]. Extraction of 

phenols from alperujo can be based on contact of the semisolid residue with the extractant 

(usually water or, better, an ethanol–water mixture if the extract is pretended for edible 

uses; or a methanol–water mixture if only analytical information is the aim of extraction. 

Acceleration of the extraction step can be achieved by assisting it with auxiliary energies 

such ultrasound [66], microwaves [67] or high temperature+pressure [68]. The extracts 

thus obtained have been used for enrichment of refined edible oils that improve in this way 
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their stability and healthy properties [67]. Presently, the use of these extracts to enrich solid 

foods is under study [Tergum, S.L., December 21, 2013].  

 

3.5 Olive leaf exploitation 

Traditionally, olive leaves have been used mainly in composting, but in recent years, 

investigation on this material has demonstrated their high content of phenols, higher than 

in other parts of olive tree. As an example, taking oleuropein as a phenol model, leaves 

content one hundred times more than olive oil and ten times more than alperujo. Olive 

phenols show a high antioxidant and free radical scavenging power, which have led to use 

olive leaf extracts as a natural source of antioxidants to improve the quality and stability of 

refined edible oils [67,69]. Also the cosmetics industry takes profit from this raw material 

to extract phenols for enrichment of its products [70,71]. Most olive phenols extracts in the 

market (both liquid and solid extracts) come from olive leaves [72]. 

 

3.6 Foreseeable/desirable future uses of olive tree–olive oil wastes 

Alpechín and alperujo contain a large amount of olive phenols which possess 

several beneficial health effects and make these wastes attractive as sources of natural 

antioxidants for the manufacture of added-value products for human consumption. The 

use of olive phenols to enrich edible oils, elaborate functional beverages or a number of 

cosmetics products has started to be successfully implemented. 

VOO contains a significant amount of natural antioxidants that have demonstrated 

multiple beneficial effects on health; therefore, this oil does not need addition of artificial 

antioxidants to inhibit or delay oxidation [73]. On the other hand, other edible oils, all them 

refined, such a soy oil, high-oleic sunflower oil, sunflower oil, or rapeseed oil, or even 

refined olive oil, are deficient in natural antioxidants. To reduce the oxidative reactions and 

improve stability of these oils, synthetic antioxidants are typically added to them. However, 

the reported deleterious effects on human health of synthetic additives such as 

butylatedhydroxyanisole, butylatedhydroxytoluene, propyl gallate, or tert-butylhydro-

quinone have decreased their use and promoted general consumer´s rejections of synthetic 

food additives. As a result, enrichment of edible oils with natural antioxidants to inhibit or 

suppress oil oxidation becomes of great interest. These substances are cheap and drastically 

delay oil deterioration under deep-frying [74]. Because of the antioxidant and nutraceutical 

properties of olive phenols, there is a growing interest in the use of these compounds to 
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enrich low-priced edible oils, thus obtaining a healthy added-value product with oxidative 

stability similar to VOO [67]. 

In addition to improvement of edible oils, the use of alpechín or alperujo 

antioxidants to produce functional beverages is an attractive alternative of easy 

implementation. Generally, a functional or supplemented food is consumed as part of a 

normal diet and contains biologically active components that provide health benefits and 

reduce illness risk. There is not legislation in the European Union regarding safety of 

functional foods as such, but aspects of food security such as amount and frequency of 

consumption, possible interactions with other dietary constituents, impact on metabolic 

pathways and potential adverse effects such as allergy and/or intolerance [75] should be 

taken into account.  

Thanks to the number of reported biological activities of phenols, the inclusion in 

beverages of phenols extracts from alpechín or alperujo may have a significant impact on 

the health of population by reducing the incidence of cardiovascular and chronic 

degenerative diseases [76]. Potential application of alpechín or alperujo for preparation of 

functional beverages is discussed mainly in terms of bioavailability, defined as the amount 

of a food constituent in soluble form and released from the food matrix that is able to cross 

the intestinal barrier. Phenols in olive fruit products have through centuries been 

demonstrated to be highly bioavailable and safe as compared to synthetic antioxidants [45].  

Two main studies are mandatory before incorporation of alpechín or alperujo 

phenols into beverages or other foods: 1) development of methods to obtain them by 

separation from other compounds present in the given raw material; 2) enough knowledge 

on the stability of these compounds during processing and storage of the final product, with 

the aim of reducing adverse reactions between food components and phenols. Table 5 lists 

the main phenols in olive drupes and olive oil wastes.  

A very different alternative use of alpechín is as dye for wool. Protein fibers in wool 

have shown a high affinity for alpechín dyes, which generally bind dark shades with good 

fastnesses. The main influential factors on dyeability of wool by alpechín are pH, 

temperature and time of dyeing. The best results were obtained at pH 2, 100 °C and 90 min 

dyeing. In addition, the large amounts of natural dyes in alpechín allow its use for dyeing 

wool at least twice and the wash, rubbing and perspiration fastness of the dyed wool fabrics 

were good; however, light fastness was medium. Metal mordants when used in conjunction 

with alpechín were found to enhance the dyeability and fastness properties [77]. The use of 

alpechín to dye wool is very promising as it contributes to solve the environmental problem 
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of olive mill wastes and avoids alergenic problems caused by synthetic colorants. This 

natural dye is renewable and available free of costs in large quantities in three-phase olive 

oil producing countries. The dye process is economical and environmental pollution can be 

minimum if employed with an ecofriendly mordanting metal. This exploitation also applies 

to alperujo as studies on extraction of colorants from this raw material are successfully 

being developed [78].  

 

Table 5. Main phenols in olives and olive oil wastes. 

Compound Olives Alpechin Alperujo Leaves Reference 

Cinnamic acid     [51] 

Tyrosol     [51, 62, 67] 

p-Hydroxy-benzoic acid     [51] 

p-Hydroxy-phenyl-acetic acid     [51] 

p-Hydroxy-phenyl-propanoic acid     [51] 

Vanillic acid     [51, 62, 67] 

Hydroxy-tyrosol     [51, 62, 67] 

Protocatechuic acid     [51] 

3,4-Dihydroxy–phenyl-acetic acid     [51] 

p-Coumaric acid     [51, 62] 

Ferulic acid     [51, 62, 67] 

Caffeic acid     [51, 62] 

Oleanolic acid     [51] 

Oleuropein     [51, 62, 67] 

Verbascoside     [62] 

Vainillin     [67] 

Luteolin     [67, 74] 

Apigenin     [67, 74] 

3,4,DHPEA-EDA (1)     [67, 74] 

p-HPEA-EDA (2)     [67, 74] 

p-HPEA-FA (3)     [67, 74] 

 

Olive tree leaves have traditionally been used mainly as a feed resource for 

ruminants. Different studies have been devoted to improve this use in terms of both animal 

performance and product quality [79]. Olive leaves provide half of the energy and amino 

acid requirements of sheep and goats, if appropriately supplemented. It is recommended 

to feed fresh olive leaves rather than dried or ensiled; nevertheless, their use may be 
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restricted because they contain significant amounts of Cu, which is toxic at high 

concentrations [80].  

Also orujo has been used as a feed resource both for ruminants and pigs after 

preservation in different ways such as dried, ensiled or incorporated into multi-nutrient 

blocks. This last way is the most successfully developed so far, which should also been 

extended to alperujo. The use of these olive oil byproducts, which are rich in oil, seems to 

increase the content of monounsaturated fatty acids in milk and lower the content of 

saturated fatty acids [79]. 

Ultrasound application has been proposed in recent years to improve olive oil 

extraction by reducing the duration of malaxation [81]. The authors of this research 

emphasize the growing interest in the use of ultrasound in food processing to achieve higher 

product yields, shorter processing times, reduced operating and costs maintenance, besides 

improved taste, texture, flavor and color. Therefore, they suggest that olive oil industry 

could take advantage of the use of ultrasound in the extraction process, mainly because it 

provides a quick-heating of olive paste and sonication can be easily transferred to an 

industrial scale. This proposal should be taken with enormous caution as previous studies 

had revealed that the flavor and composition of edible oils is deteriorated by ultrasound 

treatment [82], probably owing to oxidation under ultrasound application attributed to 

cavitation that in turn is responsible for the formation of oxy radical species [83]. Actually, 

ultrasound energy has given place to a fast method for determination of the oxidative 

stability of VOO, in which direct application of an ultrasound probe on the sample allowed 

oxidation of VOO 110 times faster than the traditional Rancimat method [84]. Oxidation of 

olive oil is also produced by microwave irradiation, but this occurs 40 times slower than 

under ultrasound application [85]. The use of ultrasound to facilitate extraction of VOO 

foreseeably produces undesirable changes in the composition of fatty acids and, also, 

degradation of organoleptic properties such as color and/or flavor.  

 

4. EXPLOITATION OF BYPRODUCTS FROM VINEYARDS AND WINE 

PRODUCTION 

 

4.1 Generalities  

Winemaking is one the most important economic activities in Mediterranean 

countries, with a production of 15 million tons of wine per year by cultivation of around 3.4 

million hectares to harvest about of 28 millions tons of grapes per year (Table 6) [1].  
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The grape (Vitis vinifera) is the raw material for winemaking. Wine is a beverage 

produced by fermentation of grape juice by yeasts, mainly Saccharomyces cerevisiae. This 

yeast converts simple sugars to ethanol and carbon dioxide. The alcoholic medium that 

results from fermentation contains 12–15% of ethanol, percentage above which  the yeast 

cannot survive [86]. 

 

Table 6. Total production of grapes and wine in Mediterranean countries [1]. 

Mediterranean country 
Grapes Total wine 

production 
(tonnes) 

Production 
(tonnes) 

Harvested 
area (Ha) 

France 6 588 904 764 124 6 533 646 
Italy 7 115 500 725 353 4 673 400 

Spain 5 809 315 963 095 3 339 700 
Greece 856 600 103 200 295 000 
Croatia 204 373 32 485 48 875 
Algeria 402 592 72 042 47 500 

Morocco 381 861 44 905 33 300 
Turkey 4 296 351 472 545 29 000 

Slovenia 121 396 16 352 24 000 
Tunisia 114 000 29 471 23 200 
Albania 195 200 9 077 18 000 

Montenegro 32 815 9 000 15 000 
Lebanon 89 000 10 000 14 200 
Cyprus 24 656 8 336 12 000 
Israel 89 476 7 890 5 000 
Egypt 1 320 801 64 835 4 400 

Bosnia and Herzegovina 21 601 5 100 3 354 
Malta 4 478 1 600 2 450 

Syrian Arab Republic 337 961 46 295 72 
Libya 35 115 8 350  (1) 

Total Mediterranean production 28 041 995 3 394 055 15 122 097 

 

 The wivemaking process (Fig. 2) begins with grape harvest. The selected grapes are 

washed to remove leaves and other undesirable material. The fruit is then crushed or 

pressed to release the juice and begin the maceration process that facilitates extraction of 

nutrients, flavorants, and other constituents from the pulp, skins, and seeds. Maceration of 

white wines is kept to a minimum and seldom lasts more than a few hours; step that is 

prolonged for red wines, and occurs simultaneously with alcoholic fermentation. Rosé 

wines are typically made from red grapes exposed to a short prefermentative maceration. 

Fermentation may start spontaneously, caused by endemic yeasts in grapes; however, the 

standard practice is to inoculate the juice or must with a yeast strain of known 

characteristics. Yeasts not only produce ethanol, but also generate the general bouquet and 

flavor attributes that typify wines. After completing alcoholic fermentation, the wine may 
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be treated to foster a malolactic fermentation that converts malic acid into the weaker lactic 

acid, thus reducing wine acidity. Thereafter, the wine is stored for maturation, during which 

the excess of carbon dioxide escapes, yeasty odors dissipate, and suspended material 

precipitates. Changes in aroma and development of an aged bouquet may begin during 

maturation. After several weeks or months, the wine is racked, a process that separates the 

wine from solids that settle out during clarification. The sediment consists primarily of 

yeast and bacterial cells, remained grape cells, and precipitated tannins, proteins and 

potassium tartrate crystals; products that in longer contact with wine can endow it with 

undesirable characteristics. Prior to bottling, wine must be clarified to remove traces of 

dissolved proteins and other material —otherwise, they could generate turbidity, especially 

on exposure to heat. Also, clarification may be used to soften the wine’s taste by removing 

tannins in excess. Wines are commonly chilled and filtered to further enhance clarification 

and stability; after which, the wine is ready for bottling or further aging [86]. 

 

 

Fig. 2. Main processes for wine production. 
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Most of the residues generated in a winery (80–85%) are organic wastes. Grape 

pomace, produced during grape press, is constituted by skin and seeds. The rest of residues 

are lees, which are generated in the fermentation and clarification processes; stalks, 

branches and leaves of the grapevine, and wastewater sludge from wastewater treatment 

[87]. 

 

4.2 Types and characteristics of vineyard residues 

 Vineyards residues are vine shots and leaves. Vine shoots are the branches of the 

grape bushes. Most research about vine shoots exploitation has been focused onproduction 

of paper pulp, ethanol, lactic acid, methanol, fuels, biomass, biosurfactants, and activated 

carbon for wine treatment, extraction of volatile compounds, phenols, and ferulic and 

coumaric acids, among others [88]. The composition of vine shoots is characterized by a 

lignin content around 20% (dry weight), which can be hydrolyzed to release phenols such 

as low molecular mass alcohols, aldehydes, ketones or acids; thus making vine shoots a 

source for phenols production [89]. 

Leaves constitute a residue to which scant attention has so far been paid, usually 

remaining in the vineyard or being collected for compost preparation. However, vine leaves 

posse large amounts of compounds such as anthocyanins and flavonols that make leaves 

an attractive residue to obtain natural colorants, highly demanded at present [90]. 

 

4.3 Present and potential exploitation of vineyard residues 

Vine shoots have for many year been used to produce fertilizers by composting [91] 

or anaerobic digestion [92]. Also this material has been used to produce syngas by 

gasification process, which reaches maximum efficiency at 800 °C in a short time (1–2 

min). A power of 6 MW could be obtained from the gases produced in the process, with a 

global yield of 20%. This is an acceptable efficiency taking into account the large amount of 

vine shoots produced per year [93].  

The present trend to replace the large amounts of wood used to manufacture paper 

by non-woody plants and/or lignocellulose agrofood wastes has also reached to vine shoots. 

In general, agricultural residues appear to be effective alternatives to wood raw materials 

as they provide excellent special paper and constitute the sole source of paper raw materials 

in some regions. Such is the case with vine shoots, which are highly abundant in some areas 

as the Mediterranean basin in such as a way that their disposal poses major economic and 

environmental problems [94]. The best papermaking process is by adding ethylene glycol, 
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with an approximate yield of 50% under the following optimal operating  conditions: 155 

°C, 60 min of reaction and 60% ethylene glycol [95]. 

Other use of vine shoots is production of activated carbon. Activation can be 

accomplished by a physical process (heating of the raw material) or a chemical process (by 

addition of phosphoric acid) [17]. Comparison of products from both processes shows that 

chemical synthesis is more effective, because it is a one step process with higher yields and 

products with areas above 1000 m2/g; therefore, the chemical process seems to be the best 

for industrial applications [96]. 

Other, less massive use of vine shoots could be for obtaining ferulic and p-cumaric 

acids [97], and also as a source of food fibre and, especially of polyphenols [98]. 

Recent research on the composition of extracts from different varieties of vine shots 

has been developed, then compared with extracts from different types oak chips, with the 

final goal of using the formers for wine ageing purposes [88]. The comparative profiling 

analysis of woody flavoring from vine shoots and oak chips allowed to identify those 

varieties of vine shoots providing extracts with a more similar composition to those 

obtained from oak chips. Present research involves the use of both oak chips and the best 

varieties of vine shoots to age wine in a comparative study (Delgado de la Torre, personal 

communication, November 21, 2013). Taking into account the present trend to check other 

ageing materials to endow wine with different characteristics [99], the variety of cultivars 

opens a wide fan of possibilities to vine shots. 

Leaves from Vitis vinifrea L. have received a dissimilar attention as a function of 

their age. Some high-standing cosmetics include in their composition extract from vine leaf 

shoots, with the subsequent damage to the plant. Green adult leaves (both fresh and in 

brine) are used as food in countries as Greece and Turquey [100]. Also extracts from fresh 

leaves —which are rich in flavonols, mainly quercetin and kaempherol; and anthocyanins, 

mainly cyanidin, petunidin, peonidin and malvidin [90]— have been used for treatment of 

high blood pressure, diarrhea, hemorrhages, varicose veins, inflammation, diabetes, and 

because their protective effect on the liver [101]. These extracts may be used to enrich grape 

seed oil, thus improving its stability and functional properties. Finally, senescent leaves are 

an ignored raw material, despite this state endows leaves with color from yellow to brown, 

with intermediate redish and redish–brown tonalities, depending of the cultivar. This wide 

range of color demonstrated an also wide range of colorants that, taking into account the 

traditional culinary use of leaves, can enter the food market without the need for obtaining 

the GRAS (Generally Recognized as Save) status.  
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On the other hand, leaves from Vitis vinifera L. have been used to extract functional 

compounds to develop dietary ingredients. These extracts are rich in flavonols, mainly 

quercetin and kaempherol, and anthocyanins, mainly cyanidin, petunidin, peonidin and 

malvidin [90]. These extracts may be used to enrich grape seed oil, thus improving its 

stability and functional properties. 

 

4.4 Types and characteristics of wine residues 

Typical residues from wine production are grape seeds, grape skin, stalks and lees. A 

“residue from residue” results from ethanol distillation, the raw material of which is the 

wine pomace, constituted by seeds and grape skin.  

Grape seeds are a waste generated both in wineries and grape juice industries. This 

residue contains mainly lipids, proteins and carbohydrates. The lipid fraction of grape 

seeds has a high commercial value, only partially exploited so far. Grape seed oil is gaining 

popularity as a culinary oil that has been studied as a possible source of special lipids. The 

main characteristic of this oil is its high content in unsaturated fatty acids such as linoleic 

acid (72–76%, w/w); an acid associated to promotion of cardiovascular health by down 

regulation of low-density lipoprotein cholesterol and clearance enhancement [102]. In 

addition, grape seed oil contains tocopherols, also of interest because of their antioxidant 

properties [103]. 

 Grape skins are major components of wine pomace. This residue may be used in 

animal feeds, but little more is known about other applications. The lack of other uses is 

mainly associated to a rather scant fundamental knowledge about the chemical 

composition and structure of the main components of grape skins. Most studies have dealt 

with extraction of different classes of compounds such as anthocyanins, hydroxycinnamic 

acids, flavanols, and flavonol glycosides, and very few with the assessment of basic 

macromolecular components of grape skins [104,105]. 

Stalks, the main solid waste from winemaking, constitute the skeleton of the grape 

bunch and consist of lignified tissues. Grape stalk could be an interesting raw material for 

industrial bioconversion processes given that it has a high content of biomolecules such as 

lignin, cellulose, and hemicellulose [106]. As compared to other lignocellulosic feedstocks, 

grape stalk also contains high amounts of condensed tannins (proanthocyanidins), which 

are chemically reactive molecules able to react with electrophilic and nucleophilic reagents, 

with proteins or to produce auto condensation reactions. Condensed polyphenols could 

also potentially be converted to priced chemicals and materials [107].  
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Wine lees —the solid residue remaining at the bottom of reservoirs after wine 

fermentation— have received less attention than other wine residues. Despite their variable 

composition, wine lees are mainly composed by microorganisms (particularly yeasts) and, 

in a less proportion, by tartaric acid and inorganic matter. Wine less from red wine 

production possess an intense red color that suggests they could have an added value as 

source of colorants [78]. 

 

4.5 Present and potential exploitation of wine residues: overall and partial 

exploitation  

Traditionally, wastes from winemaking (seeds, skins, stalks and lees) have been 

treated by composting to produce fertilizers for further application in vineyards [108]. 

However, these wastes can be utilized individually for different applications, improving 

their fields of application. 

Grape seeds comprise about 5% of the fruit weight and correspond to 38–52% of dry 

matter on the pomace  [102]. This is the most valuable residue from the wine industry due 

to its lipid profile (see Table 7), rich in linoleic acid, as commented before [109], and with 

high content of vitamin E, a powerful antioxidant [110]. Grape seed oil is gaining popularity 

as a culinary oil that has been studied as a possible source of especial lipids [111]. These 

characteristics make the grape seed oil an interesting product which could promote 

valorization of this residue so abundant in the Mediterranean basin. In this and other 

regions with large wine production, a massive exploitation of grape seeds oil can be 

biodiesel production by transesterification [112]. 

In addition, grape seed oil is a potential source of natural antioxidants and other 

healthy bioactive compounds mainly phenolic compounds [103]. In fact, grape seed 

proanthocyanidins have shown an antioxidant power 20 times greater than vitamin E and 

50 times greater than vitamin C [113]. These characteristics make grape seeds extracts 

exploitable as additives in the food industry, in which the extracts have been used as 

antimicrobial additive in soy protein edible films, showing to be effective in inhibiting the 

growth of some pathogens such as L. monocytogenes, E. coli and S. Typhimurium [114]. In 

addition to the use as colorants, flavor modifiers or antioxidants in the food industry, these 

characteristics are intending to be exploited in cosmetics and nutraceuticals industries 

[103].  
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Grape skins and stalks are not hazardous residues from the wine industry, but the 

high content of organic matter and their seasonal high production can give place to 

pollution problems, mainly regarding COD and BOD of ground water [106]. 

 

Table 7. Fatty acid composition of grape seed oil [110, 111]. 

Fatty acid 
Abbreviated 

formula 
Oil contents 

(%, v/w dry basis) 
Myristic C14:0 0.06 - 0.16 

Palmitic C16:0 6.17 - 8.5 

Palmitoleic C16:1 0.13  - 0.24 

Margaric C17:0 0.07 - 0.14 

Margaroleic C17:1 0.0 - 0.04 

Stearic C18:0 4.09 - 5.91 

Oleic C 18:1n9c 13.7 - 20.8 

trans-Oleic C 18:1n9t 0.0 - 0.16 

Linoleic C18:2cc 63.0 - 73.1 

trans-Linoleic C18:2t 0.0 - 0.16 

Linolenic C18:3 0.36 - 0.51 

Arachidic C20:0 0.18 - 0.27 

Gadoleic C 20:1n9 0.11 - 0.22 

Eicosadienoic C20:2n6 0.0 - 0.05 

Behenic C22:0 0.0 - 0.09 

Oleic/Linoleic 18:1/18:2 0.22 - 0.01 

 

Grape skins are the major component of grape pomace contributing roughly to a half 

of its weight. Also this residue has a high content of phenols, mainly polyphenols (Table 

8.8), which varies greatly according to the grape cultivar, season and environmental factors 

[104]. The potential health benefits of these compounds have been widely reported. 

Phenols are partially extracted into the must during the winemaking process. In red wines, 

the crushed grapes are kept in contact with the juice during fermentation for several days 

to enrich it with these compounds (mainly with anthocyanins). Nevertheless, the extraction 

estimated for anthocyanins during the contact time is 30–40% [115]; therefore, skins from 

the remaining solid waste of pressed grapes represent an inexpensive source of these 

phenols. Also, cellulose and hemicelluloses (approximately 20.8% and 12.5%, respectively, 

of dry skin) can be exploited for production of “green paper” [116] in the case of cellulose; 

while hemicellulose, mainly pectin, can be used in the food and pharmaceutical industries 

as a food thickener [117] or as encapsulant in emulsions [118]. 
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Table 8. Phenolic profile of red and white grape skin [105]. 

Phenol compound Formula 
Grape skin  

Red White  

Epicatechin C15H14O6 √  

Epicatechin-o-gallate C22H18O10 √ √ 

Epigallocatechin C15H14O7 √ √ 

Gallocatechin-o-gallate C22H18O11  √ 

Procyanidin B2 C30H26O12 √  

Myricetin C15H10O8  √ 

Quercetin C15H10O7 √ √ 

Myricetin-3-o-glucoside C21H20O3 √ √ 

Quercetin-3-o-glucoside C21H20O12  √ 

Astilbin C23H22O33 √  

Caffeic acid C9H8O4 √ √ 

o-Coumaric acid C9H8O3 √ √ 

Ferulic acid C10H10O4 √ √ 

Gallic acid C7H6O5 √ √ 

4-Hydroxybenzoic acid C7H6O3 √ √ 

Protocatechuic acid C7H6O4 √ √ 

trans-Resveratrol C14H12O3 √ √ 

Astringinin C14H12O4  √ 

Piceid C20H22O8 √  

trans-Pterostilbene C16H16O3 √  

5-Acetoxymethylfurfural C8H8O4  √ 

2-Furancarboxylic acid ethyl esther C7H8O3  √ 

Ethyl ferulate C12H14ClO4 √ √ 

Ethyl protocatechuate C9H10O4 √ √ 

Pyrocatechol C6H6O2 √ √ 

Pyrogallol C6H6O3 √ √ 

4-Methylpyrocatechol C7H8O2 √ √ 

4-Vinylguaiacol C9H10O2 √ √ 

2-Phenylacetaldehyde C8H8O √ √ 

4-Hydroxybenzaldehyde C7H6O2 √ √ 

Coniferaldehyde C10H10O3 √ √ 

p-Hydroxybenzalacetone C10H10O2  √ 

Vanillin C8H8O3 √ √ 

4-Ethoxyphenol C8H10O2  √ 

 

Grape stalks represent approximately 4 kg of waste per 100 L of produced wine. This 

residue is mainly composed of cellulose (30.3%), hemicellulose (21.0%), lignin (17.4%), 

tannins (15.9%) and proteins (6.1%) [119]. In addition to the cellulose and hemicellulose 

applications described above, condensed tannins have promising properties as adhesives. 

In fact, they are chemically and economically interesting for preparation of adhesives and 

resins destined to the wood industry, and could be successfully used as substitutes for 

phenol in the production of phenol–formaldehyde resins [120]. Also grape stalk residues 
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may be used for decontamination of metal-containing effluents, as their capability for 

absorbing Cu(II) and Ni(II) from aqueous solutions by an ion exchange mechanism has 

been demonstrated [121]. Similarly to vine shoots, grape stalks can be used to obtain 

activated carbon by chemical activation with phosphoric acid [17]. 

The contribution of wine lees to the quality of wines during the time they remain into 

contact is undeniable; however, more research in this field is needed to clarify the influence 

of each lees component on wine characteristics. Wine–lees contact seems to be positive 

concerning the removal of most undesirable compounds from wine, but negative in the case 

of biogenic amines. On the other hand, the interaction of wine lees with phenolic 

compounds, lipids and mannoproteins released by them as well as the influence of all them 

on wine quality are not clear [122]. Wine lees have received less attention than other wine 

residues. They are mainly composed by yeasts and, in a less proportion, by tartaric acid and 

inorganic matter. In red wine production, the intense red color of wine lees, characteristic 

of a high content of anthocyanins, suggests that this residue could have an added value as 

source of colorants [77]. 

 

5. EXPLOITATION OF BYPRODUCTS FROM THE CITRUS JUICE INDUSTRY 

 

5.1 Generalities  

Citrus fruits are well known for their refreshing fragrance, thirst-quenching ability, 

and adequate provision of vitamin C as per recommended dietary allowance [123]. In 

addition to ascorbic acid, citrus contain other several phytochemicals —e.g. carotenoids 

(lycopene and β-carotene), limonoids, flavanones (naringins and rutinoside), and vitamin-

B complex and related nutrients (thiamine, riboflavin, nicotinic acid/niacin, pantothenic 

acid, pyridoxine, folic acid, biotin, choline, and inositol)—, which play a key role as 

nutraceuticals [124]. 

Citrus is the most abundant crop in the world. Its worldwide production is over 88 

millions tons per year and one-third of the crop is processed. Oranges, lemons, grapefruits 

and mandarins represent approximately 98% of the entire industrialized crop, oranges 

being the most relevant with approximately 82% of the total [125]. In Mediterranean 

countries, around a million of hectares are dedicated to produce 23 million tons of citrus 

per year, which represent, approximately, a quarter of the worldwide annual production 

(Table 9) [1].  
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Citrus fruits are processed mainly to obtain juice and the remain materials (including 

peel, segment membranes and other byproducts) are considered as citrus residues (CRs) 

(Fig. 3) [126]. Peels, the main CRs fraction, represent roughly half of the fruit mass and 

have been widely studied because they contain numerous biologically active compounds, 

carbohydrates and polymers that can be exploited in the pharmaceutical and food 

industries or for energy production [127].  

 

Table 9. Total production of citrus fruit in Mediterranean countries [1]. 

Mediterranean country 
Total citrus fruits 

Production 
(tonnes) 

Harvested area 
(Ha) 

Spain 5 773 619 317 605 
Italy 3 840 388 169 906 

Egypt 3 730 685 166 207 
Morocco 1 642 244 105 410 
Turkey 3 613 766 100 397 
Algeria 1107329 55 677 
Greece 938 866 50 336 

Syrian Arab Republic 1 163 718 41 673 
Tunisia 448 863 33 421 
Israel 476 665 16 197 

Lebanon 220 000 9 050 
Libya 77 372 7 601 

Cyprus 118 226 2 910 
France 41 584 2 418 
Croatia 42 916 2 336 

Montenegro 8 912 1 000 
Albania 14 800 700 

Bosnia and Herzegovina 161 261 
Malta 2 380 193 

Slovenia  (1) (1)  

Total Mediterranean production 23 262 494 1 083 298 

 

5.2 Uses and potential applications of bioactive compounds from citrus 

residues 

The present interest in the use of bioactive compounds from natural sources makes 

CRs especially attractive as they can provide a large amount of these compounds, mainly 

essential oils, phenols and pectin. 

Citrus essential oils are the most widely used essential oils in the world. They are 

obtained as byproducts of citrus processing, mainly from the peel (Table 10). These volatile 

compounds, constituted by secondary metabolites, are characterized by a strong odor. The 

antimicrobial and insecticidal properties of citrus essential oils have been exploited in 
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pharmaceutical, sanitary, cosmetics, agricultural and food industries [128]. Particularly, 

they are used as flavor agents in many foods (including alcoholic and non-alcoholic 

beverages, candy and gelatines); and in pharmaceuticals to mask unpleasant tastes of 

drugs. Citrus essential oils are widely used as odorants in cosmetics [129]. The traditional 

way to extract essential oils is either by hydrodistillation or cold pressing of citrus peels. A 

major component of peel essential oils is d-limonene [130] (a strong inhibitor of 

microorganisms [131]); therefore, removal of essential oils prior to development of most 

biotechnological processes involving citrus peel is mandatory.  

 

 

 

Fig. 3. Main processes for citrus fruit juice extraction. 

 

Citrus flavonoids are among the most studied bioactive compounds in citrus peel 

because many epidemiological and intervention studies have associated consumption of 

these compounds with lower risks of different types of cancer and cardiovascular diseases. 

This behavior has been associated to the antioxidant, anti-inflammatory and radical-

scavenging activity of flavonoids [132]. In most cases, CRs are subjected to a drying process 
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prior to solid–liquid extraction of metabolites, mainly obtained by maceration, Soxhlet 

extraction, ultrasound-assisted extraction (USAE), microwave-assisted extraction (MAE), 

supercritical fluid extraction (SFE) or superheated liquid extraction (SHLE). The use of any 

of these techniques requires prior optimization of the methodology, mainly when auxiliary 

energies are used, as they can lead to degradation of the target compounds. Regardless of 

the extraction technique, most studies conclude that the best extractants for these 

compounds are pure ethanol or methanol, or a mixture of any of them with water. The 

profile and flavonoid content varies depending on the citrus variety. Major phenolic in 

citrus are listed in Table 8.11. 

 

Table 10. Main essential oils in citrus fruits (%) [130]. 

Chemical name Formula 
Orange 

(C. Sinensis) 
Lemon 

(C. Limon) 
Grapefruit 

(C. Paradisi) 
Mandarin 

(C. Resticulata) 
Limonene C10 H16 91.38 56.04 88.65 86.59 
Linalool C10 H18 O 1.21 12.56 0.95 1.65 

β-Myrcene C10 H16 2.93 2.14 4.18 2.92 
γ-Terpinene C10 H16 0.05 6.99 0.05 4.08 
2-β-Pinene C10 H16 0.06 7.44 0.05 0.46 

1R-α-Pinene C10 H16 0.87 1.70 1.20 1.34 
α-Terpineol C10 H18 O 0.25 1.77 0.34 0.56 

Linalyl acetate C12 H20 O2 0.00 2.95 0.00 0.08 
E-citral C10 H16 O 0.29 1.37 0.51 0.04 

Sabinene C10 H16 0.49 0.53 0.50 0.31 
Caryophyllene C15 H24 0.10 0.56 0.74 0.04 

β-Citral C10 H16 O 0.22 1.07 0.40 0.03 
trans-β-Ocimene C10 H16 0.06 0.96 0.27 0.21 

Linalool oxide C10 H18 O2 0.11 0.22 0.51 0.05 
4-Terpineol C10 H18 O 0.10 0.54 0.14 0.20 

Germacrene D C15 H24 0.10 0.49 0.20 0.06 
Geraniol acetate C12 H20 O2 0.05 0.50 0.15 0.05 
L-Phellandrene C10 H16 0.00 0.37 0.16 0.21 

1-Octanol C8 H18 O 0.81 0.08 0.01 0.11 
Citronellal C10 H18 O 0.12 0.10 0.14 0.18 

β-Citronellol C10 H20 O 0.12 0.10 0.05 0.34 
Geraniol C10 H18 O 0.07 0.23 0.15 0.03 

Nerol C10 H20 O 0.06 0.40 0.04 0.07 
Neryl acetate C12 H20 O2 0.01 0.34 0.02 0.02 
trans-Carveol C10 H16 O 0.03 0.04 0.15 0.03 
α-Humulene C15 H24 0.01 0.09 0.12 0.01 

Nonanal C9 H18 O 0.24 0.03 0.03 0.07 
L-Carvone C10 H14 O 0.05 0.05 0.08 0.10 
γ-Elemene C15 H24 0.08 0.07 0.07 0.01 

Limonene oxide C10 H16 O 0.04 0.01 0.05 0.05 
trans-β-Farnesene C15 H24 0.01 0.08 0.02 0.01 

Perilla alcohol C10 H16 O 0.01 0.02 0.04 0.01 
cis-Carveol C10 H16 O 0.03 0.03 0.01 0.03 
Nerolidol C15 H26 O 0.01 0.01 0.03 0.01 

Camphene C10 H16 0.01 0.05 0.00 0.01 
Citronellyl acetate C12 H22 O2 0.01 0.05 0.00 0.01 

1-Hexanol C6 H14 O 0.02 0.01 0.00 0.01 
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Citrus peel extracts have been used as natural antioxidant additives to replace 

synthetic antioxidants (BHA or BHT) in refined corn oil [133]. The study shows that the 

addition of citrus antioxidants is better than that of synthetic antioxidants to delay rancidity 

in corn oil. After 6 months storage at 45 °C, inhibition of corn oil peroxidation was similar 

in the case of addition of synthetic antioxidants (0.2 mg/mL oil) or citrus peel extract (1.6 

or 2.0 mg/mL oil). For this reason, natural antioxidant extracts of citrus peel would be 

preferred over synthetic antioxidants to avoid the adverse health effects of the latter. An 

aspect non discussed by the authors is the high amount of added extracts —a part of which 

are not antioxidants— that can influence the taste of the enriched oil. 

 

Table 11. Main phenols in citrus fruits [124, 127, 133]. 

Class/compound 
Orange 

(C. Sinensis) 
Lemon 

(C. Limon) 
Grapefruit 

(C. Paradisi) 
Mandarin 

(C. Resticulata) 
Flavonoid     

Scopoletin     

Dihydroquercetin     

Dihydrokaempferol     

Quercetin     

Dihydroisorhamnetin     

Luteolin     

Naringenin     

Apigenin     

Isorhamnetin     

Diosmetin     

Eriodictyol     

Hesperetin     

Homoeriodictyol     

Hesperetin     

Isorhamnetin     

Chrysoeriol     

Tamarixetin     

Kaempferol     

Isosakuranetin     
Phenolic acid     

Sinapic     

Ferulic     

p-Hydroxybenzoic     

Vainillic     

p-Coumaric     

Caffeic     

Gallic     

 

Pectin from citrus peel has been used in the food industry as a gelling agent, and also 

in the pharmaceutical industry as an ingredient for preparation of anti-diarrheal and 

detoxifying drugs. Recently, pectin has been used for preparation of suspensions, showing 
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potential applications in controlled release drug delivery [134,135]. Some fragments of 

pectin have also shown to exert both in vitro and in vivo positive effects on reducing 

metastatic stages; therefore, pectin is also considered an anticancer agent [136]. 

 

5.3 Potential exploitation of citrus residues for energy production 

Production of biofuels from CRs has focused on obtaining bioethanol and/or biogas. 

In both cases, the residue is pre-treated to remove d-limonene, which, as commented 

before, is toxic to the microorganisms involved in biomass conversion. Traditionally, 

hydrodistillation has been used to remove d-limonene, but recent steam explosion 

pretreatment has shown to lower the content of essential oils below 0.025%; reducing 

significantly the hydrolytic enzyme requirements as a result [137].  

Bioethanol production using Saccharomyces cerevisiae as biocatalyst makes 

necessary to lower the concentration of d-limonene to 0.01% w/v [126]. Once removal of d-

limonene has lowered its concentration to the required limit, the residue is subjected to 

hydrolysis to transform glucose polymers into simpler, fermentable sugars. The hydrolysis 

step can be carried out by either addition of sulfuric acid (chemical hydrolysis) or enzymes 

(enzymatic hydrolysis). The hydrolyzate is subjected to alcoholic fermentation for an 

estimated optimal fermentation time of around 72 h; after which 60 L of ethanol per 1000 

kg CRs are obtained [137]. 

Other application of CRs is as low-priced substrates to produce methane under 

anaerobic conditions, also after d-limonene extraction. The highest methane yield, around 

0.27–0.29 L CH4 per g CRs, occurs under thermophilic conditions (55 °C), with a 

biodegradability between 84 and 90% [138]. Anaerobic digestion can easily be integrated 

in the citrus juice industry to treat the organic residues, thus providing a biogas which can 

be used for electricity or thermal energy. In addition to recovery of d-limonene in the initial 

stage of biofuel production, many studies report the recovery of pectin as a byproduct at 

the end of the process [126]. An integrated process for production of ethanol, biogas, pectin 

and limonene from CRs resulted in 39.64 L of ethanol, 45 m3 methane, 8.9 L limonene and 

38.8 kg pectin per ton CRs with 20% dry weight [126].  

Fast pyrolysis (carrier gas at 700 °C and 400 m/s) has been used for bio-oil 

production. This yield represents up to 60% in weight of the raw material used, and the 

remainder can be used for charcoal production. Around 25% of CRs remaining after the 

pyrolysis process can be used for charcoal production [139].  
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5.4 Other overall and partial uses of citrus residues  

As part of the worldwide trend towards searching for new raw materials production, 

the recovery of polysaccharides from CRs as polymer materials is being investigated [139]; 

on the contrary, CRs have not been used for hydrolysis and/or fermentation processes. The 

contents of cellulose and hemicellulose in CRs (ranges 12.7–13.6% and 5.3–6.1%, 

respectively) allow partial use of this raw material as component of paper pulp at percents 

lower than 10% [140]. The effects of this addition are nil on breaking length, positive on 

bursting strength and negative on tearing resistance. Brightness was negatively affected at 

proportions above 10% because citrus peel contains colored pigments [141]. The addition 

of citrus peels to paper pulp has no effect on breaking length, but it has a positive effect on 

bursting strength and negative on tearing resistance. Brightness was negatively affected at 

proportions above of 10%, because citrus peel particles contain colored pigments [141].  

Citrus peel has demonstrated a great ability to adsorb metallic ions from simulated 

industrial effluent individually contaminated with Ni(II), Co(II) or Cu(II) solutions. Under 

dynamic adsorption conditions, the maximum adsorption capacities varied with the 

working pH, the highest capacity occurring at pH 4.8 and 298 K. The citrus peel saturation 

took place for 1.85; 1.35 and 1.30 mmol/g of Ni(II), Co(II) and Cu(II), respectively. For this 

reason, the citrus peel can be considered a natural adsorbent available from the citrus juice 

industry, which can be used without prior treatment, has a low cost and a great potential in 

ecosystem cleanup [142]. 

Finally, attempts have been made to use dried peel as natural feed additive and even 

as medicinal supplement for animals [143]. Nevertheless, the low nutritional value of this 

material and/or the diseases caused to the animals (mycotoxicosis, rumen parakeratosis) 

proved this use to be no appropriate [144].  
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Towards a comprehensive exploitation of citrus 

industry 

Carlos A. Ledesma-Escobar and María D. Luque de Castro 

 

Abstract 

The first aim of this review is to show the present state of exploitation of residues 

from the citrus industries by: (i) discussing the way in which sampling and sample 

conditioning have been carried out, showing their deficiencies and giving solutions to them; 

(ii) commenting the designs for optimization of the steps of the analytical process and 

proposing new designs; (iii) showing the advantages and disadvantages of the different 

methods for extraction of high- and low-priced compounds from citrus and potential 

degradation they can undergo; (iv) emphasizing the shortcomings of conventional 

analytical equipment for identification and quantitation of the target compounds and 

proposing both cutting-edge analytical equipment and the way the provided data should be 

processed. To open a door to comprehensive exploitation of citrus residues is the final aim 

of this review. 

 

Keywords: bioactive compounds, citrus fruit residues, valorization of waste, extraction of 

byproducts.  

 

Abbreviations 

FID, flame ionization detector; GC, gas chromatography; IT, ion trap; LC, liquid 

chromatograph; LLE, liquid–liquid extraction; MAE, microwave assisted extraction; MS, 

mass spectrometer: MW, microwaves; SFE, supercritical fluid extraction; SHLE, 

superheated liquid extraction; SPE, solid-phase extraction; SPME, solid-phase 

microextraction; TOF, time of flight; US, ultrasound; USAE, ultrasound-assisted 

extraction; UV, ultraviolet; Vis, visible. 
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1. Introduction 

Citrus fruits belong to the genus Citrus of the family Rutaceae, among which lemon 

(Citrus lemon L.), mandarin (Citrus reticulata L.), grapefruit (Citrus paradisi L.), and 

orange (Citrus sinensis L.) are representative and well known examples because of their 

refreshing fragrance, thirst-quenching ability, and adequate provision of vitamin C as per 

recommended dietary allowance.  

In addition to ascorbic acid, citrus contain other several phytochemicals —e.g. 

carotenoids (lycopene and β-carotene), limonoids, flavanones (naringins and rutinoside), 

and vitamin-B complex and related nutrients (thiamine, riboflavin, nicotinic acid/niacin, 

pantothenic acid, pyridoxine, folic acid, biotin, choline, and inositol)—, which play a key 

role as nutraceuticals (Ladaniya, 2008). 

Citrus is the most abundant crop of fruit trees in the world, with an annual 

production of approximately 115.5 million tons, among which the most important are 

oranges (70.6 million tons), mandarins (25.5 million tons), lemons and limes (12.9 million 

tons) and grapefruit (6.4 million tons) (FAO, 2012). These fruits have a high commercial 

value in both the fresh market and food industry.  

The citrus processing industry has for many years been focused on the production 

of juices and essential oils; it has been estimated that 33% of citrus harvested in the world 

is used in the production of juices (Lohrasbiet al., 2010). Citrus peels represent between 50 

and 65% of the total weight of the fruits and remain as the primary residue resulting in 

large amounts of peel which are a source of contamination (Mandalariet al., 2006). This 

solid residue, referred to as citrus waste, is estimated to be worldwide 15 million tons per 

year (Marínet al., 2007). For this reason, the correct management of this residue 

constitutes a permanent problem for the citrus industry. 

To prevent serious contamination problems from a byproduct still with potential 

economic benefits, numerous studies have been developed regarding to the chemical 

composition and conversion of the identified components into useful added-value 

products. In this context, attempts have been made to use dried peel as natural feed 

additive and even as medicinal supplement for animals (Bampidis & Robinson, 2006). 

Nevertheless, the low nutritional value of this material and/or the diseases caused to the 

consuming animals (mycotoxicosis, rumen parakeratosis) proved this end use to be low 
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profitable and with a limited application (Callaway et al., 2008; Duoss-Jennings et al., 

2013). 

A large number of studies have been carried out to extract and identify bioactive 

components present in different parts of citrus in an attempt to gain a deeper 

understanding of the relationship between them and diet, health benefits or reduced risk 

of diseases. Natural products present in citrus peel such as sugars, pectin, carotenoids, 

flavonoids, vitamin C, folic acid and essential oils have shown to be very useful both in the 

food industry and in the maintenance of human health (Patil et al., 2009). Usually, the 

studies have been focused on specific classes or families of compounds. Special attention 

has been paid to phenolic compounds, and more specifically to flavonoids, because many 

epidemiological and intervention studies have associated consumption of these compounds 

with lower risks of different types of cancer and cardiovascular diseases (Kris-Ethertonet 

al., 2002); thus showing that they possess antioxidant, anti-inflammatory and radical-

scavenging activity (Barreca et al., 2011). The most abundant phenols identified in citrus 

are listed in Table 2. Carotenoids from citrus fruits contribute to health care reducing the 

risk of breast and colon cancers (Fraser and Bramley, 2004), also reduce age-related 

macular degeneration and cataracts, and help against sun burns and lipid peroxidation in 

human skin cells induced by UV radiation, among others (Austet al., 2001). Nevertheless, 

these effects have not been recognized as such by the European Food Safety Authority 

(EFSA, 2011). 

Pectin, found in citrus peel, has been used in the food industry as a gelling agent, 

and also in the pharmaceutical industry as an ingredient for preparation of anti-diarrheal 

and detoxifying drugs. Recently, pectin has been used for preparation of suspensions, 

showing potential applications in controlled release drug delivery (Liu et al., 2003; 

Piriyaprasarth and Sriamornsak, 2011). Some fragments of pectin have also shown to exert 

a positive effect on reducing metastatic stages both in vitro and in vivo, because pectin is 

also considered an anticancer agent (Maxwell et al., 2012). 

Citrus essential oils represent 2–3% of dry citrus peel (Mizukiet al., 1990); the main 

of them and the relative percentage of each are listed in Table 3. These oils, valued for their 

flavor and fragrance, have shown to possess antimicrobial and antioxidant properties, and 

when added to food then subjected to thermal treatment for preservation, no alteration of 

food organoleptic properties is produced (Tyagi et al., 2014). This last is the reason why 

citrus essential oils could be considered as a suitable alternative to chemical additives for 
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use in the food industry, attending to the needs for safety and satisfying the demand of 

consumers for natural food components (Viuda-Martos et al., 2008). 

Some other studies on citrus peel have focused on the use of this residue for 

biofuels production by fermentation, which requires removal of d-limonene from citrus 

peel because it is extremely toxic to biological activity and inhibits anaerobic digestion 

processes (Wilkins et al., 2007). These studies have shown the economically-feasible 

ethanol production from citrus residues as this raw material is cheap, and limonene can be 

recovered as a byproduct with a high yield (Pourbafrani et al., 2010). Limonene has been 

widely used as an environmental friendly solvent in a number of cleaning agents such as 

degreasers, release agents, part washers, and dip baths (Lohrasbi et al., 2010). Other citrus 

peel components as cellulose may be used in the production of paper pulp and other 

composites, water absorbents, or as raw material for cellulose derivatives (Marínet al., 

2007; Ververis et al., 2007). 

In general, the research on citrus analysis and exploitation is characterized by a 

wide dispersion and/or disagreement among the results found by different research groups 

owing to different: (i) sampling and sample conditioning (fresh, frozen, dried, lyophilized 

sample); (ii) extraction methods (with or without the use of auxiliary energies), extractants, 

working conditions (temperature, etc.); (iii) analytical equipment for identification/-

quantitation; (iv) procedures for raw materials conservation (pasteurization, microwave 

(MW) application, lyophilization, etc.) with no study of degradation products (only 

monitoring of decrease of the original compounds); (v) different methods used to study 

antioxidant and scavenging properties, and antimicrobial activity, which could be even 

higher for the unknown degradation products. 

In the light of the today situation on citrus research, the aim of the present article 

was to critically review the existing knowledge on the subject, to discuss the different 

analytical aspects which hinder to establish a solid basis from the previous information in 

the literature, thus clarifying the state-of-the-art of this field and propitiating future 

research to contribute to a comprehensive knowledge of citrus with a view on full 

exploitation. These actions require discussion on the types of samples used so far; how 

samples have been conditioned before using them; the types of experimental designs on 

which the research has been supported; the characteristics of the extraction methods used 

to obtain the target compounds and how them have affected the original compounds; the 

equipment by which the target compounds have been individually separated (if required), 
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and that by which they have been identified and/or quantified; and, finally, the software 

used for treatment of the analytical data. Fig. 1 shows a scheme of the steps followed to 

obtain information on citrus composition, while Table 1 contains a compendium of the 

existing information on the analytical steps discussed below. 

 

Fig. 1. Scheme of the main steps involved in the study of bioactive compounds in citrus fruits. 

 

2. Types of samples 

Although there are many studies devoted to qualitative and/or quantitative 

analyses of bioactive compounds present in the edible parts of citrus fruits (juice and pulp) 

(Abeysinghe et al., 2007; Abad-García et al., 2012), the studies focused on the non-edible 

parts (peel and seeds) are more numerous (Ma et al., 2008; Hayat et al., 2010; Li et al., 

2012; Moulehi et al., 2012). In some studies on the whole fruit, the peel is separated from 

the rest and analyzed as such (Xu et al., 2008; Guimarães et al., 2010).  
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Table 1. Different types of analysis on citrus. 

Type of 

samples 

Sample pre-

treatment 
Extraction method Type of analysis Reference 

Citrus at three 

stages of 

ripening (based 

on fruit color 

changes) 

Dried at room 

temperature 

Stirring with methanol (30 

min) 

Total phenols, flavonoids 

and tannins contents; 

antioxidant activity (DPPH 

and β–carotene blanching 

test); phenols identification 

by LC–UV 

Moulehi et 

al., 2012 

Citrus from 

local market 

Lyophilization for 

polar fraction; fresh 

fruits for volatile 

fraction 

Stirring with methanol (25 

°C, 12 h) (polar fraction); 

hydrodistillation (volatile 

fraction) (3 h) 

Total phenols and 

flavonoids content; 

antioxidant activity (DPPH, 

FRAP and β–carotene 

blanching test) 

Guimarães et 

al., 2010 

Citrus fruit 

juices from 

local market at 

maturity 

Lyophilization 

Ultrasound assisted 

extraction (ultrasonic bath) 

with methanol–water–

acetic acid (30:69:1, v/v/v) 

(25 °C, 15 min) 

Identification and 

quantitation of 

phenolscompounds 

(HPLC–UV–ESI–QQQ–

MS) 

Abad-García 

et al., 2012 

Fruits from 

citrus institute 

Different edible 

tissues of fruits 

were frozen with 

liquid nitrogen and 

powdered in a 

mortar 

Vortexing with 1.2 M HCl 

in 80% methanol–water 

(90 °C, 3 h) 

Total phenols, flavonoids 

and carotenoids contents; 

determination of naringin, 

hesperidin and vitamin C; 

antioxidant activity (FRAP) 

Abeysinghe et 

al., 2007 

Citrus peels 

from local 

company 

Dried at 60 °C 

Superheated  liquid 

extraction (70 %  

methanol–water ; 160 °C, 

20 min); ultrasonic 

assisted extraction (80% 

ethanol–water, 40 °C, 30 

min); Soxhlet extraction 

(methanol, 80 °C, 4 h); 

heat-reflux extraction 

(methanol, 80 °C, 60 min) 

Total and individual 

flavones, identification by 

LC–DAD–ESI/MS 

Li et al., 2012 
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Citrus peel from 

local market 

Dried at 105 °C (24 

h) 

Superheated water 

extraction (120 °C, 5 min) 

Galacturonic acid 

determination; Fourier 

transform infrared 

spectroscopy; radical 

scavenging activity (DPPH, 

ABTS); cell proliferation 

inhibitory activity. 

Wang et 

al.¸2014 

Citrus from 

local company 

Juice obtained by 

hand-squeezing 

Juice diluted with 

dimethylformamide and 

centrifuged 

LC–ESI–IT–MS/MS; LC–

UV; antioxidant activity 

(DPPH, FRAP, TEAC) 

Barreca et al., 

2011 

Citrus from 

local farm 

Peels separated by 

hand and 

lyophilized (48 h) 

Ultrasound-assisted 

extraction with 80% 

methanol–water (room 

temperature) 

Determination of phenolic 

acids by HPLC–UV 

Xu et al., 

2008 

Citrus from 

local market 

Peels were 

sun-dried  (15 

days), and heated 

by microwave (125, 

250 and 500 W; 5, 

10, 15 min) to 

liberate phenols 

Ultrasound-assisted 

extraction with 80% 

methanol–water (60 min, 

room temperature) 

HPLC–UV analysis, 

antioxidant activity 

(FRAP); scavenging activity 

(OH, DPPH) 

Hayat et 

al.¸2010 

Fresh oranges 

in their 

commercial 

maturity 

Microwave drying 
Stirring with 95 % 

ethanol–water (60 min) 

Physical properties 

(shrinkage, color); water 

and oil retention capacity; 

total phenols content 

Ghanem et 

al., 2012 

Citrus from 

local area 

Samples peeled off 

by hand and dried 

at room 

temperature (15 h) 

Optimization of 

microwave- and 

ultrasound-assisted 

extraction 

Total phenols content; 

antioxidant activity (DPPH, 

FRAP); scanning electron 

microscopy analysis 

Dahmoune et 

al.¸2013 

 

Sampling, as the first step in the analysis process (Luque de Castro & Luque García, 

2003), should be considered essential in the study because the results heavily depend on 

it. However, very few studies report criteria for sample selection in the case of fruit citrus, 

and samples can be either processed juice or fresh fruit without justifying selection. 

Samples are usually purchased from local markets or provided by the manufacturer; in any 

case the analysis is usually limited to a single production batch. The lack of sampling plan 

leads to results which could provide final information useful to consumers, but the biased 

results actually prevent from generalization of the results (Markowski& Markowski, 2002; 
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Rizzolo et al., 2002; Patthamakanokporn et al., 2008). In studies in which attention is paid 

to sampling, this step is developed in experimental fields where the growing conditions of 

fruit trees are controlled and the information provided (e.g. sampling dates, geographic 

location of crop fields, ripening stage based on any indicator —color, size, time, etc.—, 

climatic conditions) is characteristic of the given location (Barreca et al., 2011; Moulehi et 

al., 2012). 

Table 2. Main phenols in citrus fruits. (Abeysinghe et al., 2007; Hayat et al., 2010; Zia ur 

et al., 2006). 

Class/compound Orange 

(C. Sinensis) 

Lemon 

(C. Limon) 

Grapefruit 

(C. Paradisi) 

Mandarin 

(C. Resticulata) 

Flavonoid     

Scopoletin     

Dihydroquercetin     

Dihydrokaempferol     

Quercetin     

Dihydroisorhamnetin     

Luteolin     

Naringenin     

Apigenin     

Isorhamnetin     

Diosmetin     

Eriodictyol     

Hesperetin     

Homoeriodictyol     

Hesperetin     

Isorhamnetin     

Chrysoeriol     

Tamarixetin     

Kaempferol     

Isosakuranetin     

Phenolic acid     

Sinapic     

Ferulic     

p-Hydroxybenzoic     

Vainillic     

p-Coumaric     

Caffeic     

Gallic     
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3. Sample conditioning 

Sample conditioning usually begins by a drying step that minimizes undesirable 

enzymatic reactions by decreasing water activity and facilitates sample handling. The 

drying method influences the final result, the freeze-drying or hot air drying being the most 

used in citrus fruit studies. Freeze drying is a sublimation drying process during which the 

sample is subjected to low temperature ─which protect thermolabile compounds from 

degradation─ and high vacuum ─which protects the sample from oxidation─; however, it 

can lead to loss of volatiles. In addition, this is an expensive drying process that hinders its 

use at the industrial scale, especially for products with high water content as is the case 

with citrus fruits (Berk, 2013; Kasper et al., 2013). Hot air drying is cheaper, but the sample 

is exposed to heat and oxygen for long periods of time. The dried material obtained in this 

way has been mainly used for extraction of metabolites, usually from citrus peel, after 

grinding to obtain a homogenous fine powder to improve mass transfer during extraction. 

Few studies on bioactive compounds in citrus have been carried out using fresh fruits or 

wastes without pretreatment because either the difficult to obtain a homogeneous particle 

size or because water in the sample promotes enzymatic reactions (Sdiri et al., 2012a). In 

addition, mass transfer in solid–liquid extractions involving dried and milled material is 

easier, thus shortening the extraction time. Nevertheless, the particle size can be controlled 

when fresh material is used, as is the case with the extraction of polyphenols from orange, 

in which the different particle size was controlled with the help of calibrated steel cubes 

(Khan et al., 2010). Powdering in liquid nitrogen is other way of proceeding with fresh 

samples, as used by Barros et al. (2012) to homogenize lime and lemon samples without 

prior dehydratation for subsequent extraction of antioxidants by stirring with 70:30 

ethanol–water. 

 

4. Experimental designs for optimization of the different steps of the 

analytical process 

Selection of the experimental design for optimization of the variables influencing 

the different steps involved in the analytical process is a key aspect which strongly 

influences the final results. To avoid bias in the results, the design should consider in a 

systematic and random way the different factors that influence the study (Morgan et al., 

1989). 
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Table 3. Main essential oils in citrus fruits (%). (Hosni et al., 2010). 

Chemical name Formula 
Orange 

(C. Sinensis) 

Lemon 

(C. Limon) 

Grapefruit 

(C. Paradisi) 

Mandarin 

(C. Reticulata) 

Limonene C10 H16 91.38 56.04 88.65 86.59 

Linalool C10 H18 O 1.21 12.56 0.95 1.65 

β-Myrcene C10 H16 2.93 2.14 4.18 2.92 

γ-Terpinene C10 H16 0.05 6.99 0.05 4.08 

2-β-Pinene C10 H16 0.06 7.44 0.05 0.46 

1R-α-Pinene C10 H16 0.87 1.70 1.20 1.34 

α-Terpineol C10 H18 O 0.25 1.77 0.34 0.56 

Linalyl acetate C12 H20 O2 0.00 2.95 0.00 0.08 

E-citral C10 H16 O 0.29 1.37 0.51 0.04 

Sabinene C10 H16 0.49 0.53 0.50 0.31 

Caryophyllene C15 H24 0.10 0.56 0.74 0.04 

β-Citral C10 H16 O 0.22 1.07 0.40 0.03 

trans-β-Ocimene C10 H16 0.06 0.96 0.27 0.21 

Linalool oxide C10 H18 O2 0.11 0.22 0.51 0.05 

4-Terpineol C10 H18 O 0.10 0.54 0.14 0.20 

Germacrene D C15 H24 0.10 0.49 0.20 0.06 

Geraniol acetate C12 H20 O2 0.05 0.50 0.15 0.05 

L-Phellandrene C10 H16 0.00 0.37 0.16 0.21 

1-Octanol C8 H18 O 0.81 0.08 0.01 0.11 

Citronellal C10 H18 O 0.12 0.10 0.14 0.18 

β-Citronellol C10 H20 O 0.12 0.10 0.05 0.34 

Geraniol C10 H18 O 0.07 0.23 0.15 0.03 

Nerol C10 H20 O 0.06 0.40 0.04 0.07 

Neryl acetate C12 H20 O2 0.01 0.34 0.02 0.02 

trans-Carveol C10 H16 O 0.03 0.04 0.15 0.03 

α-Humulene C15 H24 0.01 0.09 0.12 0.01 

Nonanal C9 H18 O 0.24 0.03 0.03 0.07 

L-Carvone C10 H14 O 0.05 0.05 0.08 0.10 

γ-Elemene C15 H24 0.08 0.07 0.07 0.01 

Limonene oxide C10 H16 O 0.04 0.01 0.05 0.05 

trans-β-

Farnesene 
C15 H24 0.01 0.08 0.02 0.01 

Perilla alcohol C10 H16 O 0.01 0.02 0.04 0.01 

cis-Carveol C10 H16 O 0.03 0.03 0.01 0.03 

Nerolidol C15 H26 O 0.01 0.01 0.03 0.01 

Camphene C10 H16 0.01 0.05 0.00 0.01 

Citronellyl acetate C12 H22 O2 0.01 0.05 0.00 0.01 

1-Hexanol C6 H14 O 0.02 0.01 0.00 0.01 
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There are several types of optimization designs able to be used that can be classified 

into two groups: i) univariate designs, in which the effect of variation of a single factor is 

analyzed while the other factors remain constant; ii) multivariate designs, in which 

interactions among different factors are taken into account (Carlson et al., 1992). Full 

factorial designs provide more information on interactions among factors; however, when 

many factors are analyzed, the number of experiments increases considerably —e.g. two-

level full factorial designs for k factors (2k), if k = 2, 4 experiments are performed; if k = 3, 

8 experiments; if k = 4, 16 experiments are required, and so on. This example considers 

only two levels; if more levels are analyzed as the effect of three temperatures, a three-level 

full factorial design (3k) must be performed, if k = 2, 9 experiments are required; if k = 3, 

27 experiments, etc. When the effect of many factors may be analyzed, fractional factorial 

models are used, thus reducing the number of experiments and providing information 

about the factors that exert strong effect on the response. In this way, the number of factors 

to be analyzed in subsequent experiments is decreased (Butler, 2008). The most common 

optimization methods are based on response surface (Khan et al., 2010), although also the 

simplex method or the sequential method, where each new experiment is based on the 

results obtained in previous experiments, are used in some cases (Martínez, 2005). 

 

5. Extraction methods 

Extraction is a key step of the analytical process and its effectiveness strongly influences 

the quality of the final results. Ideally, metabolites extraction aims at: (i) releasing given 

metabolites from the sample in an efficient manner; (ii) avoiding the presence of 

interferents that could difficult the analysis; (iii) making the extract compatible with the 

analytical equipment; and, (iv) concentrating trace metabolites before analysis, if necessary 

(Álvarez-Sánchez et al., 2010). Selection of the extraction step depends on the aim of the 

study; solvents and extraction technique must be carefully chosen to obtain the expected 

results. In dealing with solid samples, the solid–liquid extraction step (properly known as 

leaching or lixiviation) can consist of maceration, Soxhlet extraction, ultrasound-assisted 

extraction (USAE), microwave assisted extraction (MAE), supercritical fluid extraction 

(SFE) or superheated liquid extraction (SHLE), as the most used. Metabolites from liquids 

are mainly removed from the sample by liquid–liquid extraction (LLE), solid-phase 

extraction (SPE) or solid-phase microextraction (SPME). In studies involving citrus the 
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most used solvents are pure water, methanol, ethanol, chloroform, hexane or a mixture of 

two or more of them, depending on the polarity of the target compounds to be extracted 

(Azmir et al., 2013; Mehdinia and Aziz-Zanjani, 2013). On the other hand, extraction of 

volatile compounds such as essential oils is most times carried out by cold press (Dugo et 

al., 1997), steam distillation (Gamarra et al., 2006) or hydrodistillation (Gámiz-Gracia and 

Luque de Castro, 2000). The extraction step is avoided in some studies on citrus juice 

where the sample is only subjected to centrifugation and/or filtration prior to introduction 

into a liquid chromatograph (LC) coupled to an ultraviolet (UV) or visible (Vis) molecular 

absorption detector, a fluorescence detector or a mass spectrometer (MS) (Robards et al., 

1997). 

Maceration or Soxhlet extraction have for many years been used to extract 

bioactive compounds from plant materials as a model for the comparison and validation of 

methods based on the use of auxiliary energies. These conventional methods involve typical 

shortcomings (viz. long developing times, large amounts of extactants and potential and 

never checked degradation in the case of Soxhlet). 

USAE has been applied to obtain bioactive compounds from citrus fruits, mainly 

using either an ultrasonic cleaning bath or a probe, always with drastic shortening of the 

extraction time from hours (Barros et al., 2012) to minutes (Biesaga, 2011). The former 

ultrasonic device, the most used so far because its low price and omnipresence in analytical 

laboratories, poses undesirable characteristics (such as decline of power with time, lack of 

uniformity in the transmission of US, no adjustable power and difficulty to maintain the 

temperature in the bath) which lead, most times, to low reproducible results (Xu et al., 

2008; Abad-García et al., 2012; Golmohamadi et al., 2013). On the contrary, the less used 

ultrasonic probes work in a reproducible manner and allow parameters such as duty cycle, 

amplitude or power to be manipulated as required (Luque de Castro & Priego-Capote, 

2007). US devices (both cleaning baths and probes) work at a fixed frequency —usually 

within 20–40 kHz—, and produce cavitation in the liquid medium that, in the case of polar 

solvents, leads to formation of free radicals. For example, sonication of pure water produces 

dissociation into H and OH radicals which are then converted into hydrogen peroxide by 

reconversion that can degrade the target compounds (Zhao et al., 2006). Breaking of cell 

walls by US energy increases diffusion of the extractant through the cell matrix, thus 

facilitating transfer of the metabolites from the solid to the liquid (Wakeford et al., 1999). 

Studies by using different frequencies (20 kHz by an ultrasonic probe, 490 and 986 kHz 
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using a custom-made ultrasound generator) showed that cavitation decreases by increasing 

the frequency, thus resulting in lower degradation of bioactive compounds (Robards et al., 

1997). In depth studies on the effects of US frequency on the different citrus components 

are needed to apply the most appropriate value of this variable depending on the group of 

target compounds to be extracted. The studies should also be extended to other US-assisted 

steps such as pasteurization, drying, emulsification, etc. (Wakeford et al., 1999). 

Also MAE provides high yields in a short time as compared to traditional methods 

for polyphenols extraction from green tea leaves: higher extraction yield was achieved after 

4 min of MAE than by conventional extraction methods at room temperature for 20 h (Pan 

et al., 2003). Extraction of essential oils from orange peels with MAE was better in terms 

of energy saving, extraction time (30 min versus 3 h), oxygenated fraction (11.7% versus 

7.9%), product yield (0.42% versus 0.39%) and product quality as compared to 

hydrodistillation (Ferhat et al., 2009). MW penetrate the sample and heat instantaneously 

individual polar components in the matrix, thus achieving extractions much faster than 

traditional heating methods that depend on the thermal conductivity of the sample (Hayat 

et al., 2010). However, MW irradiation can accelerate chemical reactions and degradation 

of thermolabile metabolites and also modify the chemical structures of some compounds 

like carotenoids (Luque de Castro & Priego-Capote, 2007). 

MAE effects on citrus metabolites have been tested, and optimal extraction 

conditions such as MW power, solvent and temperature have been evaluated for citrus 

mandarin pomace(Hayat et al., 2010). MAE of phenolic compounds is a simple and fast 

step which increases the antioxidant capacity of the extracts as compared to conventional 

extraction (Hayat et al., 2010). MW irradiation to assist drying (Liazid et al., 2007), 

pasteurization and sterilization (Khraisheh et al., 1997), as processes for food preservation, 

has demonstrated to be an advantageous alternative to traditional thermal processes, 

mainly on the reduction of process time and food exposure to high temperatures 

(Koskiniemi et al., 2013). Several studies have shown that the effect of MW on key 

nutritional components (e.g. on proteins, lipids, carbohydrates, minerals and vitamins) is 

minimal when compared with foods prepared by conventional treatments (Koryu Ishii, 

1995), despite that decrease of the color of some vegetables after MW treatment has been 

observed (Khraisheh et al., 1997). Therefore, in depth studies on the stability of bioactive 

compounds like flavonoids and carotenoids in food as a function of MW power and 
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irradiation time are necessary for an in depth knowledge on the degradation effects of this 

energy.  

MW and US have been used in combination for extraction of soybean germ and 

seaweeds oil by Cross et al. in 1982, but this joint approach has not been applied to citrus 

extraction. The extraction yields were significantly higher than those provided by either US 

or MW alone or by Soxhlet extraction, and particularly shorter that this last. 

SFE, carried out most times by CO2 as extractant, has been used by Cravotto et al. 

in 2008 to remove non polar compounds from citrus such as essential oils, similarly to the 

case with other vegetable oils (Mira et al., 1999). SFE of polar compounds requires the 

presence of a polar cosolvent such as ethanol, which complicates the step by increasing both 

costs and manipulation (Perretti et al., 2003). Gases such as ethane have also been used as 

extractants in SFE of essential oils (Chafer et al., 2004). The cost of high purity CO2 makes 

its use prohibited for extraction of low price compounds, for which cold press extraction is 

preferred at large scale production. Nevertheless, the high selectivity of supercritical CO2 

for extraction of terpenes (Cravotto et al., 2008) has led to its use for deterpenation of 

essential oils (Raeissi et al., 2008) previously obtained by cold press extraction (Diaz et al., 

2005), because of the high commercial value of refined essential oils.  

SHLE involves heating of the extractant above its normal boiling point and keeping 

it in the liquid state by applying the necessary overpressure. Under these working 

conditions the extractants increase their ability to remove analytes and improve their 

diffusivity in the sample (Terada et al., 2010). The most important factors in dealing with 

SHLE are temperature, type of extractant and extraction time. SHLE, used to obtain 

essential oils from different plants (Jiménez-Carmona, Ubera & Luque de Castro, 1999; 

Gámiz-Gracia & Luque de Castro, 2000) and citrus bioactive compounds such as flavonoids 

(Li et al., 2012), offers several advantages over other extraction techniques, namely: 

possibility of automation, low extractant volumes and decreased extraction time. 

Implementation of SHLE can be accomplished in the batch mode ─in which the sample 

and extractant are kept into contact for a preset time at constant temperature and 

pressure─, or in the continuous mode in which the extractant flows through the sample in 

a continuous manner (Delgado-Zamarreño et al., 2006). The main shortcoming of SHLE 

in any of its approaches is the working temperature, usually high, that can degrade 

thermolabile compounds. 
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Degradation of metabolites by auxiliary energies has been understudied, as the 

research in this aspect has been mainly focused on the effect on a single metabolite or group 

of metabolites, as is the case with phenols (Golmohamadi et al., 2013). The scant studies 

on this aspect have monitored degradation by decrease of the signal provided by the 

precursors. Based on this decrease the authors concluded that properties such as 

antioxidant activity and antirradical scavenging, among others, are deteriorated. In depth 

studies on degradation products could show that not all degradation reactions are 

undesirable; in some cases these reactions yield compounds with better properties than 

their precursors. An example that supports this assertion is the decrease of glycosidic-

conjugated flavonoids and increase of the corresponding aglycons in extracts from Citrus 

reticulate pomaces obtained by MAE (Hayat et al., 2010), and extracts from Citrus unshiu 

pomaces treated with electron-beam irradiation, in which the antioxidant power increases 

from conjugated to free flavonoids (Kim et al., 2008). Full understanding of the effect of 

auxiliary energies on metabolites treatment (either extraction or conservation) requires a 

simultaneous study of all factors involved in the step and their responses. The results from 

degradation studies should be based on a global profile of the components resulting from 

the given step and not only on a specific metabolite or response. 

 

6. Types of analyses: total or individual analysis 

Analysis of metabolites in a given extract has been developed in different ways: as 

the total content of compounds with a given characteristic or as the content of individual 

compounds. An example of the former approach is the Folin–Ciocalteu method, widely 

used for determination of total phenol compounds, DPPH and ABTS assays for total radical 

scavenging or FRAP to determine total antioxidant activity in extracts from peels or juices 

of different citrus fruits (Ma et al., 2008; Moulehi et al., 2012; Sdiri et al., 2012b). The first 

of this is a photometric method that provides fast information on the overall content of 

phenols, but nothing is thus known about given compounds; therefore, its use is limited to 

general determinations using a single reference standard (caffeic or gallic acid, most times). 

The most used methods in dealing with citrus studies are based on LC–UV detection for 

determination of phenols, carotenoids and vitamin C using C18 or RP-18 chromatographic 

columns for individual separation of the target compounds (Wang et al., 2008); while for 

analysis of organic acids an ICSep Coregel-87H3 column has been used (Sdiri et al., 2012b). 
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This simple to manage and relatively cheap equipment allows an acceptable accuracy for 

identification and quantitation of compounds (based on the absorption spectrum and 

retention time for each) providing standards of the target compounds are available. The 

present development of LC allows good or acceptable separation of a given mixture into its 

individual components, however the necessity for commercial standards makes difficult 

(most times impossible) to obtain the full profile of the sample components (Wang et al., 

2008; Ye et al., 2011). Citrus volatile compounds, such as essential oils, have been analyzed 

by gas chromatography (GC) coupled to a flame ionization detector (FID). This 

arrangement has shown to provide a good separation of the components in the mixture; 

however, as in LC–UV, GC–FID requires commercial standards for identification of the 

target analytes (Lin et al., 2010). More specific methods such as those based on LC or GC 

coupled to MS (LC–MS, GC–MS) have been proposed more sparingly as compared to LC–

UV or GC–FID (Dugo et al., 1997; Mandalari et al., 2006, Cerdan-Calero et al., 2012; Li et 

al., 2012), because their more complicated handling and higher price. Nevertheless, studies 

on identification of volatile compounds such as essential oils in citrus fruits by GC–MS, 

mainly using a single quadrupole, have been developed (Dugo et al., 1997), as well as 

identification of non-volatile compounds like phenols have also been performed by GC–MS 

after derivatization, mainly by silylation  (Cerdan-Calero et al., 2012). Despite the fact that 

LC–MS does not require derivatization reactions, it has been less utilized in the study of 

citrus fruits (Goulas & Manganaris, 2012). Proper mass detectors such as those based on 

time-of-fligh (TOF) allow obtaining the full metabolites profile based on mass-to-charge 

(m/z) behavior of the given compound or fragments without the need for standards of each 

metabolite present in the sample. TOF detectors need general mass standards, the nature 

of which depend on the given instrument and ionization mode used; detectors that have 

not so far been used in this field when coupled to LC. Also for quantitative determinations, 

which of course require the corresponding standard for each analyte —preferably a stable 

isotope-labelled standard, either deuterated or containing other stable isotope of an 

element in the analyte— (Fernández-Peralbo & Luque de Castro, 2012) are better suited 

these approaches than more conventional equipment because of their accuracy and higher 

sensitivity.  
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7. Data treatment 

Processing and analysis of the results is the last step of the analytical process. It 

begins by converting the analytical signals provided by the instrument (raw data) into 

universal format data (clean data), able to be statistically analyzed to obtain the 

information finally required. 

As commented before, most citrus studies have been performed using a 

spectrophotometer, LC–UV and/or GC–FID equipment as analytical platforms and 

univariate analysis for hypothesis testing (Ma et al., 2008; Lin et al., 2010; Chemat et al., 

2011; Moulehi et al., 2012; Sdiri et al., 2012b). Generally, 1W-ANOVA is used for hypothesis 

testing and a pairwise comparison such as Tukey or Duncan for showing the differences 

between means (Senevirathne et al., 2009). 

Present analytical platforms such as LC–MS or GC–MS should be used to obtain 

wider information for a better understanding of both the nature of citrus fruits and the 

processes to obtain valuable products from the residues of the citrus industry. These 

analytical platforms generate a large amount of data that require pre-processing. The most 

used data pre-processing designs are deconvolution, peak-picking, alignment, phase 

correction and baseline correction (Shulaev, 2006). Before performing statistical analysis 

of the data, operations as normalization, scaling, centering and outlier detection are 

necessary to remove the effects of biological, experimental and instrumental variables 

(Ferreiro-Vera, Priego-Capote & Luque de Castro, 2013). The large number of analytical 

data provided by these approaches requires multivariate analysis that involves more than 

one dependent variable and several independent variables, which provide further 

information on the samples. The most used multivariate approach is principal component 

analysis (PCA) that transforms a set of variables (original variables) into a new set of 

variables (principal components), uncorrelated each other, and containing most of the 

information (variance) in the sample. PCA is used to identify patterns and trends in the 

treated data, and frequently constitutes the starting point for analysis (Delgado de la Torre, 

Priego-Capote & Luque de Castro, 2013). This data treatment has been used to differentiate 

Citrus microcarpa juices from three countries (Malaysia, Philippines and Vietnam) using a 

profile of volatile compounds obtained by GC–MS/FID (Cheong et al., 2012a). In addition, 

PCA allowed discrimination of samples according to the degree of maturation and parts of 

Citrus grandis Osbeck samples (Cho et al., 2009), and it could also be used to compare 
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types of both extraction and sample preparation based on the global profile of metabolites. 

PCA application is usually followed by partial least squares (PLS) analysis, which attempts 

to maximize the covariance between the dependent and independent variables to 

discriminate among samples (Shulaev, 2006). PLS models have been used to predict the 

free-radical scavenging potential of Citrus grandis Osbeck extracts based on 1H NMR data 

(Cho et al., 2009); and also to correlate instrumental data with sensory attributes from 

Citrus grandis (L.) Osbeck juice (Cheong et al., 2012b). 

Simpler approaches as Venn diagrams —that group the common responses of the 

different treatments under study and separate those that are unique to each treatment—, 

and box-and-whisker plots —that show the distribution of samples with respect to the 

median— have not been used in studies with citrus fruit, however they should be used, in 

some cases, to achieve a better understanding of the study. 

 

8. Desirable future trends 

Despite the number of studies so far developed on bioactive compounds in citrus 

fruits and their beneficial effects on human health, much remains to be done to achieve real 

understanding of citrus. New studies are required which should be based on the global 

profile of metabolites extracted from citrus with and without auxiliary energies to achieve 

a comprehensive understanding of both (i) the main and minor components of each part of 

the fruit to decide the components that may be preferably obtained, and (ii) the degradation 

produced on the bioactive properties of metabolites in citrus under the effect (positive or 

negative) of the different extraction techniques. 

The consumer’s demand for better food additives has led to the development of 

new applications of citrus metabolites, mainly for food preservation (Rodríguez et al., 2007; 

Tongnuanchan et al., 2012). However, while the effect of these metabolites on the 

antioxidant activity and inhibition of microorganisms has been extensively studied, little is 

known about the properties, regardless the protective effect these compounds can confer 

to foods. It has been demonstrated that high doses of some essential oils can have 

detrimental effects on intestinal cells; therefore, many studies are required before safe use 

of them in food can be achieved (Fernández-López et al., 2004; Fisher & Phillips 2008). 
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Studies on degradation of citrus compounds by auxiliary energies used to facilitate 

extraction, on the evolution of metabolites profile during growth, maturation and storage 

of citrus fruits and intervention studies are being developed at present by the authors’ 

research group using metabolomics analytical platforms.  
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Relevance and analysis of citrus flavonoids 

 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote and María D. Luque de 

Castro 

 

Abstract 

Flavonoids exert multiple beneficial effects on human health such as reduction of 

risk for suffering from different types of cancer and cardiovascular diseases. Also the 

antioxidant activity of these compounds is highly appreciated by both food and 

pharmaceutical industries. Citrus fruits are a key source of flavonoids, thus promoting 

studies to obtain them and their possible uses. This chapter, focused on the main aspects 

involved in the analysis of citrus flavonoids, discusses the differences among the most used 

sample pretreatments (lyophilization and air-drying) and extraction methods based on 

auxiliary energies (ultrasound- and microwave-assisted extractions, superheated fluid 

extraction and supercritical fluid extraction). Also, the scope and limitations of the different 

approaches for flavonoids determination are discussed. 

 

Abbreviations 

PAL, phenylalanine ammonia-lyase; TAL, tyrosine ammonia-lyase; C4H, cinnamate 4-

hydroxylase; C2H, cinnamate 2-hydroxylase; pC3H, p-coumarate 3-hydroxylase; Ca3M, 

caffeic acid 3-O-methyltransferase; CHS, chalcone synthase; CHI, chalcone isomerase; 

FNS, flavone synthase; F3M, flavonoid 3'-monooxygenase; FNH, flavonoid 3',5'-

hydroxylase; N3D, naringenin 3-dioxygenase; FLS, flavonol synthase;  FRAP, ferric 

reducing antioxidant power assay; DPPH, 2, 2-diphenyl-1-picrylhydrazyl free radical-

scavenging assay; ABTS, 2, 29-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) free 

radical-scavenging assay; CUPRAC, cupric reducing antioxidant capacity assay; USAE, 

ultrasound-assisted extraction; MAE, microwave assisted extraction; SFE, supercritical 

fluid extraction; SHLE, superheated liquid extraction; US ultrasound; LC, liquid 
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chromatography; UV, ultraviolet-visible detector; MS mass spectrometry; QTOF; time-of-

flight mass detector; QqQ, triple quadrupole mass detector; GC, gas chromatography.    

 

1. Generalities  

Citrus fruits belonging to the genus Citrus of the family Rutaceae are well known 

for their refreshing fragrance, thirst-quenching ability, and adequate provision of vitamin 

C as per recommended dietary allowance (1). In addition to ascorbic acid, citrus contains 

other several phytochemicals —e.g., phenolic compounds (mainly flavonoids), carotenoids 

and vitamin-B complex and related nutrients—, which play a key role as nutraceuticals (2). 

Among the bioactive compounds in citrus, flavonoids have reached importance in the last 

two decades thanks to the multiple beneficial effects on human health associated to their 

consumption. The numerous studies dealing with the bioactive properties of flavonoids 

(Fig. 1) have been mainly associated to decreased risk for different types of cancer, 

cardiovascular diseases (3–9), and neuronal damages (10,11); and also to their oxidative 

stress and free radical damage activity (12–14). Also, the action of flavonoids against some 

pathogens such bacteria, virus or fungi (15,16).  

 

Fig. 1. Main bioactive properties of citrus flavonoids. 

Citrus is the most abundant crop in the world. According to the data provided by 

FAO (2014), the worldwide harvested surface of citrus fruits is around 7.72 million of 
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hectares, producing more than 127 million tons per year, and being oranges (72.25 million 

tons), mandarins (30.42 million tons), lemons and limes (16.25 million tons) and 

grapefruits (8.4 million tons) the most harvested. Some estimations indicate that one-third 

of the crop is processed industrially, mainly to obtain juices, and their residues represent 

roughly 30% of the fruit mass, which possess high amounts of bioactive compounds to be 

potentially exploited in the pharmaceutical and food industries (17–19).  

 

2. Natural occurrence of citrus flavonoids 

Flavonoids are naturally synthesized by plants as a response to physical damages, 

pathogen infections, stress or UV light; therefore, their composition varies depending on 

environmental changes (20). The maximum amounts of flavonoids in citrus are in the peel 

(21) —as expected considering this tissue is the first exposed to the environment. Flavones 

are mainly localized in the outermost tissue of the fruit (flavedo), whereas flavanones are 

located in the alvedo, which is immediately below the flavedo. They act as first and second 

defense barriers, respectively (22).  

The key role of flavonoids in the fruit as a defensive mechanism against different 

environmental conditions has been reported. These compounds are antioxidants that 

protect the cell either from damage caused by reactive oxygen species (23,24), or from low 

temperatures (25). The involvement of phenylalanine ammonia lyase —the first enzyme 

that catalyzes the biosynthesis of phenylpropanoids—, and the expression of 

phenylpropanoid-related genes in the defense of citrus fruit against fungus infection have 

been reported (26–28). Also an inverse correlation between the significant reduction in 

Penicillium digitatum growth and the increase of naringin and tangeretin concentrations 

was observed in fruits pretreated by UV irradiation. This behavior suggests both the 

influence of UV irradiation on the increased production of flavonoids and their involvement 

in the defense against these pathogens (29,30). A similar effect was observed against 

Phytophthora citrophthora (22), which reinforces the theory of implication of flavonoids in 

many mechanisms defensive of citrus fruits.  

According to the metabolic pathways of flavonoids (Fig. 2), phenylalanine is 

converted into cinnamic acid by phenylalanine ammonia lyase; and subsequent reactions 

catalyzed by cinnamate 4-hydroxylase convert cinnamic acid into p-coumaric acid. Also 

tyrosine can be converted into p-coumaric acid by tyrosine ammonia lyase. p-Coumaric 
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acid can follow two pathways in citrus fruits: (i) transformation into caffeic acid by p-

coumarate 3-hydroxylase —then caffeic acid being converted into other phenolic acids— or 

(ii) their conversion into p-coumaroyl-CoA by cinnamate 4-hydroxylase, which react with 

malonyl-CoA to produce naringenin chalcone by chalcone synthase and is finally converted 

into naringenin by chalcone isomerase. Naringenin is the first flavonoid synthesized in the 

citrus biosynthetic pathway and serves as the precursor for the rest of flavonoids. Regarding 

flavanones, naringenin can be converted into either hesperetin or eriodictyol by both 

flavone synthase and flavonoid 3'-monooxygenase. Then, the flavanones can be 

transformed into their respective flavone derivatives by dehydrogenation catalyzed by 

flavone synthase. Therefore, hesperetin can be converted into diosmetin derivatives; 

eriodictyol into luteolin derivatives and, naringenin can also be converted into apigenin 

derivatives. Finally, eriodictyol can be converted into flavonol quercetin derivatives by a 

two-step synthesis that begins with a hydroxylation caused by flavonone hydroxylase, 

followed by dehydrogenation catalyzed by flavonol synthase (31,32).  

The changes in flavonoids concentration during fruit ripening have been scarcely 

studied. Reports based on color as a maturation index revealed that both the maximum 

concentration of flavonoids and their antioxidant activity are reached at the final growth 

stages, with no significant changes in the total flavonoids content (33,34). Additionally, 

metabolomics studies on changes in concentration of these compounds at different times 

of Persian lime growth (from the fruit set to full maturation) confirm that the maximum 

concentration of the most abundant flavonoids (hesperidin, neoeriocitrin and naringin) 

occurs during the last weeks of maturation. The study also revealed that the flavonoids 

profiles are characteristic of the given ripening times, with proportional rates in the 

conversion of flavanones into flavones from the middle of the growth time to full 

maturation. During this period a significant decrease in the concentration of flavonols takes 

place (35). This decrease suggests the existence of a bioregulation mechanism that 

increases the activity of flavone synthase, with concomitant decrease of flavonol synthase 

activity to favors the synthesis of both flavanones and flavones at the final growth stages, 

when the highest fruit size —and surface— makes it more susceptible to damages. This 

behavior also supports the mentioned theory on the involvement of these flavonoids 

subclasses as defensive barriers.  
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Fig. 2. General scheme of the metabolic pathways of flavonoids in citrus. PAL, phenylalanine 

ammonia-lyase; TAL, tyrosine ammonia-lyase; C4H, cinnamate 4-hydroxylase; CHS, chalcone 

synthase; CHI, chalcone isomerase; FNS, flavone synthase; F3M, flavonoid 3'-mono-oxygenase; 

FNH, flavonoid 3',5'-hydroxylase; N3D, naringenin 3-dioxygenase; FLS, flavonol synthase; ----, 

multi-step reaction. (Modified from http://www.genome.jp). 

 

In almost all citrus fruits the flavonoid profiles are characterized by the presence 

of three subclasses of flavonoids: flavanones, flavones and flavanols, the concentration of 
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which may vary among citrus varieties (36). However, independent of the citrus variety, 

the highest concentration among these subclasses corresponds to flavanones, followed by 

that of flavones, and flavonols as the less concentrated. Also the presence of anthocyanins 

in blood oranges (Citrus sinensis L.) has been reported (37). 

Most reported citrus flavanones are derivatives from naringenin hesperetin and 

eriodictyol. Concerning flavones, apigenin, diosmetin and luteolin derivatives are the most 

characteristics in citrus, while quercetin, kaempferol, limocitrin and limocitriol derivatives 

are the most common among flavanols. Tables 1, 2 and 3 list the main flavanones, flavones 

and flavanols, respectively, identified in lemon (Citrus limon) (38), lime (Citrus latifolia) 

(35), sweet lime (Citrus limetta) (39), orange (Citrus Sinensis) (40,41), tangerine (Citrus 

reticulate) (42) and grapefruit (Citrus paradise) (42,43). 

 

Table 1.  Main flavanones identified in the main citrus fruits. 

Compound name 
Lemon 

(C. 
limon) 

Lime 
(C. 

latifolia) 

Sweet 
lime 

(C. limetta) 

Orange 
(C. 

Sinensis) 

Tangerine 
(C. 

reticulate) 

Grapefruit 
(C. 

paradise) 

Eriocitrin ✔ ✔ ✔    

Eriodictyol-Glu-Rha-Glu ✔      

Eriodictyol-Neo-Rha ✔      

Eriodictyol-Rha    ✔ ✔  

Hesperetin ✔ ✔  ✔   

Hesperetin-Rha ✔ ✔  ✔ ✔ ✔ 

Hesperetin-Rha-Glu    ✔ ✔  

Hesperidin ✔ ✔ ✔ ✔   

Homoeriodictyol   ✔    

Isosakuranetin-Neo      ✔ 

Isosakuranetin-Rha    ✔ ✔ ✔ 

Naringenin    ✔   

Naringenin-Neo-Glu      ✔ 

Naringenin-Rha    ✔ ✔ ✔ 

Naringenin-Rha-Glu    ✔ ✔ ✔ 

Naringin ✔ ✔  ✔  ✔ 

Narirutin  ✔ ✔ ✔ ✔ ✔ 

Neoeriocitrin ✔ ✔ ✔    

Neohesperidin ✔ ✔ ✔ ✔  ✔ 

Glu, glucoside; Neo, neohesperidoside; Rha, rhamnoside. 
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Table 2. Main flavones identified in the main citrus fruits. 

Compound name 
Lemon 

(C. limon) 

Lime 
(C. 

latifolia) 

Sweet 
lime 

(C. 
limetta) 

Orange 
(C. 

Sinensis) 

Tangerine 
(C. 

reticulate) 

Grapefruit 
(C. 

paradise) 

Apigenin-Glu  ✔  ✔ ✔  

Apigenin-Glu-Glu   ✔ ✔ ✔ ✔ 

Apigenin-Glu-Rha-Glu ✔      

Apigenin-Neo    ✔  ✔ 

Apigenin-Glu-pentoside    ✔  ✔ 

Apigenin-Rha     ✔ ✔ 

Chrysoeriol-Glu-Glu   ✔    

Chrysoeriol-Rha     ✔  

Diosmetin    ✔   

Diosmetin-Glu ✔ ✔   ✔  

Diosmetin-Glu-Rha ✔      

Diosmetin-Rha     ✔  

Diosmin ✔   ✔ ✔  

Homoorientin ✔ ✔  ✔   

Lucenin   ✔    

Luteolin    ✔   

Luteolin-Glu    ✔   

Luteolin-Glu-Glu   ✔ ✔   

Luteolin-Glu-Rha ✔      

Luteolin-Neo ✔ ✔     

Luteolin-Neo-Glu      ✔ 

Luteolin-Rut  ✔     

Luteolin-Rha     ✔  

Luteolin-Rut-Glu ✔      

Luteolin-sophoroside   ✔    

Neodiosmin ✔ ✔     

Orientin ✔ ✔ ✔    

Rhoifolin ✔ ✔     

Tangeretin  ✔  ✔   

Vicenin   ✔    

Vitexin ✔ ✔     

Vitexin -O-xyloside ✔ ✔     

Vitexin-2-Rha ✔ ✔     

Glu, glucoside; Neo, neohesperidoside; Rha, rhamnoside, Rut, rutinoside. 

 

3. Analysis of flavonoids 

The analysis of citrus flavonoids is characterized by four main steps: (i) sampling, 

(ii) sample pretreatment, (iii) extraction methods and (iv) instrumental analysis 

(identification and quantitation of flavonoids). The way to implement each step plays a key 
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Table 3. Main flavonols identified in the main citrus fruits. 

Compound name 
Lemon 

(C. limon) 

Lime 
(C. 

latifolia) 

Sweet 
lime 

(C. 
limetta) 

Orange 
(C. 

Sinensis) 

Tangerine 
(C. 

reticulate) 

Grapefruit 
(C. 

paradise) 

Dihydroisorhamnetin-Rut    ✔ ✔ ✔ 

Dihydrokaempferol-Rha     ✔ ✔ 

Dihydroquercetin-Rha     ✔  

Isorhamnetin- Glu-HMG  ✔     

Isorhamnetin-Rha-Glu    ✔ ✔  

Isorhamnetin-Neo ✔ ✔ ✔    

Isorhamnetin-Rut   ✔    

Isorhamnetin-Rha    ✔ ✔  

Isosakuranetin-Neo   ✔    

Isosakuranetin-Rut   ✔    

Kaempferol    ✔   

Kaempferol-Glu    ✔   

Kaempferol-Rha    ✔ ✔ ✔ 

Kaempferol-Rut   ✔    

Kaempferol-Rut-Glu    ✔ ✔  

Limocitrin-Glu-HMG   ✔    

Limocitrin-Glu-HMG-Glu ✔  ✔    

Limocitrin-Glu-HMG-HMG  ✔ ✔    

Limocitrin-Glu-Rha   ✔    

Limocitrin-HMG-Glu ✔  ✔    

Limocitrin-Neo ✔ ✔     

Limocitrin-Rut  ✔     

Limocitrol-Glu   ✔    

Limocitrol-Glu-HMG ✔ ✔ ✔    

Limocitrol-Glu-HMG-HMG   ✔    

Quercetin    ✔ ✔  

Quercetin-Rha    ✔ ✔ ✔ 

Quercetin-Rha-Glu    ✔   

Quercetin-Glu-Rha-Glu ✔  ✔    

Quercetin-Neo ✔      

Rutin ✔ ✔ ✔    

Spinacetin-Glu-HMG-Glu ✔      

Tamarixetin-Rha-Glu     ✔  

Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; HMG, 3-hydroxy-3-methyl-glutaryl; Rha, rhamnoside. 

 

role in the results. The literature about these steps is characterized by a wide dispersion 

and/or disagreement among the results found by different researchers, as shows Table 4. 

The similarities/dissimilarities among the different steps in the analysis of citrus flavonoids 

is discussed below.   
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Table 4. Differences in the analytical aspects involved in citrus flavonoid studies. 

Citrus 

variety 

Sample 

pretreatment 

Experimental 

design  

Extraction 

method 

Type of 

analysis 
Brief description Ref. 

Mandarin 

(Citrus 

unshiu) 

Air-drying 

(40°C) 

Univariate 

(temperature, 

time and 

power)  

USAE 

(80% 

methanol in 

water) 

LC–UV 

The effect of temperature, 

extraction time and US power in 

the USAE of 7 phenolic 

compounds. USAE has shown to 

be efficient for extraction of 

phenolic compounds from citrus 

as compared to maceration. 

(44) 

Persian 

lime 

(Citrus 

latifolia) 

Sweet 

orange 

(Citrus 

sinensis) 

Tangerine  

(Citrus 

reticulata) 

Air-drying 

(40°C) 

Fresh samples 

Factorial 

design (22) 

USAE 

(water) 

TFC, 

antioxidant 

activity 

LC–MS 

Analysis of TFC and 

identification/-quantification of 

7 flavonoids by LC–MS.  Lime 

peel shows higher content of 

phenolic compounds followed by 

orange and finally tangerine. 

Significant differences on 

antioxidant activity among the 

studied flavonoids.   

(45) 

Lemon 

(Citrus 

limon) 

Dried at room 

temperature in 

a ventilated 

darkroom (15 

days)  

Box-Behnken 

(34) 

Central 

composite 

design (33) 

USAE 

MAE 

(ethanol–

water) 

TFC; 

DPPH and 

FRAP 

Optimization of each 

extraction method prior to 

comparison by TFC. Solvent 

mixture and power the most 

influential factors. No significant 

differences among methods on 

TFC. MAE shows the highest 

activity.   

(46) 

Orange  

(Citrus 

sinensis) 

Air-drying 

(40°C) 

Box-Behnken 

(34)  

USAE 

MAE 

ASE 

(acetone–

water) 

TFC; 

DPPH and 

ORAC 

LC–UV 

Optimization of MAE based 

on TFC (the suited conditions for 

other extraction method was 

selected from literature). MAE 

shows higher both TFC and 

antioxidant activity. Flavonoids 

(rutin and catechin) were most 

concen-trated in extracts by 

shaking. 

(47) 

Lemon 

(Citrus 

limon) 

Lyophilization 

 

Box-Behnken 

(34 or 33)  

Desirability 

function 

approach 

USAE 

MAE 

SHLE 

(ethanol–

water) 

LC–UV 

LC–QTOF 

MS/MS 

Optimization of each 

extraction method prior 

comparison based on the 

concentration of 10 compounds 

by LC–UV using a desirability 

model. Effect of auxiliary 

energies at suited conditions, on 

the extraction of citrus fruit 

components by LC–QTOF 

MS/MS and multivariate 

analysis. Significant differ-ences 

among methods based on global 

profile (332 molecular entities). 

USAE followed by MAE were the 

best methods.    

(48) 

Lemon 

(Citrus 

limon) 

Lyophilization 

Air-drying 

(45°C) 

Fresh samples 

SCR 

USAE 

MAE 

SHLE 

(ethanol–

water) 

LC–QTOF 

MS/MS 

Evaluation of the effect of 

both sample pretreatment and 

extraction on the concentration 

of 32 flavonoids. USAE showed 

higher concentration of almost 

all 32 studied flavonoids, 

(49) 
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followed by MAE. SHLE was the 

worst method for flavonoids 

extraction.  

Persian 

lime 

(Citrus 

latifolia) 

Lyophilization SCR 

USAE 

(ethanol–

water) 

LC–QTOF 

MS/MS 

Study of the changes in 

composition of the polar fraction 

during fruit growth. The study 

shows the behavior of 74 

compounds during fruit growth 

and revealed that the highest 

concentration of flavonoids is 

reached 2 weeks before full fruit 

maturation.  

(35) 

Orange 

(Citrus 

sinensis) 

Lyophilization 

Oven-drying 

(35°C) 

Fresh samples 

 

Magnetic 

stirrer 

(methanol) 

LC–QqQ 

MS/MS 

Evaluation of the effect of 

different sample pretreatments 

in the concentra-tion of 16 

flavonoids.  

(40) 

 

4. Sampling methodology 

Sampling, as the first step in the analysis process, should be considered essential 

in the study to ensure representativeness because the results heavily depend on sampling 

(50). However, very few studies report criteria for sample selection. The samples for citrus 

fruits studies have been usually either fresh fruits purchased from local markets or residues 

from the citrus processing industry, mainly from juices production. Many studies have 

simulated in the laboratory the juice production and obtained their own residues used in 

the research. The lack of sampling plan leads to biased results that actually prevent from 

generalization of the results (51).  

Studies in which attention is paid to sampling have developed this step in 

experimental fields where the growing conditions of fruit trees are controlled and the 

information provided —e.g., sampling dates, geographic location of crop field, ripening 

stage based on any indicator such as titratable acidity (% of citric acid) and soluble solids 

(°Brix) ratio, color, size, or time. In these cases, the harvesting season (52), the fruits color 

(33) or the growth time (35) have shown to influence the phenolic composition and 

antioxidant activity of the polar extracts. These key aspects should be considered to 

improve the robustness of the experiments. 

 

5. Sample pretreatment 

Among sample pretreatments, lyophilization and air-drying are the most used in 

citrus fruit studies. Dehydration methods minimize undesirable enzymatic reactions by 

decreasing water activity and facilitate sample handling (usually, after dehydration, the 
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samples are grinding to obtain a homogenous fine powder to improve mass transfer during 

extraction). Dehydrated citrus samples provide extracts with higher amounts of flavonoids 

as compared to fresh samples (49,53,54). Lyophilization protects thermolabile metabolites 

from degradation and prevent oxidation; however, it can lead to loss of the most volatile 

compounds. In addition, it is an expensive drying process that can hinder its use at 

industrial scale, especially for products with high water content, as is the case with citrus 

fruits (55). Air-drying is cheaper than lyophilization, but the sample is exposed to heat and 

oxygen for long time intervals that can give place to undesirable reactions. This behavior 

has promoted the belief that lyophilization is the best way for dehydration prior to 

metabolites extraction from vegetal samples; however, in the case of flavonoids, this 

asseveration is not always true, as the suitability of each method depends on the target 

metabolite or family of metabolites to be extracted (53). 

The different behavior of lemon (Citrus limon) samples subjected to lyophilization 

or air drying at 45 °C prior to extraction of flavonoids was studied by the authors (49).  The 

study encompassed 32 flavonoids (9 flavanones, 14 flavones and 9 flavanols) and the results 

revealed significant differences between extracts from the two sample pretreatments and 

also as compared with fresh samples, used as control. In general, the extracts obtained from 

lyophilized samples contained significantly higher concentrations of flavanones and 

flavones, while the extracts from air-dried samples exhibited significantly higher 

concentrations of flavanols. This behavior can be explained by the characteristics of each 

sample pretreatment and its effect on the flavonoids pathways. Before lyophilization the 

sample is either frozen at –80°C or subjected to liquid nitrogen; then, the sample is kept at 

low temperature for dehydration by sublimation, thus causing a significant decrease of the 

enzymatic activity from the beginning of the dehydration process. On the contrary, during 

the air-drying procedure, the sample is heated up to 45 °C; conditions that accelerate the 

enzymatic activity until the water activity is low enough to stop biocatalysis (53). Similar 

influence of temperature on sample pretreatment was observed by Papoutsis et al. (56). In 

their study, the effect of vacuum-drying (70, 90 and 110°C), hot air-drying (70, 90 and 

110°C) and lyophilization was studied through the concentration of neohesperidin 

(flavanone) and rutin (flavonol) in the samples. The results indicated that the concentration 

of neohesperidin was significantly higher using lyophilization, while the concentration of 

rutin was higher in samples pretreated at 70 °C. Even using a high-speed drying method, 

in which the times of high temperature exposition were short, higher amounts of 

flavanones, narirutin, hesperidin and neohesperidin and flavones, nobiletin, tangeritin and 
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sinensetin were found in lyophilized samples. The flavanol quercetagetin was most 

abundant in hot-dried samples (57). On the other hand, the comparative effect of 

lyophilization, air drying (60 °C) and sun drying on 4 different citrus fruits was studied by 

Sun et al. by monitoring the concentration of 6 major flavonoids (4 flavanones and 2 

flavones), and without taking into account flavanols (58). The results in this case revealed 

no significant differences in the concentration of almost all flavonoids in the extracts from 

lyophilized or air-dried samples, but with significant lower concentration in the extracts 

from sun-dried samples. However, the highest antioxidant activities (ABTS, DPPH and 

FRAP assays) were provided by the extracts from lyophilized samples.  

The air temperature in the air-drying method is one of the aspects for disagreement 

in sample pretreatments. On the one hand, Mei-Ling, et al. reported in 2011 that the total 

phenolic and flavonoid contents in orange peels pretreated by air-drying were lower at 

temperatures below 60 °C, and increased by increasing the drying temperature. The best 

temperature in this study (100 °C) was confirmed by individual quantitation of naringin, 

neohesperidin, kaempferol and rutin (59). On the contrary, both Sun, et al. and Papoutsis, 

et al. (2015 and 2017, respectively) reported that temperatures over 60 °C and 70 °C, 

respectively, decreased the flavonoids content (56,58). Concerning the radical scavenging 

and antioxidant activities, the results are also contradictory. Mei-Ling, et al. in 2011 

reported higher radical scavenging activities (ABTS and DPPH assays) in extracts from 

samples dehydrated at 100 °C than in those obtained at lower temperatures, while the 

antioxidant activity (FRAP assay) was higher in samples pretreated at 50 °C (59). 

Additionally, Papoutsis, et al. in 2017 found higher radical scavenging (DPPH) and 

antioxidant (CUPRAC) activities in samples pretreated at 100 °C, which contradicts the find 

of a higher content of phenol compounds in the samples dehydrated at 70 °C (56). The 

opposite behavior was reported by Sun, et al. in 2015, who found the maximum radical 

scavenging (ABTS and DPPH assays) and antioxidant (FRAP assay) activities in samples 

pretreated at lower temperatures (lyophilized samples) (58). Finally, Molina-Calle et al. 

found a great influence of pretreatment temperature on the flavonoids profiles of oranges. 

Their results revealed that lyophilization preserves glycosides flavonoids, while extracts 

from samples oven-dried at 35 °C for 3 days exhibited higher amounts of flavonoid 

aglycones, probably owing to degradation of the glycosides forms by the drying 

temperature (40). 
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Despite lyophilization and air-drying are the most frequent methods for sample 

pretreatment in citrus studies, other methods such as far-infrared radiation or microwave 

(MW) assistance have been used for citrus dehydration prior to flavonoids extraction. 

These last methods are characterized by radiation heating without contact with the 

environment, and the electromagnetic energy is absorbed directly by the materials without 

energy loss as compared with convective drying methods. Therefore, the energy is totally 

absorbed by the material, then converted into a dried form rapidly (60). It is known that 

far-infrared drying requires shorter time to dry the sample than lyophilization. 

Nevertheless, lower total content of phenols in samples treated with the former method 

than in lyophilized samples has been reported, but the concentration of total flavonoid 

content and that of major flavonoids hesperidin, narirutin and neohesperidin was similar. 

Additionally, the extracts obtained from far-infrared pretreated samples showed higher 

activities by the hydrogen peroxide scavenging and FRAP tests (60), in agreement with the 

values reported by Molina-Calle et al. (29). These last authors attributed the observed 

behavior to the cleavage of the glycosidic bond in the flavonoid glucosides. On the other 

hand, the effect of MW-drying of oranges, mandarins and lemons on the total phenolic 

content showed that MW power over 450 W decreased the dry time and increased the total 

phenolic content —measurement usually associated with the content of flavonoids. In this 

study either total flavonoids or individual flavonoids were not analyzed; thus, potential 

degradation to simpler compounds could not be detected.  

Additionally, MW effects as sample pretreatment to liberate flavonoids from 

mandarins has been reported by Hayat et al. (61). In this study, the samples were heated at 

250 W for 5, 10 and 15 min and at 125 and 500 W for 5 min, prior to extraction, and non-

heated samples were used as control. The results revealed that the samples pretreated at 

250 W for 5 min showed significant higher amounts of catechin, naringin, naringenin, 

hesperidin, rutin and kaempferol; however, a greater radical scavenging activity was 

observed in the extracts from samples pretreated at 500 W for 5 min. In agreement with 

previous studies, the authors attribute this behavior to cleaved and liberated phenolic 

compounds that result in an increase of free phenolic compounds.  

It should be mentioned that the irradiation effect on samples dehydration has not 

been reported beyond their faster heating that increases the evaporation speed of water in 

the samples. To expand the knowledge on this topic, future studies could be aimed to 

evaluate the effect of irradiation on the flavonoids structures at molecular resonance levels.  
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Finally, few studies on citrus flavonoids have been carried out using fresh fruits or 

wastes without pretreatment because either the difficult to obtain a homogeneous particle 

size or because water in the sample promotes enzymatic reactions (62). In addition, the 

mass transfer in solid–liquid extractions involving dried and milled material is easier, thus 

shortening the extraction time. Nevertheless, strategies to control particle size and 

homogenization of the citrus samples —such as the use of calibrated steel cubes (63) or 

powdering with a mortar and pestle under liquid nitrogen (64)— have been used prior to 

extraction of citrus flavonoids.  

Is should be mentioned that the reported differences on the effect of sample 

pretreatment can be due to differences in the extraction and identification/quantitation 

methods, the key influence of which in the analytical process is discussed below.   

 

6. Experimental designs used in citrus studies 

Experimental designs are used to optimize many aspects of the analytical process 

—e.g., lyophilization parameters (65), extraction procedures (48), or analytical conditions 

(66). However, in studies on citrus fruits the experimental designs have been mainly used 

to define the suited extraction methods.     

In general, optimization can be achieved by (i) univariate designs, in which the 

effect of variation of a single factor is analyzed while the other factors remain constant; (ii) 

multivariate designs, in which interactions among different factors are analyzed (67).  

The univariate design has been used to evaluate the effect of both temperature and 

extraction times on the isolation of phenolic compounds from Citrus unshiu peel using an 

ultrasonic cleaning bath (44). The results of this study revealed higher concentration of all 

studied phenolic compounds in the extracts obtained by ultrasound-assisted extraction 

(USAE) as compared to those from maceration extraction. However, key parameters such 

as sample–solvent ratio or the nature of the extractant mixture were not considered. 

Univariate designs cannot study the combined effect of the factors; therefore, the suited 

value for each factor is limited to be selected individually and necessarily corresponds to 

one of the studied values, since this kind of experimental designs does not allow prediction 

of the response behavior within the factor levels.  
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To avoid the limitation and improve optimization, it is more frequent the use of 

multivariate designs. Among them, full factorial designs provide information on 

interactions among factors; however, the number of experiments increases exponentially 

depending on the factors to be analyzed. For this reason, in studies involving many factors, 

the use of reduced multivariate designs like Box-Behnken or central composite are 

preferred (68). In most cases, optimization is performed by response surface methodology 

that predicts the behavior of each factor within the studied range. Additionally, most of the 

optimization procedures used in the extraction of citrus fruits components are based on a 

single response. Depending on the aim of the study, the most selected responses are total 

phenolic content, antioxidant activity or a target flavonoid.  

The use of multivariate designs should be preceded by a study on the effect of the 

factors to ensure the optimum result. For example, it is known that the percentage of two 

extractants in a mixture (viz., ethanol and water) is significant and both the minimum and 

maximum factor levels —usually codified as –1 and 1— should also be a mixture. A common 

error is to evaluate the effect of the extractant mixture using as extreme design levels pure 

extractants and a 50–50 mixture as the middle. If the extractant mixture is significant for 

the extraction of flavonoids, the result will tend to the middle (since it is the only mixture 

evaluated) which may not be correct. Therefore, to observe the real behavior of the 

extractant mixture, all studied levels should contain both extractants (i.e., 10–90, 50–50 

and 90–10).  

A full factorial design (22) has been used to optimize the extraction of flavonoids 

from lime (Citrus latifolia), sweet orange (Citrus sinensis) and tangerine (Citrus 

reticulata), using both the total phenolic content and extraction yield (solids content in the 

extract) as individual responses (45). The 2k experimental designs (2 levels of k factors) are 

suitable designs when k is high; however, when the number of factors is only two it is 

expected the optimal conditions of the study to be placed in one of the vertices on the 

surface response plot. Because the use of only two levels for each factor in the experimental 

design produces a straight linear behavior between them, evaluation of at least three levels 

of each experimental factor is needed to know the real (or close to real) effect of them.   

Reduced experimental designs are usual to decrease the number of experiments 

required to optimize the extraction step.  The Box-Wilson design (33) —also called central 

composite design— has been used to optimize the extraction parameters (temperature, US 

power and ethanol–water ratio) in the extraction of orange (Citrus sinensis L.) components 
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in the peel, using the total phenolic content, and the concentration of both naringin and 

hesperidin as individual responses (63). The experimental design selected for this study 

required a total of 20 different combinations, including six replicates of the central point, 

while a complete factorial design including the same number of replicates of the central 

point would require 33 experiments. The results of this study revealed the high 

effectiveness of USAE as compared to maceration for the extraction of flavonoids. Also 

validation of the results supported the good performance of reduced experimental designs 

for optimization of USAE.    

Citrus fruits are rich in flavonoids and other polar metabolites (i.e., amino acids, 

carboxylic acids, phenolic acids) which can be extracted from the citrus samples together 

with flavonoids. A strategy to increase the selectivity for extraction of the target 

components is multiresponse optimization, which allows either maximize or minimize the 

extraction yield by selected responses. The use of a desirability function approach should 

be a useful tool to select the suited parameters to maximize the amount of target 

metabolites, decreasing the extraction yield of undesirable compounds (69). As example, 

the multiobjective optimization by a desirability function approach based on a Box–

Behnken experimental design (34) considers the extraction time, extractant mixture ratio, 

US amplitude and duty cycle as experimental factors. It was used to find the suited 

parameters in an attempt to maximize either the concentration of 10 selected metabolites 

(5 flavonoids, 2 carboxylic acids, 2 phenolic acids and sucrose) or the concentration of 

flavonoids, and simultaneously minimize the concentration of other metabolites in the final 

extract (48). The results of this study revealed that the extractant mixture ratio, US 

amplitude and the combined effect of extraction time and duty cycle were the most 

influential factors on the selective extraction of flavonoids. In addition, the results from 

validation showed that multiobjective optimization by the desirability function approach 

may be useful to improve the selectivity for target metabolites. 

 

7. Extraction methods: effect of auxiliary energies 

Extraction is a unit operation in which one or more components of the solid or 

liquid sample are selectively separated and transferred to a solvent system, commonly a 

liquid. Taking into account that the major concentration of flavonoids is in the citrus peel, 

the most used extraction methods are based on solid–liquid extraction (properly known as 

lixiviation), being shaking extraction, Soxhlet extraction, USAE, and MW assisted 
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extraction (MAE) the most used. Supercritical fluid extraction (SFE) or superheated liquid 

extraction (SHLE) have been less used for this purpose. The polar nature of flavonoids 

makes pure water, methanol, ethanol or a mixture of two or more of them the most used 

extractants in studies involving citrus flavonoids (70).  

Ideally, metabolites extraction aims at: (i) releasing given metabolites from the 

sample in an efficient manner; (ii) avoiding the presence of interferents that could difficult 

the analysis; (iii) making the extract compatible with the analytical equipment; and, (iv) 

concentrating trace metabolites before analysis, if necessary (71). Therefore, the selection 

of the extraction step depends on the aim of the study, for which extractants and extraction 

techniques must be carefully chosen to obtain the expected results. 

Shaking or Soxhlet extraction have for many years been used to extract bioactive 

compounds from plant materials and as a model for the comparison and validation of 

methods based on the use of auxiliary energies. Many studies have revealed that these 

traditional methods are characterized by extraction times longer than those based on 

auxiliary energies.  

 

8. Ultrasound-assisted extraction  

USAE has been used to obtain flavonoids from citrus fruits by either an ultrasonic 

cleaning bath or a probe. Most studies based on US as auxiliary energy have been developed 

by an ultrasonic cleaning bath, maybe because its low price and omnipresence in analytical 

laboratories. However, this device poses undesirable characteristics such as decline of 

power with time, lack of uniformity in the transmission of US, no adjustable power and 

difficulty to maintain the temperature in the bath, which lead, most times, to low 

reproducible results (67). On the contrary, ultrasonic probes work in a reproducible 

manner and allow parameters such as duty cycle, US amplitude or US power to be 

manipulated as required (72).  

US devices (both cleaning baths and probes) work at a fixed frequency, usually 

within 20–40 kHz, and produce cavitation in the liquid medium that, in the case of polar 

solvents, leads to formation of free radicals such as peroxides by dissociation of water into 

H and OH radicals which can degrade the target compounds (73). This effect is especially 

important for the extraction of high sensitive compounds such as carotenoids or lipids. 

Studies using different high frequencies (low power US) showed that cavitation decreases 
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by increasing the frequency, thus resulting in lower degradation of bioactive compounds 

(74). However, in the case of citrus flavonoids Qiao, et al. demonstrated that most citrus 

flavonoids are stable to US application. The study, based on 14 flavonoids (e.g., hesperidin, 

naringenin, luteolin, tangeretin, quercetin) showed the occurrence of degradation yielding 

products such as alcohol addition or oxidation, only in quercetin; being the US intensity, 

application time, and duty cycle the main factors influencing the degradation of this 

compound (75). US also causes breaking of cell walls that increases diffusion of the 

extractant through the cell matrix, thus facilitating the mass transfer from the solid to the 

liquid, and increasing the extraction yield as a result  (76). Therefore, to avoid undesirable 

reactions caused by the USAE and increase the extraction yield, the extraction conditions 

(e.g., extraction time, extractant, US frequency if possible) should be optimized prior to 

defining the extraction method.  

Despite the possible undesirable reactions caused by US energy, USAE using either 

an ultrasonic cleaning bath (77) or a probe (49) under the optimal conditions provides 

extracts with higher concentrations of flavonoids than those obtained by maceration, and 

in significantly shorter times. Therefore, an optimized USAE method is suitable for 

extraction of citrus flavonoids.  

 

9. Microwave-assisted extraction  

MAE is the other most applied technique based on auxiliary energies for extraction 

of citrus flavonoids. MW penetrate the sample by irradiation and is converted into kinetic 

energy, thus enabling the instantaneous heating of the individual polar components in the 

sample, thus achieving extractions much faster than traditional heating methods that 

depend on the thermal conductivity of the sample (78). However, MW irradiation can 

accelerate chemical reactions and degradation of thermolabile metabolites and modify the 

chemical structures of some compounds like carotenoids (72).  

A selective MAE method for flavonoids from lemon was developed by the authors 

by a multiobjective optimization to maximize simultaneously the concentration of 5 

representative flavonoids, and minimizing the extraction yield of other compounds such as 

carboxylic acids or sugars (53). The extracts obtained by MAE at suited conditions (6 

extraction cycles consisting of 1 min irradiation and 1 min rest; 68% ethanol in water and 

170 W power) were compared to those obtained by shaking extraction, based on 32 
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common identified flavonoids. The results showed that the concentration of 21 out of the 

32 flavonoids was higher using MAE, and no significant differences in the concentration of 

the other 11 flavonoids were observed (49). The suitability of MAE as compared to 

conventional extraction methods was also demonstrated by the total phenolic content and 

antioxidant activity of the extracts from lemons and oranges (46,47).  

  

10. Superheated liquid extraction  

SHLE combines heating of the extractant above its boiling point and the necessary 

pressurization of the system to keep the liquid state. Under these working conditions, the 

extractant increases its ability to remove components from the solid and improves its 

diffusivity in the sample (79). The most important factors in dealing with SHLE are 

temperature, type of extractant and extraction time. SHLE can offers advantages over other 

extraction techniques, namely, possibility of automation, low extractant volumes and 

decreased extraction time.  

The use of SHLE to separate flavonoids from citrus has also generated 

contradictory results from different researchers. Li, et al. reported in 2012 that SHLE 

required shorter extraction time and provided higher extraction efficiency than USAE or 

the reflux extraction method (80). The optimal conditions, obtained by univariate designs, 

were 70% methanol in water as extractant at 160 °C for 20 min. On the contrary, the results 

obtained by the authors of this chapter using SHLE showed this technique to be 

unfavorable to extract flavonoids from citrus, mainly due to gel-like formation (probably 

pectin extracted by the hot water) in the extraction cell that made the extract unable to flow 

along the exit tube. Despite this problem decreased by increase the percent of ethanol in 

the extractant, the results revealed that SHLE at suited conditions was the worst method 

among USAE, MAE and shaking extraction to obtain flavonoids from lemon (48).    

 

11. Supercritical fluid extraction 

In general, supercritical fluids are gases over their critical pressure and 

temperature, resulting in a fluid with properties between gas and liquid. Despite all gases 

can be used as supercritical fluids CO2 is the most used for SFE, thanks to its great 

versatility, abundance and low cost. Supercritical CO2 is a no polar solvent, therefore it is 
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suitable for extraction of fatty acids, fatty alcohols, and terpenoids among other no polar 

compounds (81). Thus, SFE of flavonoids, which are polar compounds, requires the 

presence of a cosolvent such as ethanol or methanol (82). The SFE of nobiletin and 

tangeretin from Citrus depressa Hayata (a variety of mandarin) was reported by Lee, et al. 

(83). The authors investigated the effect of both methanol and ethanol as cosolvents and 

revealed that while methanol provided extracts with higher amounts of flavonoids, ethanol 

was selective to nobiletin and tangeretin (flavones). Because the lowest toxicity of ethanol, 

its use for food applications is recommended. The suited conditions obtained by a 

univariate model for SFE by CO2+ethanol was 85% of ethanol in water, 80 °C, 30 MPa, and 

CO2 flow rate of 3.0 mL/min for 80 min. Under these working conditions SFE provided a 

slightly higher concentration (7%) of the studied flavonoids as compared to USAE (85% 

ethanol in water at 60 °C for 4 h in a cleaning bath).  

The combined use of SFE and US has been studied to enhance the extraction yield 

of caffeine from coffee beans, revealing that the method can increase the concentration of 

caffeine in the extract between 15 and 25% (84). The use of SFE+US for extraction of 

flavonoids from citrus fruits has not been reported; therefore, this study could be useful to 

increase the knowledge on this field and revalue SFE of citrus flavonoids.    

 

12. Comparison of the effect of auxiliary energies on the extraction of 

flavonoids from citrus 

Despite the number of studies on the extraction of flavonoids from citrus, in few of 

them the different extraction methods based on auxiliary energies have been compared. 

The discrepancies among the scant studies on this subject strongly came from the 

metabolites under study, the analytical instrumentation for identification/quantitation of 

the extracted compounds and/or the lack of optimization of the methods prior to 

comparison (85).  

M'hiri, et al. reported the effect of USAE, MAE and SFE on flavonoids in orange 

peels (86) by using the univariate model for optimization of given variables. They studied 

the effect of several values of US power (100, 125, 150 and 200 W) keeping constant the 

extractant mixture (80% ethanol in water), the temperature (35 °C) and the extraction time 

(30 min) on USAE. Also the effect of MW power (100, 200, 300 and 400 W) on MAE, 

keeping constant the extraction time (180 s) and extractant (80% ethanol in water), was 
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studied. The combined effect of pressure+temperature (35 °C/10 MPa; 35 °C/22 MPa and 

80 °C/10 MPa) on SFE, using 80% of ethanol in water as cosolvent and 30 min as extraction 

time, was also optimized. This study showed that the concentration of flavonoids in the 

extracts was higher by both USAE (125 W) and MAE (200 W) than those obtained by SFE 

at suited conditions (80 °C and 10 MPa). Nevertheless, the results must be very carefully 

considered. The authors indicated that “microwave assisted extraction showed obvious 

advantages in terms of high extraction efficiency within the shortest extraction time”; 

however, a comparative statistical analysis among methods was not applied to support the 

assumption, and the effect of extraction time was not considered. This study confirmed that 

in optimizations involving interrelated variables univariate approaches are very limited and 

the interpretation of the results difficult. When only few variables are studied the possibility 

of obtaining false positive results in decision making increases. Therefore, to better 

understanding the effect of the factors involved in a given process, multivariate 

optimization, which combines the effect of the factors, offers results closer to the optimum. 

This is especially useful to compare two or more methods and/or for decision making. 

Comparative studies of the effect of both USAE and MAE on the extraction of 

phenolic compounds from citrus have been developed by multivariate optimization of the 

extraction methods prior to their comparison. Thus, Dahmoune et al. studied the combined 

effect of the solvent composition (% ethanol–water: 40–60, 50–50, and 60–40), extraction 

time (90, 120 and 150 s), MW power (300, 400 and 500 W) and solid–extractant ratio (20, 

25 and 30 mL/g) on MAE by Box-Behnken. USAE optimization by central composite design 

included external points to increase the design robustness, and the extraction time (2.65, 

5, 10, 15 and 17.35 min), extractant composition (% of ethanol–water: 20.6–79.4, 30–70, 

50–50, 70–30 and 79.4–20.6%) and US amplitude (20.6, 30, 50, 70 and 79.6%). The 

sample in both cases was Citrus limon dehydrated for 15 days at room temperature in a 

ventilated darkroom; the extracted components were phenols, and the ranges of the studied 

factors were established by univariate analysis (46). Independent from the extraction 

method, the results of the study indicated that, except for the extraction time in MAE, all 

factors were significant (p<0.05). Concerning phenols concentration as obtained by the 

Folin–Ciocalteu method, no significant differences among USAE, MAE and conventional 

extraction were observed; however, the radical scavenging activity (DPPH assay) was 

higher in extracts obtained by MAE at the suited conditions. A possible explanation of this 

behavior was discussed above. To deepen the knowledge on this topic, Nayak et al. 

developed in 2015 (69) a study similar to that reported by Dahmoune et al. in 2013 (68), 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

 

Page | 150 

with slight modifications and using as sample Citrus sinensis peels dried in a forced-oven 

at 40 °C to constant weight. In this case, the authors utilized the suited conditions found 

for USAE by Dahmoune et al., adapted for the use of acetone–water as extractant, and 

optimized the same factors and levels for MAE, except for MW power (400, 500 and 600 

W). The authors also included the optimization of SHLE (47). In terms of factors 

significance on MAE, the authors found that except for the extraction time, all the factors 

were significant: in agreement with the results reported by Dahmoune et al. (68), despite 

the different extractant used. Also in this case MAE provided concentration of the total 

phenols and radical scavenging activities higher than those obtained by USAE, SHLE or 

conventional extraction. Nevertheless, while Dahmoune et al. reported 15.00±0.83 mg 

equivalents to gallic acid/g as the maximum concentration of total phenols by MAE, the 

maximum reported for Nayak et al. was 12.10±0.15 mg equivalents to gallic acid/g. It seems 

evident that the differences can be mainly caused by the use of different extractants, 

although the different studied varieties and sample drying methods could influence the 

differences. Nayak et al. also compared the developed methods in terms of concentration 

of rutin and catechin (47). They found that conventional extraction provided higher 

concentration of rutin (1253.75 µg g–1) and catechin (3037.51 µg/g) than USAE (982.79 

µg/g and 984.54 µg/g, respectively) or MAE (589.13 µg/g and 2503.60 µg/g, respectively).  

The effect of auxiliary energies on the extraction of flavonoids from lemon (Citrus 

limon) was recently studied by Ledesma-Escobar et al. (2016) using a Box-Behnken design 

in duplicate. The variables optimized in each method were as follows: for USAE (ethanol–

water %, extraction time, US amplitude and duty cycle); for MAE (ethanol–water %, 

extraction time and MW power); and for SHLE (ethanol–water % and extraction time). A 

desirability function approach was selected to maximize simultaneously the concentration 

of 5 flavonoids from the lyophilized samples. Once the suitable extraction conditions for 

each method were achieved, new extracts were obtained in triplicate and analyzed by LC–

QTOF MS/MS (49). Using the MS/MS data, the tentative identification of 32 flavonoids 

common to all samples was achieved and all them were used for comparison of the 

extraction methods by multivariate analysis. The analysis of variance and mean pairwise 

comparison (Tukey HSD, p<0.01) revealed that the concentration of the 32 flavonoids was 

significantly different in almost one of the methods and the lowest differences were 

observed between USAE and MAE extracts —these similarities/dissimilarities were 

confirmed by principal component analysis. In general, most of the flavonoids were better 

extracted by USAE, followed by MAE, and being SHLE the less favorable. Therefore, the 
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highest concentrations of the most abundant flavanones (neohesperidin, neoeriocitrin and 

naringin) and flavones (neodiosmin, luteolin and rhoifolin) were obtained in the extracts 

from USAE, followed by MAE extracts.  The concentration of the most abundant flavanols 

(rutin, limocitrin and limocitrol) was similar in the extracts obtained by USAE, MAE or 

shaking extraction. In all cases, the method based on SHLE was the less favorable to extract 

flavonoids from lemon owing to the formation of gel-like in the extraction cell.    

The compendium of the results discussed in this section could serve as a starting 

point for scaling the extraction process assisted by any type of energy. The costs of the target 

energy and the approach for its implementation together with other production-related 

costs would be considered for a potential comprehensive exploitation of citrus extracts.  

 

13. Identification and quantitation of citrus flavonoids 

The analysis of flavonoids in a given extract has been developed in different ways: 

as the total content of compounds by photometric methods or as the content of the 

individual compounds usually after chromatographic separation.  

Regarding photometric methods, widely used in citrus studies, the measurement 

of total phenols by the Folin–Ciocalteu method has been the most used, usually combined 

with methods for estimation of chemical flavonoids activity, such as DPPH and ABTS 

assays for total radical scavenging or FRAP to determine the total antioxidant activity of 

the extracts (87). The results obtained by these methods have most times been related to 

the total flavonoids content or activity. The main errors in these methods come from the 

contribution of other species to the quantitative response such as: (i) other phenols such as 

hydroxycinnamic acid derivatives present in the extracts because of the favorable polarity 

of the extractant, and (ii) vitamin C.  

Photometric methods without purification of the extracts provide ambiguous 

results in the analysis of flavonoids. The photometric method for total flavonoids 

determination (88,89) has been sparsely used in citrus studies. 

The widespread use of photometric methods in citrus studies is mainly due to the 

fast information on the overall content of some metabolites they provide. These methods 

are limited to general determinations using a single reference standard; therefore, without 

information about given compounds.  
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Chromatographic methods allow separation of the components in the extract to 

facilitate their subsequent individual identification/quantification. The most used methods 

in dealing with citrus flavonoids studies are based on liquid chromatography coupled to 

ultraviolet–visible detection (LC–UV), using a C18 chromatographic column for individual 

separation of the target compounds. This equipment allows good or acceptable separation 

of a mixture into its individual components, and a limited capability for identification and 

quantification based on the comparison of absorption spectra and retention time; with 

those provided by standards. If standards are not available, identification can be tentative, 

especially when isomeric forms can be involved. The necessity for pure standards makes 

obtainment of the full flavonoid profile a difficult task (51).  

More selective methods such as those based on LC coupled to mass spectrometry 

(MS) have been less used —maybe because their more complicated handling and higher 

price. Mass detectors, such as those based on time-of-flight (TOF) in high-resolution mode, 

allow obtaining a more complete flavonoid profile based on mass-to-charge (m/z) behavior 

of the given compound or fragments when tandem mass spectrometry (MS/MS) is 

implemented. Nevertheless, the absence of pure standards for many flavonoids does not 

allow confirming their identification. In studies involving citrus fruits, the MS/MS 

information provided by LC–QTOF has allowed the tentative identification of 32 flavonoids 

from lemon (Citrus limon) (38), 28 from Persian lime (Citrus latifolia) (35) and 23 from 

oranges (Citrus sinensis) (90). These achievements would not be possible with a UV 

detector.  

On the other hand, mass detectors based on triple quadrupole (QqQ) offers a high 

sensitivity, especially useful for quantification of minor compounds or traces of them. 

Quantitative determinations in absolute terms based on LC–QqQ MS/MS require the 

corresponding standard for each analyte, preferably a stable isotope-labeled standard, 

either deuterated or containing other stable isotope of an element in the analyte formula 

(91). This analytical arrangement has been used for quantification of 16 flavonoids from 

oranges (Citrus sinensis), which also allowed confirmation of the previous flavonoid 

identification based on LC–QTOF MS/MS (40).  

Finally, gas chromatography coupled to MS detection (GC–MS) has hardely been 

used for the determination of flavonoids from citrus as the analysis requires a prior 

derivatization step to make flavonoids volatile. Only a method based on GC–MS has been 

reported for the determination of flavonoids from cranberry juice (92).  
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14. Foreseeable applications of citrus flavonoids 

This chapter provides information on the composition and abundance of the 

flavonoids in various citrus species. Also different sample pretreatments, extractions based 

on auxiliary energies, and analysis methods have been discussed. This information should 

be useful for a comprehensive exploitation of citrus fruits.  

The consumer’s demand for better food additives, preferably natural additives, has 

led to the development of new applications of flavonoids, mainly for food preservation and 

for preparation of functional foods. The use of citrus fruits for the extraction of these 

compounds, preferably from residues of the processing industry, may be a viable 

alternative for this purpose (93). However, while the bioactivity of these metabolites has 

been extensively studied, little is known about other properties, regardless the protective 

effect these compounds can confer to foods and their bioavailability in functional foods. 

Therefore, future investigations of citrus flavonoids should provide a better understanding 

of their possible safe applications as food additives. 
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Citrus coumarins and their healthy properties 

 

Carlos A. Ledesma-Escobar and María D. Luque de Castro 

 

1. Introduction 

Coumarins, derivatives of cinnamic acid, are secondary metabolites widely 

distributed in the vegetal kingdom both in the free form and as glycosides. More than 1300 

coumarins have been isolated and reported from natural sources, particularly belonging to 

the Rutaceae, Apiaceae, Fabaceae and Asteraceae families (Thuong et al., 2010). 

Coumarins show multiple bioactive properties such as antioxidant, chemotherapeutic, 

antimicrobial, and anti-coagulant, among others (Yu et al., 2005). The basic structure of 

coumarins, also known as benzo-2-pyrones, consists of the union of a benzene ring and a 

pyrane ring. Depending on the substituents, coumarins result structurally diverse as they 

can yield hydroxylated, alkylated and alkoxylated derivatives from the parent compound; 

even they can contain a furan ring fused to that of coumarin to generate furocoumarins, or 

be linked to other pyrane ring generating pyranocoumarins (Smyth et al., 2011).  

 

2. Natural occurrence of coumarins in citrus 

Coumarins (or benzo-2-pyrones), as products from the phenylpropanoid pathway, 

can be classified into four categories: simple coumarins (benzo-α-pyrones), oxygenated 

coumarins (furanocoumarins), pyranocoumarins (benzodipyran-2-ones) and phenyl-

coumarins (benzo-benzopyrones); being methoxylated and hydroxylated coumarins and 

furanocoumarins the most abundant in citrus fruits (Bourgaud et al., 2006; Dugrand-

Judek et al., 2015). Simple coumarins encompass the less complex coumarins, and their 

hydroxylated, alkoxylated, alkylated, and glycosylated derivatives. Furanocoumarins have 

a typical molecular structure of a furan ring attached to the coumarin nucleus. According 
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to the position of the furan ring, these metabolites are of either linear or angular types (Lin, 

Jain, & Yan, 2014). 

2.1 Biosynthesis of coumarins 

The biosynthesis of coumarins (Fig. 1) proceeds from cinnamic acid, which is 

generated from primary metabolites through the shikimate and general phenylpropanoid 

pathways. This biosynthetic pathway has been widely discussed by several authors 

(Bourgaud et al., 2006; Lin et al., 2013; Talapatra & Talapatra, 2015). In general terms, 

phenylalanine is converted into cinnamic acid by phenylalanine ammonia lyase; then, 

cinnamic acid can be converted into either o-coumaric acid or p-coumaric acid by cinnamic 

acid 2-hydroxylase or cinnamic acid 4-hydroxylase, respectively. This isomerization step is 

crucial for the formation of simple coumarin by lactonization of o-coumaric acid (Fig. 1A), 

or for the production of 2,4-dihydroxycinnamic acid by 4-coumaric acid 2-hydroxylase; 

then converted by lactonization into umbelliferone, the first hydroxylated coumarin (Fig. 

1B). Subsequent steps in the biosynthesis pathway from umbelliferone can produce other 

hydroxylated or methoxylated coumarins, and can also be converted into furanocoumarins 

derivatives by prenyltransferase.  

 

Fig. 1. General metabolic pathways of natural occurring citrus coumarins. To simple coumarins 

(A); to furanocoumarins (B). 
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2.2 Main coumarins in citrus fruits 

Coumarins biosynthesis is mainly determined by the plant species. As mentioned 

above, furanocoumarins, methoxylated and hydroxylated coumarins are the most 

abundant in citrus; however, the citrus variety establishes the diversity of these 

metabolites. The main coumarins identified in citrus fruits are listed in Table 1. Also, the 

citrus variety is determinant in the concentration of certain coumarins; thus, osthol is 

significantly more abundant in oranges, limettin in lemons and limes and bergamottin in 

grapefruits. In dealing with the total content of coumarins, limes possess the maximum 

concentration of these metabolites, followed by grapefruits and the lowest total 

concentration corresponds to mandarins.   

Table 1. Main coumarins identified in citrus (Barreca, et al., 2011a, 2011b; Dugrand-

Judek et al., 2015; Ledesma-Escobar et al., 2015; Molina-Calle et al., 2015). 

Compound Oranges Mandarins Lemons Grapefruits Limes 

Coumarins 

Umbelliferone  x x x x 
Limettin  x x x x x 
Osthol x   x  
Scopoletin   x  x 
Citropten   x  x 
Aurapten   x x x x 
Epoxyaurapten x   x x 
Esculetin x x   x 
Furanocoumarins 

Bergapten x x x x x 
Epoxybergamottin      
Oxypeucedanin x x x x x 
Bergamottin x x  x x 
Isopimpinellin x x   x 
Bergaptol    x  
Epoxybergamottin x   x  
Dihydroxybergamottin x   x  
Psoralen    x  
Isoimperatorin x  x  x 
Heraclenin   x  x 
Heraclenol   x  x 
Imperatorin    x  x 
Phellopterin    x   
Byakangelicin   x   
Byakangelicol    x  x 
Xanthotoxin     x 
Cnidilin     x 
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3. Isolation and analysis of coumarins from citrus 

The growing demand for healthy–safety products has led to increasing the interest 

of industries, mainly food, pharmaceuticals and cosmetics industries, to replace synthetic 

additives with natural ones in both agricultural practices and processed products. In this 

sense, residues from the citrus industry represent a large source of natural bioactive 

compounds, mainly antioxidants as coumarins. In addition, the use of residues to obtain 

bioactive compounds can help to prevent serious contamination problems (Ledesma-

Escobar & Luque de Castro, 2014), and promote a comprehensive exploitation of citrus. A 

mandatory step for proper exploitation of these bioactive metabolites is the development 

of appropriate methods for sample pretreatment, extraction of the target compounds and 

analysis of the extracts (Fig. 2).  

 

Fig. 2. Scheme of the main steps involved in the study of bioactive compounds in citrus fruits. 

 

3.1 Sample treatment prior to the extraction of coumarins from citrus 

Sample pretreatment in citrus studies is usually carried out by dehydration, being 

lyophilization and air-drying less common methods. Despite the large number of studies 

on extraction of citrus components, only in few of them the effect of sample pretreatment 
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on the extractable metabolites has been evaluated. In fact, most of these studies dealt with 

the effect of different air-drying temperatures —particularly on phenolic compounds— and 

the results obtained with samples thus prepared were compared with those from fresh or 

lyophilized samples.   

Lyophilization, also known as freeze-drying, consists of reducing the pressure on the 

drying chamber below the vapor pressure of ice, and drying is achieved by ice sublimation. 

In this way it is possible to protect thermolabile compounds and minimize exposure to 

oxygen, which can produce undesirable oxidation reactions. Nevertheless, lyophilization is 

a relative expensive dehydration process (Kasper & Friess, 2011), while air-drying is 

cheaper than lyophilization, but the sample is exposed to heat and air for long intervals 

(Ledesma-Escobar & Luque de Castro, 2014). This is why the common assumption is that 

lyophilization is the best sample pretreatment; however, in the case of citrus coumarins, 

this is not necessarily true. Recent studies conducted by the authors revealed that air-

drying increases both the concentration and the number of coumarins in polar lemon 

extracts. Thus, while in extracts from air-dried samples 7 coumarins were identified, only 

5 coumarins were identified in extracts from fresh samples; and the number was reduced 

to 3 coumarins in extracts from lyophilized samples. In addition, coumarins in extracts 

from air-dried samples were significantly more concentrated. The differences in the 

concentration of coumarins could be caused by the accelerated metabolism produced by 

increasing the temperature during air-drying treatment. The increased temperature could 

promote isomerization of coumarins yielding others that naturally do not occur in lemon 

(Ledesma-Escobar et al., 2016b). These results suggest that air-drying is the suited method 

for sample treatment prior to coumarins extraction. 

 

3.2 Methods for extraction of coumarins from citrus 

The extraction method is of paramount importance in the quality of the final extract. 

Ideally, this step aims at: (i) releasing the target metabolites from the sample in an efficient 

manner; (ii) avoiding the presence of undesirable metabolites; (iii) making the extract 

compatible with the analytical equipment; and, (iv) concentrating trace metabolites, if 

necessary (Álvarez-Sánchez et al., 2010). Selection of the extraction step depends on the 

aim of the study; the solvents and extraction mode must be carefully chosen to obtain the 

expected results. In dealing with solid samples, the solid–liquid extraction step (properly 
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known as leaching or lixiviation) can consist of maceration, Soxhlet extraction, ultrasound-

assisted extraction (USAE), microwave assisted extraction (MAE), supercritical fluid 

extraction (SFE) or superheated liquid extraction (SHLE), as the most used. Metabolites 

from liquids are mainly removed from the sample by liquid–liquid extraction (LLE), solid-

phase extraction (SPE) or solid-phase microextraction (SPME).  

In studies involving citrus coumarins, the raw material is usually a solid (dehydrated 

whole fruits, peels or citrus residues from the juice industry); therefore, solid–liquid 

extraction based on shaking, USAE or MAE is a common sample preparation step. Especial 

attention must be paid to potential degradation of the target metabolites (particularly 

phenols) under the effect of auxiliary energies such as microwaves, ultrasound or high 

temperatures (Ledesma-Escobar et al., 2016a; Qiao et al., 2014). Thanks to the polarity of 

coumarins, water, methanol, ethanol, or alcohol–water mixtures are commonly used as 

extractants (Dugrand-Judek et al., 2015; Ledesma-Escobar et al., 2015; Molina-Calle et al., 

2015). In dealing with liquid samples such as cold-pressed grape fruit oil, LLE has been 

used to purify the oil using hexane to extract the lipid components and coumarins have 

been determined in the residue (Chebrolu et al., 2013).   

 

3.3. Overall and individual determination of coumarins in citrus extracts 

Determination of metabolites in a given extract can be aimed at the total content of 

target compounds endowed with a given characteristic, or at the concentration of individual 

compounds. An example of the former approach is the Folin–Ciocalteu (F–C) method, 

widely used for determination of total phenol compounds in citrus fruits extracts, which 

provides fast information on the overall content of phenols, but providing no information 

about given compounds; therefore, its use is limited to general determinations using a 

single reference standard, caffeic or gallic acid, most times (Ledesma-Escobar & Luque de 

Castro, 2014). Taking into account that this photometric method is based on the formation 

of characteristic blue complexes by interaction of the F–C reagent with the phenolic ring, a 

relative good estimator of the total content of coumarins in the extract is highly dependent 

on previous purification steps.  

Individual determination requires prior separation of the target compounds. The 

most used separation methods for analysis of coumarins are based on liquid 

chromatography (LC), which allows good or acceptable separation of a given mixture into 
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its individual components. Once separated in the chromatographic column, the metabolites 

reach a detector for individual analysis. The most common detector coupled to LC is of 

ultraviolet (UV) molecular absorption nature, given place to the LC–UV configuration, 

which is simple to manage and relatively cheap, allows an acceptable accuracy for 

identification and quantitation of compounds (based on the absorption spectrum and 

retention time for each) providing standards of the target compounds are available. The 

necessity for commercial standards makes difficult (most times impossible) to obtain the 

entire profile of the sample components (Ledesma-Escobar & Luque de Castro, 2014), 

which in coumarins analysis is monitored in the wavelength range between 320 and 340 

nm (Chu et al., 2012). 

The use of mass spectrometry (MS) detectors for metabolites analysis is each time 

more extended because, depending on the type of instrument and method, this technique 

offers either high sensitivity for quantification or high mass resolution for identification. 

Hybrid MS equipment like quadrupole-time-of-flight (QTOF) allows obtaining MS/MS 

spectra that provide information on structures and fragmentation patterns for subsequent 

tentative identification supported on databases (Matsuda et al., 2009). Tentative 

identification based on MS/MS spectra is very dependent on the ability of the analyst to 

interpret the different data from neutral mass losses, common fragments, parent ions, 

possible adducts, and thus to solve the puzzle (Ledesma-Escobar et al., 2015). Triple 

quadrupole (QqQ) detectors provide a lower mass accuracy than other mass analyzers, but 

they allow analysis with high sensitivity and selectivity; therefore, they are preferably used 

for quantitative analysis, monitoring the precursor ion and fragments that provide greater 

sensitivity.   

 

4. Healthy properties of citrus coumarins  

 A number of studies has evidenced that coumarins possess important biological 

activities, including antioxidant, anti-inflammatory, anticoagulant, antimicrobial, 

anticancer and anti-AIDS properties (Azelmat et al., 2015; Kostova et al., 2011; Lin et al., 

2013; Spino et al., 1998; Thakur et al., 2015). Also, the potential of this class of metabolites 

against neurodegenerative and cardiovascular diseases has been reported (Anand et al., 

2012). These properties have promoted coumarins as metabolites with promising 

therapeutic applications. 
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4.1 Antioxidant activity of citrus coumarins 

Antioxidant activity is the most studied characteristic of citrus coumarins. This 

property is related to the capacity of some metabolites to react against reactive oxygen 

species (ROS) or reactive nitrogen species (RNS) —commonly known as free radicals— 

either neutralizing them or preventing their formation. These radicals, produced during 

cellular metabolism, play a key role in cell signaling, apoptosis, gene expression and ion 

transportation; nevertheless, excessive free radicals cause oxidative stress, which can 

damage DNA, RNA, proteins and lipids resulting in an increased risk for cardiovascular 

disease, cancer, neurodegenerative damage, autism and other diseases (Fialkow et al., 

2007; Lü et al., 2010). The consumption of dietary antioxidants such coumarins may help 

to maintain a proper balance of free radicals in the body, thus preventing damages caused 

by the latter (Biesalski et al., 2009; Zou et al., 2016).  

The antioxidant or antiradical activity of metabolites from natural products are most 

times exploited using a raw extract without a previous separation–purification step, thus 

making difficult (or even impossible) to obtain information on the antioxidant behavior of 

single metabolites in in vitro models. However, a few studies using commercial standards 

of coumarins that occur naturally in citrus fruits have evidenced that these metabolites do 

not possess as good antioxidant activity as other natural antioxidants like flavonoids or 

phenolic acids (Foti et al., 1996). Based on a β-carotene−linoleic acid bleaching assay 

model, bergapten has shown to possess less than 7% antioxidant activity, while flavonoids 

like scutellarein or kaempferol showed activities over 50%. Similar results were obtained 

in inhibiting the reduction of nitro blue tetrazolium, and in the DPPH scavenging assay: 

bergapten showed no activity against these free radicals under the working conditions (Yu 

et al., 2005). Nevertheless, at concentrations exceeding 1 mM coumarins can be effective 

for inhibition of some enzymes like xanthine oxidase or guaiacol peroxidase (Payá et al., 

1992).  

Despite the lower activity of coumarins against ROS in in vitro models as compared 

to other natural antioxidants like flavonoids or phenolic acids, several reports indicate that 

these compounds are involved in the regulation of several cellular pathways and, therefore, 

they can be useful against some types of cancer and in reducing neurodegenerative 

damages, among other diseases. 

 



 

Chapter IV 

 

Page | 171  

4.2 Citrus coumarins as anticancer agents 

Naturally occurring coumarins, including those found in citrus fruits, are endowed 

with variable structure due to the various types of substitutions in their basic structure that 

can influence their biological activity. Thus, coumarins possess a range of anticarcinogenic 

activities, as shows Fig. 3, with minimum side effects thanks to their ability to regulate 

diverse cellular pathways (Kostova, 2005; Prince et al., 2009). In this sense, biological 

investigations revealed that both natural and synthetic coumarins inhibit a number of 

pathways in cancer such as those of kinase, cell cycle arrest, angiogenesis, heat shock 

protein, telomerase, antimitotic activity, carbonic anhydrase, monocarboxylate 

transporters, aromatase and sulfatase, as the most important inhibitions these compounds 

can cause (Thakur et al., 2015).  

 

Fig. 3. Main anticancer activities of natural occurring citrus coumarins. 

In dealing with given citrus coumarins, auraptene (AUR) is considered one of the 

promising chemopreventive agents against skin, tongue, esophagus, colon and prostate 

carcinogenesis, as tested in rodents (Murakami et al., 2000; Tang et al., 2007). The most 

important role of AUR against cancer is to prevent inflammation —which is a universal and 

physiological response in carcinogenesis processes— by attenuating the inflammatory 
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leukocyte activation; thus, compared to a control group, AUR decreases 43% the levels of 

edema formation; 85% H2O2 production; 92% leukocyte infiltration and 84% proliferation 

of cell nuclear antigen index in in vivo rodent models; therefore, AUR might inhibit the 

mechanism for tumor promotion (Murakami et al., 1997; Murakami et al., 2000; Tanaka 

et al., 1998). Also in in vitro models, both AUR and umbelliferone (UMB) have evidenced 

potential to suppress the expression of cyclooxygenase and nitric oxide synthase (Kohno et 

al., 2006; Murakami et al., 2000).  

Dietary administration of AUR in mice gave place to effects such as: (i) significant 

inhibition of tongue carcinogenesis induced by 4-nitroquinoline 1-oxide during the 

initiation and post-initiation phases; (ii) reduction of the frequency of dysplastic lesions; 

(iii) inhibition of the cell proliferation biomarker’s expression (Tanaka et al., 1998); and 

(iv) suppression of colitis-related colon carcinogenesis induced by dextran sodium sulfate 

and azoxymethane (Kohno et al., 2006). Also UMB has shown promising effects against 

colon carcinogenesis in rats by modulating lipid peroxide products and stimulating the 

antioxidant defense system during 1, 2-dimethylhydrazine-induced colon carcinogenesis 

(Muthu et al., 2013). In in vitro cancer cell line models, UMB induced the apoptosis of 

laryngeal cancer reducing the viability and migration of malignant cells (Kiełbus et al., 

2013), 

As chemopreventive agent against human prostate cancer AUR has induced 

apoptosis and cell cycle arrest, apparently by a nonandrogen-mediated pathway (Tang et 

al., 2007), while osthole (OST) has shown cytotoxic and apoptotic induction effects against 

human lung carcinoma, neuroblastoma and prostate cancer cell lines at low micromolar 

concentrations (Shokoohinia et al., 2014). 

In dealing with furanocoumarins, bergapten has demonstrated to exert both 

antiproliferative effects and pro-apoptotic responses in human breast cancer cells by 

depleting estrogen receptor proteins (tamoxifen-sensitive and resistant cells), thereby 

preventing crosstalk between the receptor and growth factor mitogenic signaling (Panno et 

al., 2012) or contrasting the stimulant effect of some growth factors on breast cancer cell 

growth and progression (Panno et al., 2009). On the other hand, bergamottin has shown 

ability to inhibit both signal transducers and activators of transcription 3 —which are 

closely related to growth, survival, proliferation, metastasis, and angiogenesis of various 

cancer cells— through the induction of tyrosine phosphatase, which makes bergamottin an 

effective suppressor of tumor cell survival proliferation and metastasis (Kim et al., 2014). 
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This furanocoumarin also possesses a suppression effect on metalloproteinase, which plays 

a key role in the invasion and metastasis of cancer cells, thus contributing to the antitumor 

activity (Hwang et al., 2010). The results obtained using oxypeucedanin in in vitro human 

prostate carcinoma cell line DU145 indicated that this furanocoumarin inhibits the 

malignant cell growth by G2-M cell cycle arrest —where repair might occur along with 

preparation for mitosis— and induces apoptotic cell death (Kang et al, 2009). The cytotoxic 

effect of oxypeucedanin and isoimperatorin against cultured human tumor cell lines as 

non-small cell lung, ovary, melanoma, central nerve system and colon in in vitro models 

has also been evidenced (Kim et al., 2007).  

Finally, several studies have provided evidences about the effect of both 

hydroxylated coumarins and furanocoumarins on promotion of the induction of phase II 

enzymes (detoxifying enzymes) like glutathione S-transferase and quinone reductase in the 

target organ, contributing to their cancer chemopreventive properties (Muthu et al., 2013; 

Pokharel et al., 2006; Prince et al., 2009; Tanaka et al., 1997; Tanaka et al., 1998; Tang et 

al., 2007). 

 

4.3 Citrus coumarins as neuroprotector agents 

Among the pharmacological properties of citrus coumarins, numerous studies reveal 

these compounds exert a great activity on the central nervous system (CNS) acting both as 

preventive and therapeutic treatment of various neurodegenerative diseases as Alzheimer 

(AD), Parkinson (PD), cerebral ischemia or even traumatic brain injury (TBI), thanks to 

their interaction with neurotransmitter receptors, inhibition of target oxidative enzymes 

and anti-inflammatory properties (Skalicka-Wozniak, et al., 2016), as summarized in Fig. 

4.   

Amino acid-induced toxicity is one of the most investigated targets for 

neuroprotection. In this sense, the activity of citrus coumarins against N-methyl-D-

aspartate receptor (NMDA), which acts as a co-agonist with glutamate producing changes 

in glutamate transmission associated with a number of CNS pathologies (Trist, 2000), has 

been investigated in vitro by NMDA-induced toxicity in mixed cortical cell cultures 

containing both neurons and astrocytes. The results of this study reveal that both AUR and 

isopentenyloxycoumarin possess a protective effect (83% and 71%, respectively, as 

compared with the control) against NMDA-induced neurotoxicity, in particular at 
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concentrations ranging from 1 to 10 µM. In addition, the antiradical scavenging capacities 

of both coumarins was tested by the DPPH assay revealing that they do not exert this kind 

of activity; therefore, the authors concluded that the neuroprotective effect observed in 

their experiment was not due to a radical scavenging effect (Epifano et al., 2008).  

 

 

Fig. 4. Main neuroprotective activities of natural occurring citrus coumarins. 

 

Concerning AD, several studies revealed that both natural and synthetic coumarin 

derivatives demonstrated activity against this disease, which is a progressive degenerative 

disorder of the brain and the most common form of dementia associated to a loss of 

cholinergic system with decreased levels of acetylcholine in the brain areas dealing with 

learning, memory, behavior and emotional responses (Anand et al., 2012). To prevent the 

metabolic hydrolysis of acetylcholine (Ach), most drugs are focused on inhibition of 

acetylcholinesterase (AChE) (Benzi & Moretti, 1998). Regarding to citrus coumarins, the 

potential of scopolin (SCN) and its glucoside scopoletin (SCT) as AChE inhibitors has been 

reported based on a validated pharmacophore model. The results of this study suggest that 

both SCN and SCT are potential inhibitors of AChE by reduction of the extracellular 

concentration of ACh in the nucleus accumbens. In in vivo models, the activity of SCT was 
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similar to that of galanthamine, one of the most potent alkaloids for treatment of AD 

(Rollinger et al., 2004).  

On the other hand, given the role of the β-amyloid (Aβ) peptide as a central player in 

the pathogenesis of AD, and the strong association between Aβ and AD, it is likely that 

therapeutic strategies to lower the levels of Aβ in the brain should prove beneficial for AD 

treatment. One such strategy could involve inhibition of β-secretase (BACE1), which is the 

key in Aβ generation (Vassar, 2004). For this purpose, the potential of citrus coumarins as 

BACE1 inhibitors has been investigated in in vitro models, thus revealing a greater 

inhibitory activity by coumarins containing in their skeleton a geranyloxy group as 

substituent. In fact, UMB (7-hydroxycoumarin) exhibited lower inhibitory effect than AUR 

(7-geranyloxycoumarin), and similar results were observed for furanocoumarins: while 

bergapten (5-methoxypsoralene) showed no activity, bergamottin (5-geranyloxypsoralen) 

was the most potent BACE1 inhibitor among the 46 analyzed coumarins (Marumoto & 

Miyazawa, 2012). Other furanocoumarins found in citrus as imperatorin, isoimperatorin 

and oxypeucedanin have also shown potential to inhibit BACE1 (Marumoto & Miyazawa, 

2010); however, all coumarins tested in both studies were less effective inhibitors of BACE1 

than a statine-based synthetic peptidomimetic used as reference. Despite the greater 

activity exhibited by a synthetic reference peptide, citrus coumarins could be useful for 

prevention or treatment of AD by inhibition of BACE1. Thanks to their low molecular 

weight and high lipophilicity, materials such as coumarins could easily reach the target 

action site in the brain following oral or transdermal administration, since the molecules 

could cross the blood–brain barrier (Marumoto & Miyazawa, 2012; Zhang et al., 2011). 

The progressive degeneration of the dopaminergic nigrostriatal system in PD 

patients, which result in a deficiency of dopamine in the striatum and lead the characteristic 

motor features of the disease (Kordower et al., 2013), could be avoided or mitigated by the 

effect of UMB and esculetin. These coumarins act against neurotoxins that cause 

degeneration of dopaminergic neurons, as evaluated in vivo using rodents exposed to the 

neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine (MPTP), which causes nigro-

striatal dopaminergic neurotoxicity. The results showed that dietary administration of 

UMB and esculetin attenuated 75% MPTP-induced neurotoxicity in the substantia nigra 

pars compacta compared to the control group fed with butylated hydroxyanisole, which 

only attenuated 45% the MPTP-induced neurotoxicity under the studied conditions. The 

neuroprotective effect of these coumarins is linked to their ability to restore glutathione 
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levels reducing the progression of PD and preventing apoptosis (Subramaniam & Ellis, 

2013). 

In addition to PD, dopaminergic neurotoxicity induced by oxidative stress can led to 

depression disorders, which are among the top five leading causes of disability and disease 

burden throughout the world (Caspi et al., 2003).  Animal models predictive of 

antidepressant action have been used for development of novel therapeutic compounds and 

for understanding the neural substrates underlying depressive behavior, as is the case of 

SCT, which has demonstrated to produce a specific antidepressant-like effect in the tail 

suspension test, an animal model predictive of antidepressant activity in which a 

depressant-like behavior induced by acute immobility stress was able to be reversed. The 

results of SCT antidepressant activity were compared to those obtained by the commercial 

antidepressant fluoxetine, used as positive control, revealing similar results thanks to the 

interaction of SCT with the serotonergic, noradrenergic and dopaminergic systems (Capra 

et al., 2010). 

Citrus coumarins has also been used to prevent cerebral ischemia, which causes a 

focal or global insufficiency of blood flow to the brain, delaying neuronal cell death in the 

hippocampus and resulting in sequential cognitive impairments (Namura et al., 2013). In 

this sense, administration of OST (doses: 20 mg/kg or 40 mg/kg) has demonstrated a 

significantly reduced brain edema against acute ischemic stroke induced by middle cerebral 

artery occlusion (MCAO) in rats. The rats, pretreated with OST 30 min before MCAO-

induction, exhibited a significant reduction in the infarct volume, cerebral edema and 

neurological deficit scores by the decreased activity of both myeloperoxidase and 

inflammatory cytokines. The results of this study suggest that the mechanisms of the effect 

might be involved in its anti-oxidative action and anti-inflammatory property (Chao et al., 

2010). Similarly, AUR (doses: 25 mg/kg) was effective in suppressing neuronal cell death 

in the hippocampus, cyclooxygenase-2 expression and microglial activation in rats, 

suggesting that AUR acts as a neuroprotective agent in the ischemic brain, which may be 

mediated by suppression of the inflammatory response (Okuyama et al., 2013). 

Finally, OST demonstrated protective effects against TBI in adult rats. The animals 

pretreated with OST (20 mg/kg or 40 mg/kg) 30 min before TBI showing a significant 

reduction of neurological deficits, cerebral edema and hippocampal neuron loss by 24 h 

after TBI compared with the control group. Also, OST can reduce the level of oxidative 

stress and active caspase-3 expression; thus suggesting that OST may exert its 
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neuroprotective effects by antioxidative and antiapoptotic properties against TBI in rats 

(He et al., 2012). 

 

4.4 Other healthy effects of coumarins 

Some other bioactive properties of coumarins and derivatives have been reported 

showing that these compounds can act as antimicrobial agents, either inhibiting the cell 

growth or reducing the biofilm formation and virulence of some microorganism (Ojala et 

al., 2000). 

Citrus coumarins have demonstrated to reduce biofilm formation and the virulence 

of Escherichia coli O157:H7. Thus, coumarin and UMB at 50 µg/mL was found to inhibit 

biofilm E. coli O157:H7 formation by more than 80% and 90%, respectively, as compared 

with the control, without affecting bacterial growth; however, concentrations of 200 µg/mL 

had inhibitory cell growth effects. Unlike antibiotics that aim to inhibit cell growth, biofilm 

inhibitors do not inhibit bacterial growth, but may reduce the risk of drug resistance. The 

role of coumarins as inhibitors of biofilm formation seems to be due to antibiofilm activity 

and not to antimicrobial activity (Lee et al., 2014).  

On the other hand, OST has demonstrated to be effective to control a plant pathogen 

powdery mildew on foliage caused by Sphaerotheca fuliginea. At concentration of 25 or 50 

mg/mL OST inhibits germination of S. fuliginea conidia by 85.7 or 100%, respectively. 

Compared to synthetic fungicides, OST was as effective as difenoconazole and more 

effective than triadimefon against S. fuliginea. This behavior suggests that OST is a 

promising natural fungicide to partially substitute the practical use of synthetic fungicides 

for powdery mildew control (Wang et al., 2009). 
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El estudio exhaustivo y sistemático de las etapas que median entre la muestra bruta 

y la muestra analítica, así como la caracterización de los compuestos de interés en esta 

última constituyen esta Sección B, que abarca los siguientes aspectos: 

Un primer capítulo (Capítulo V) en el que se compara el efecto de diferentes 

energías auxiliares (ultrasonidos, microondas y presión+temperatura altas) en la 

extracción de componentes de interés en cítricos. El estudio mediante LC–QTOF de los 

extractos obtenidos en las condiciones óptimas de cada uno de los métodos desarrollados 

permite explicar el efecto de cada tipo de energía en las 232 entidades moleculares 

detectadas. 

En el Capítulo VI se aprovecha el método óptimo de extracción del capítulo anterior 

para estudiar el efecto del pretratamiento de la muestra (liofilización, secado en corriente 

de aire caliente o muestra fresca) mediante LC–QTOF MS/MS. Queda así de manifiesto el 

efecto de la congelación previa a la liofilización y del calor en las rutas metabólicas de los 

compuestos de interés.  

El Capítulo VII de esta sección recoge la investigación dedicada a una familia de 

compuestos característicos de los cítricos (los flavonoides), que abarca la comparación de 

la influencia de los anteriores pretratamientos de muestra y de los métodos de extracción a 

través del estudio de los extractos mediante LC–QTOF MS/MS y del adecuado tratamiento 

quimiométrico. 

Finalmente, el Capítulo VIII abarca el estudio de caracterización de la fracción 

polar del limón. La identificación tentativa de 84 compuestos mediante LC–QTOF MS/MS 

estuvo soportada en la información proporcionada por el ión precursor y sus fragmentos, 

así como por la pérdida de masa neutra, uso de la ionización en los modos positivo y 

negativo y al menos 2 energías de colisión. 
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The exhaustive and systematic study of the steps between the raw sample and the 

analytical sample, as well as the characterization of the target compounds in the latter 

constitute Section B, which encompasses the following aspects: 

A first chapter (Chapter V) in which the effect of different auxiliary energies 

(ultrasound, microwaves and high pressure+temperature) on the extraction of interesting 

components of citrus is compared. The study by LC–QTOF of the extract obtained under 

the optimum conditions of each of the developed methods allows explaining the effect of 

each type of energy on the 232 detected molecular features.  

Chapter VI takes profit of the optimum method for citrus extraction to study the 

effect of sample pretreatment (lyophilization, dried under heated air, and fresh sample) by 

LC–QTOF MS/MS. The effect of freezing or heating on the metabolic pathways of the target 

compounds is thus demonstrated. 

The research on a family of compounds characteristic of citrus (flavonoids) 

constitutes Chapter VII, encompassing the influence of the previous sample pretreatments, 

and that of the extraction methods through the study of the corresponding extracts by LC–

QTOF MS/MS and the appropriate chemometric treatment. 

Finally, Chapter VIII is devoted to the characterization of the polar fraction of 

lemon. The tentative identification of 84 compounds by LC–QTOF MS/MS was based on 

MS/MS information (mass of the precursor ion and their fragments, together with neutral 

mass loss), ionization in the positive and negative ionization modes and at least 2 collision 

energies.  

.
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Comparative study of the effect of auxiliary 

energies on the extraction of citrus fruit 

components 

 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote and María D. Luque de 

Castro 

 

 

Abstract 

A comparative study of methods for ultrasound-assisted extraction (USAE), 

microwave-assisted extraction (MAE) or superheated liquid extraction (SHLE) of 

compounds from citrus has been performed. The suited conditions for each method were 

evaluated to maximize the concentration of ten representative compounds (sugars, 

carboxylic acids, phenolic acids and flavonoids) by a desirability function approach based 

on the chromatographic peaks obtained by LC–DAD. Extracts obtained under the suited 

conditions were analyzed by LC–QTOF MS/MS. The ANOVA on the molecular entities 

showed 232 significant entities (p<0.01), and pairwise comparison revealed that USAE and 

MAE methods are the most similar (50 different entities), and USAE and SHLE the most 

dissimilar (224 different entities). A discrimination test by PCA showed a clear 

discrimination among the extraction methods, explaining 78.51% of the total variability. 

Similarities in the abundance of the monitored compounds was tested by ANOVA, showing 

that the extraction of carboxylic acids (malic and citric acids) was equal by all methods; 

while for each of the other eight compounds, at least one extraction method is different 

from the others. Under the evaluated conditions the SHLE method is the less favorable to 

extract metabolites from citrus, being the best the USAE method. 
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1. Introduction 

Citrus is the most abundant crop of fruit trees in the world, with an annual 

production of approximately 115.5 million tons cultivated in more than 100 countries all 

over the world, mainly in tropical and subtropical areas [1]. These fruits are recognized for 

the refreshing scent of their essential oils, their high content of vitamin C and other 

bioactive compounds like carotenoids, limonoids, phenols and vitamin B complex, which 

play a key role as nutraceuticals [2]. Citrus components have shown to be very useful both 

for the maintenance of human health and in industrial applications, mainly in food, 

cosmetics and pharmaceuticals industries [3]. In recent years, most studies on bioactive 

compounds in fruits have focused on specific classes or families of compounds. Special 

attention has been paid to phenols, and, more specifically, to flavonoids. A number of 

studies has shown the great antioxidant, radical scavenging [4] and anti-inflamatory 

properties of these phytochemicals [5], and also many epidemiological and intervention 

studies have associated the consumption of these compounds with lower risks of different 

types of cancer and cardiovascular diseases [6]. The interest in these compounds has also 

promoted research on the extraction, identification, purification and bioactive properties 

of them, which have resulted in multiple discrepancies, most of them owing to differences 

in the extraction methods [7]. The extraction step is crucial to obtain the expected results, 

as its suitability strongly influences the quality of the final extract. For this reason, solvents 

and extraction techniques must be carefully chosen, taking into account the characteristics 

of both the sample matrix and the target compounds. Common solid–liquid extraction 

(properly known as leaching or lixiviation) methods applied to citrus have been based on 

maceration–stirring, Soxhlet extraction, supercritical fluid extraction (SFE), superheated 

liquid extraction (SHLE), microwave-assisted extraction (MAE) and ultrasound-assisted 

extraction (USAE); being the last two the most widely reported [8]. The major part of the 

proposed methods have focused on a specific family or group of compounds, mainly on 

phenols and their bioactive properties. In this sense, USAE has shown to be efficient for 

extraction of phenols from citrus, faster than maceration, especially at low temperatures 

and short operational times [9]. Similarly, MAE has shown to be a fast alternative to extract 

phenolic compounds without degradation [10]; however, other metabolites like ascorbic 

acid or carotenoids have been affected by microwave irradiation or high temperature, 

resulting in degradation [11]. Also, the stability of phenolic compounds in the presence of 

superheated extractants has been tested, and efficiencies higher than 85% at 150 °C and 
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90% at 100 °C have been obtained [12], thus demonstrating that, despite SHLE is a good 

alternative to conventional extraction methods for these compounds, above 100 ºC 

degradation occurs, an effect more significant as the target compounds are more 

thermolabile [13]. In spite of the large number of studies on extraction of bioactive 

compounds from citrus, few of them have compared different extraction methods. The 

discrepancies among the scant studies on this subject strongly depend on the metabolites 

under study; studies that are also characterized by the lack of optimization of each method 

prior to comparison [14]. As an example of this behavior, Orio et al. reported in 2012 a 

comparative study among MAE, USAE, SFE and maceration for the extraction of alkaloids 

from Mitragyna speciose, using four extractants (methanol, ethanol, 1:1 methanol–water, 

and 5:95 ethanol–water at pH 3), without any optimization step; actually, the selection of 

the operating conditions for each extraction method was unclear. They concluded that the 

best method for extraction of alkaloids is MAE with 1:1 methanol–water as extractant. Also, 

in a previous study by Piñeiro et al. in 2004, on comparison of SHLE and USAE for 

extraction of catechins, the authors selected the SHLE working conditions based only on a 

kinetics study, while those of the USAE method were selected after testing only two 

temperatures and 10 min as extraction time [15]. 

In an attempt to solve the existing discrepancies, the goal of the present research 

was to test the effect of the different auxiliary energies (ultrasound, microwaves and 

temperature+pressure), on the extraction of compounds of interest from citrus. Ten 

compounds representative from the different chemical families in citrus fruits such as 

sugars, flavonoids, carboxylic acids and phenolic acids were selected for monitoring the 

extraction process. For this purpose, the variables affecting the method based on the use of 

each type of energy were studied at different levels to look for the conditions that maximize 

the relative abundance of targeted compounds based on a desirability criterium. Extracts 

obtained under the best working conditions in each method were compared to establish 

similarities/dissimilarities between them. Lemon (Citrus limon) was selected as model 

sample for the different studies.  
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2. Materials and methods 

2.1 Sample 

Five kilogram of edible lemons (Citrus limon) were purchased in a local market in 

Córdoba, Spain (January, 2014). The fruits were washed, cut in slices, lyophilized to 

constant weight and finally grinded (particle diameter≤0.5 mm). The powder was stored in 

the dark at –20 °C until use.  

2.2 Reagents 

All solvents were LC grade or higher when required. n-Hexane, ethanol and formic 

acid were from Scharlab (Barcelona, Spain); acetonitrile and methanol from Fluka (Buches, 

Switzerland). Deionized water (18 MΩ•cm) from a Millipore Milli-Q water purification 

system (Bedford, MA, USA) was used to prepare the mobile chromatographic phases and 

extractant mixtures. 

2.3 Apparatus and instruments  

The reference extracts were obtained by shaking using a Vibromatic reciprocating 

shaker (Selecta, Barcelona, Spain). Ultrasound was applied by a Branson 450 digital 

sonifier (20 kHz, 450 W) equipped with a cylindrical titanium-alloy probe (12.70 mm 

diameter). Microwave assistance was provided by a focused microwave digester (200 W) 

Microdigest 301 (Prolabo, Paris, France). Superheated liquid extractions were carried out 

by a laboratory-made dynamic extractor consisting of the following units: (a) an extractant 

supplier, (b) a high pressure pump (Shimadzu LD-AC10), which propels the extractant  

through the system, (c) a switching valve placed next to the pump to develop static 

extractions if required, (d) a stainless-steel cylindrical extraction chamber (550 × 10 mm 

inner diameter and 4.3 ml internal volume), where the sample is placed (this chamber is 

closed at both ends with screws whose caps contain cotton-made filters to ensure the 

sample is not carried away by the extractant), (e) a restriction valve to maintain the desired 

pressure in the system, (f) a cooler made of a stainless-steel tube (1 m length and 0.4 mm 

inner diameter) and refrigerated with water, and (g) a gas chromatograph oven (Konix, 

Cromatix KNK-2000), where the extraction chamber is placed and heated.  
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The analytical equipment consisted of an LC–DAD —Agilent 1100 coupled to a 

diode array detector G1315A—, and an LC–QTOF MS/MS —Agilent 1200 series coupled to 

an electrospray ionization source and a quadrupole–time of flight detector Agilent Q–TOF 

6540. 

2.4 Extraction 

The lemon samples (1 g dry weight each) were extracted in 20 mL of ethanol–water 

mixtures by the different methods (USAE, MAE, SHLE and shaking) the parameters of 

which were optimized by multivariate methods using as response the LC–DAD 

chromatograms according to the experimental design detailed below. The extracts were 

obtained under the suited working conditions for each method and their global profiles 

provided by LC–QTOF MS/MS were compared. 

The experimental factors analyzed for each auxiliary energy employed (USAE, 

MAE and SHLE methods) are described in Table 1. Shaking extraction was used as 

reference method to establish the improvement provided by the different auxiliary 

energies. A kinetics study was developed with each method to know if a plateau of efficiency 

is obtained for a given time, thus demonstrating the extraction equilibrium. Monitoring 

between 10 and 120 min at 10 min intervals provided the kinetics profile. 

2.5 LC–DAD analysis 

Chromatographic separation was performed by using an Inertsil ODS-2 C18 

analytical column (250×4.6 mm i.d. 5 µm particle) from Análisis Vínicos (Tomelloso, 

Ciudad Real, Spain). The injection volume was 20 µL, and the mobile phase was composed 

by deionized water (A) and acetonitrile (B) at a constant flow rate of 1 mL/min. The gradient 

was as follows: 4% to 10% B in 5 min; change from 10% to 25% B in 30 min; from 25% to 

100% B in 15 min and constant 100% B for 5 min. After analysis, the column was 

equilibrated to the initial conditions within 5 min. The selected wavelengths for monitoring 

were 210, 254 and 320 nm.   
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2.6 LC–QTOF MS/MS analysis 

The chromatographic conditions for mass spectrometry analysis were similar to 

those for LC–DAD analysis, but 0.1% of formic acid as ionization agent was added to the 

mobile phases.  

The dual ESI source operated in negative ionization mode under the following 

conditions: nebulizer gas at 40 psi, drying gas flow rate and temperature at 12 L/min and 

325 °C, respectively. The capillary voltage was set at 3500 V, while the fragmentor, 

skimmer, and octapole voltages were fixed at 130, 65, and 750 V, respectively. The data 

were acquired in centroid mode in the extended dynamic range (2 GHz). Full scan was 

carried out at 6 spectra/s within the m/z range of 40–1700, with subsequent activation of 

the three most intense precursor ions (allowed charge: single or double) by MS/MS using 

a collision energy of 20 eV and 40 eV at 3 spectra/s within the m/z range 30–1700. An 

active exclusion window was programmed after one spectrum and released after 0.75 min 

to avoid repetitive fragmentation of the most intense precursor ions and increasing the 

detection coverage in this way. To assure the desired mass accuracy of recorded ions, 

continuous internal calibration was performed during analyses with the use of signals at 

m/z 112.9856 (trifluoroacetic acid anion) and m/z 1033.9881 (HP-921). 

2.7 Experimental design 

The suited conditions for each extraction method were determined using a Box-

Behnken design by response surface methodology. The extraction time (X1) and extractant 

mixture ratio (X2) were analyzed factors for all extraction methods. In addition, amplitude 

(X3), and duty cycle (X4) were included for USAE; power (X3) for MAE; and temperature 

(X3) for SHLE. The experimental design evaluated 3 levels for each factor; all experiments 

were run in duplicate, and a total of 54 experiments were developed by USAE, 30 by each, 

MAE or SHLE. Selection of the optimization response (Yi (x)) was based on the highest 

abundance of the different chromatographic peaks obtained by LC–DAD distributed along 

the chromatogram. The obtained experimental data were fitted into a second order 

polynomial model. The generalized second order polynomial equation used was: 

𝑌𝑖 = 𝛽0 + 𝛽𝑚𝑋𝑚 + 𝛽𝑛𝑋𝑛 + 𝛽𝑚𝑚𝑋𝑚
2 + 𝛽𝑚𝑛𝑋𝑚𝑋𝑛 + 𝛽𝑛𝑛𝑋𝑛

2 
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A desirability function approach was used to select the conditions that maximized 

the extraction yield of ten selected peaks: 

𝐷 = (𝑑1(𝑌1)𝑑2(𝑌2) …𝑑𝑛(𝑌𝑛))
1/𝑛 

For each response Yi (x) a desirability function di (Yi) = 1 represents a completely 

desirable or the best value obtained by the surface response model [16]. The results from 

optimization were processed using the software Statgraphics Centurion XVI (StatPoint 

Technologies 2011, USA).  

2.8 Data processing and statistical analysis 

MassHunter Workstation software (version B6.00 Profinder, Agilent 

Technologies, Santa Clara, CA, USA) was used to process all the data obtained by LC–QTOF 

in auto MS/MS mode. Treatment of the raw data file started by extraction of potential 

molecular features (MFs) with the applicable algorithm included in the software. The 

recursive extraction algorithm considered all ions exceeding 5000 and 10000 counts as 

cut-off in both positive and negative modes, respectively. Additionally, the isotopic 

distribution to consider a molecular feature as valid should be defined by two or more ions 

(with a peak spacing tolerance of 0.0025 m/z, plus 10.0 ppm in mass accuracy). Adducts 

formation in the negative ionization (−H, +HCOO, +Cl) modes, as well as neutral loss by 

dehydration were included to identify features corresponding to the same potential 

metabolite. Thus, ions with identical elution profiles and related m/z values (representing 

different adducts or isotopes of the same compound) were extracted as entities 

characterized by their retention time (RT), intensity in the apex of the chromatographic 

peaks and accurate mass. Background contribution was removed by subtraction of MFs 

linked to the blank. Then, the recursion step assured correct integration of the entities in 

all the analyses. Raw data files, containing the area for each entity characterized by m/z 

and RT, were created in compound exchange format (.cef files) for each analysis and 

exported into the Mass Profiler Professional (MPP) software package (version 2.0, Agilent 

Technologies, Santa Clara, CA, USA) for further processing. Normalization by logarithmic 

transformation (log2) was used as pre-processing step. Statistical analysis included the 

ANOVA test applied to find the number of significant entities (p≤0.01) and pairwise 

combinations (Tukey HSD), to identify equal entities between extraction methods. Also, 
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unsupervised analysis by Principal Component Analysis (PCA) was used to find out the 

main source of variability in the data set and detect clusters.  

Once all features were extracted and aligned, the software MassHunter Qualitative 

was used for the targeted extraction of MS/MS information associated to the monitored 

molecular features in the whole set of analyses. This information was used to identify the 

potential compounds by searching the METLIN MS and MS/MS 

(http://metlin.scripps.edu) and MassBank MS/MS (http://www.massbank.jp) databases.  

 

3. Results and discussion 

The study of the three extraction modes assisted by auxiliary energies was carried 

out by monitoring the ten most intense chromatographic peaks obtained by LC–DAD 

analysis. The identity of the compounds providing the peaks was further tentatively 

confirmed by LC–QTOF MS/MS. These compounds had previously been identified as 

characteristic metabolites in citrus and are representative of the most important families 

of compounds in these fruits [17–20]. They were sucrose (Y1) as a key sugar; malic acid (Y2) 

and citric acid (Y3) as carboxylic acids; dihydroferulic acid 4-O-glucoside (Y4) and 

dihydroferulic acid 4-O-diglucoside (Y5) as conjugated forms of a phenolic acid pertaining 

to the hydroxycinnamic acids class; eriodictyol (Y6), naringin (Y7), hesperidin (Y8), 

neohesperidin (Y9) and quercetin-7-O-rutinoside (Y10) as characteristic flavonoids. The 

tentative identification opens the door to analyze the effects of each extraction method on 

the isolation of these compounds representing chemical families of interest. The suited 

extraction conditions for the method based on each technique are shown in Supplementary 

Table 1. The results provided by an extract obtained by a reference shaking method (SE) 

after a kinetics study to ensure total extraction were used to compare the results provided 

by the different methods.  

3.1 Effect of US assistance on the extraction of different metabolites from lemon 

The composition of the extractant established as ethanol–water composition (X2) 

was identified as the greatest influential factor on the US-assisted extraction of the 

representative compounds from citrus fruits. The ANOVA test showed this factor to be 

significant (p≤0.05) for all monitored compounds, except for carboxylic acids (malic and 
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citric acids). Depending on the compound, the suited ethanol–water ratio varied between 

40 and 73% ethanol. The second most important effect was the extraction time (X1). This 

factor was significant (p≤0.05) for the extraction of the eriodictyol (Y6), neohesperidin (Y9) 

Table 1. Experimental factors analyzed for each auxiliary energy. 

USAE MAE 

Factor 
Levels 

Factor 
Levels 

-1 0 1 -1 0 1 

Extraction time (min) 5.0 12.5 20.0 Extraction cycles* (min/min) 2 6 10 

Ethanol-water (%) 
40-

60 

70-

30 

100-

0 
Ethanol–water (%) 

20-

80 

50-

50 

80-

20 

Amplitude (%) 10 40 70 Power (W) 20 110 200 

Duty cycle (s/s) 0.1 0.5 0.9     

SHLE (1.5 MPa) SHLE (1.5 MPa; extraction time 15 min) 

Factor 
Levels 

Factor 
Levels 

-1 0 1 -1 0 1 

Extraction time (min) 5.0 12.5 20.0 Ethanol–water (%) 
60-

40 

80-

20 

100-

0 

Ethanol–water (%) 
40-

60 

70-

30 

100-

0 
Temperature (°C) 100 125 150 

Temperature (°C) 80 115 150     

* Each extraction cycle consisted of 1 min microwave irradiation and 1 min off. 

and quercetin-7-O-rutinoside (Y10). Considering the overall extraction of the selected 

compounds,the suited extraction time based on a desirability function was 5 min, as shows 

the surface responses in Supplementary Fig. 1. In most cases, the relative abundance of the 

compounds decreased by increasing the extraction time. On the contrary, the relative 

abundance of malic acid (Y2), naringin (Y7) and hesperidin (Y8) increased along the 

extraction time, providing maximum abundance at 20 min. Concerning the amplitude (X3), 

this factor was significant (p≤0.05) only for hesperidin (Y8), without interactions with any 

other factor; while interaction of amplitude with time was significant for the extraction of 

malic acid (Y2) and eriodictyol (Y6). In general, the suited value for amplitude was 70%, 

except for the extraction of carboxylic acids, for which a lower amplitude (10%) was the 

best. Ultrasound amplitude is strongly related to the appearance of bubbles in the 

extractant as a result of an increase of the cavitation phenomenon, which also generates 

free radicals when water or polar organics are the extractants [21]. The joint effect of both 
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phenomena can explain the decrease in the abundance of some compounds at high US 

amplitude. The last analyzed factor, duty cycle (X4), refers to the intermittent application 

of US, the real time of US application is calculated by this parameter, which was significant 

(p≤0.05) for the extraction of hesperidin (Y8), neohesperidin (Y9) and quercetin-7-O-

rutinoside (Y10); and showed positive interaction with ethanol for the extraction of the 

mono- and diglucoside forms of dihydroferulic acid (Y4, Y5). The suited duty cycle for all 

individual compounds was close to 0.9 s/s, except for eriodictyol (Y6) that demanded for a 

duty cycle of 0.69 s/s. To the desirability of the classes of compounds, for phenolic acids 

and the ten monitored compounds the suited duty cycle was 0.9 s/s, while for flavonoids 

was 0.8 s/s and 0.2 s/s for carboxylic acids. The desirability function for the overall 

extraction showed as the appropriate conditions an extraction time of 5 min, 53.2% ethanol 

in water, 70% amplitude, and 0.9 s/s duty cycle.  

As mentioned above, most of the evaluated responses corresponded to phenolic 

compounds, with special emphasis on flavonoids. The resulting conditions provided by the 

desirability function tend to a short extraction time with intense sonication because of the 

strong influence of these compounds. As demonstrated by Qiao et al. in 2014, flavonoids 

are stable to ultrasound effects [22], and the results of these experiments suggest a similar 

behavior for phenolic acids. However, other families such as carboxylic acids demand for 

less strong conditions. 

3.2 Effect of microwaves on the extraction of different metabolites from lemon 

Similarly to US-assisted extraction, the ethanol–water ratio (X2) was the factor with 

the highest influence on the extraction of the target compounds under microwave energy, 

which was significant (p≤0.05) for all the monitored compounds, except for malic acid (Y2), 

dihydroferulic 4-O-glucoside acid (Y4) and naringin (Y7). The results showed that the 

composition of the extractant enhanced the extraction of certain groups of compounds. 

Thus, for sucrose (Y1) and malic acid (Y2) the appropriate percentage of ethanol was around 

39%; on the contrary, the extraction of hesperidin increased at 80% ethanol in water. The 

desirability test showed 68.9% as the best ethanol percentage to maximize phenols 

extraction (both flavonoids and phenolic acids), and 64.1% for the 10 monitored 

compounds. The second influential factor was microwave power, which is significant 

(p≤0.05) for the extraction of citric acid (Y3), dihydroferulic acid 4-O-diglucoside (Y5), 

eriodictyol (Y6), neohesperidin (Y9) and quercetin-7-O-rutinoside (Y10). Concerning 
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carboxylic acids (Y2 and Y3), the study showed that they are better extracted at low 

irradiation power (20 W); while the best power to extract flavonoids was around 170 W. 

The results of the present study show that flavonoids are stable at high microwave power 

for a short processing time. The extraction time was significant for dihydroferulic acid 4-

O-diglucoside (Y5) and quercetin-7-O-rutinoside (Y10), and its interaction with the power 

was significant for citric acid (Y3). The response surface plot for the overall desirability 

showed a decrease of metabolites abundance when the irradiation time increased. The 

highest efficiency was attained after 5 extraction cycles according to the desirability 

function, with a similar behavior for flavonoids and carboxylic acids. Finally, the results 

showed that sucrose (Y1) was the less affected compound when the number of irradiation 

cycles increased. The strong influence on extraction yield caused by the ethanol–water ratio 

and microwave power found in this study is in agreement with the results reported by 

Dahmoune et al. in 2013 [23], who supported their results on the total phenolic content as 

determined by the Folin–Ciocalteu method. Surface response plots for all results discussed 

in this section are in Supplementary Fig. 2.  

3.3 Effect of temperature+pressure on the extraction of different metabolites from lemon 

The combined effect of temperature and pressure in SHLE was first studied by the 

33 experimental design. In this case, the extracts obtained by a 40% ethanol in water 

mixture could not be analyzed because of the formation of gel-like in the extraction cell that 

made the extractant unable to flow along the exit tubing. Previous studies have also shown 

similar gelling effect caused by the pectin content in citrus, and the suitability of hot 

acidified water as extractant in this case [24]. However, the extracts from these experiments 

with a proportion of ethanol in the extraction mixture above 40% were analyzed, and the 

effect of the extraction time at a given temperature on the isolation of compounds like 

sucrose, malic or citric acids was significant as the time increased along 20 min. Under 

these conditions, flavonoids remained stable. To overcome stability problems, a new 

experimental design involving a higher amount of ethanol in the extractant mixture and a 

constant extraction time of 15 min was applied. The results of this second design (factorial 

23) showed that the percentage of ethanol in water was the most important factor, as it was 

significant (p≤0.05) for all the representative compounds, except citric acid (Y3) and 

dihydroferulic acid 4-Oglucoside (Y4). Also, the temperature was significant (p≤0.05) for 

three flavonoids —eriodictyol (Y6), naringin (Y7) and neohesperidin (Y9). The stability of 
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phenolic compounds at high temperature and pressure, in agreement with the results found 

by Palma et al. in 2001 [12], suggests that SHLE is a competitive alternative to extract 

phenolic compounds; however, the high amount of pectin in the peel of citrus fruits makes 

difficult the extraction of these metabolites because the gelling effect. Nevertheless, SHLE 

is a good method for extraction of phenols from high hardness matrices like wood [25]. On 

the other hand, the response for citric acid (Y3) decreased as the temperature increased. 

The best conditions to maximize all compounds according to the desirability function 

approach were 71.3% ethanol in water and 135.4 °C. All surface response plots for this 

experiment are in Supplementary Fig. 3.  

3.4 Effect of the different extraction methods on the global composition of extracts 

Once the desirability conditions were evaluated, a new extract was obtained by each 

of the developed methods under the most suited conditions, which was analyzed by LC–

QTOF MS/MS for comparison to the reference extract obtained by maceration. 

The data provided by the mass detector were aligned and filtered to obtain a new 

clean data set (formed by 332 molecular entities) to which statistical analysis was applied. 

The effect of the auxiliary energies on the global profile provided by the extracts was 

evaluated by ANOVA, which showed that 232 entities along the data set were significant 

(p≤0.01), and also the pairwise analysis revealed the similarity between extracts (Fig. 1). In 

this case, the most similar extracts were provided by USAE–MAE pair (50 different 

entities), followed by MAE–SE (59 different entities) and USAE–SE (75 different entities). 

In short, SHLE was clearly the method that provided more different extracts as compared 

to the rest, as it showed 210 entities significantly different from MAE; 215 entities 

significantly different from SE, showing the highest difference with USAE with 224 entities 

significantly different.  

Despite the ANOVA test provides information about similarity between samples, a 

better understanding of the effect of the auxiliary energies employed in this study makes 

necessary a discrimination test. For this purpose, an unsupervised analysis by PCA was 

applied to compare the composition of the extracts provided by the different methods. The 

scores plot (Fig. 2A) shows a clear discrimination among the four extraction methods, 

explaining 78.51% of the total variability in the 2D-plot. The SHLE extract is totally 

separated along PC1 (64.4%), whereas the rest of extracts exhibit partial overlapping in this  



 

Chapter V 

 

Page | 203  

 

Fig. 1. ANOVA on the global profile of molecular entities and pairwise comparison (Tukey HSD, 

p≤0.01) between methods. Positive values indicate the number of significantly different entities. 

component; however, the PC2 (14.11%) also allowed a clear separation among extracts. 

Although the results from PCA are often difficult to interpret, beyond from the clusters 

formation, it is possible to obtain reasonable conclusions from them. As can be seen in the 

loadings plot (Fig. 2B), the majority of molecular entities are in the negative side of the PC1. 

The identified flavonoids have a great weight on this component, all of them are placed in 

quadrants two and three of the loading plot and could have a strong influence on the 

separation along the PC1. This behavior suggests a lower abundance of these compounds 

in the extract from SHLE. On the other hand, sucrose, dihydroferulic acids and carboxylic 

acids have a great weight on the PC2, thus suggesting that these compounds could be the 

reason for the separation on this component. To clarify the provided information, the 

difference among the profiles provided by all methods are discussed below.  

3.5 Differences in the abundance of selected compounds 

To establish similarities/dissimilarities among the proposed extraction methods, an 

ANOVA test was used for each of the ten compounds monitored in this research. The 

comparison of means showed significant evidence (p≤0.05) to ensure that at least one type 

of extraction is different from another for 8 out of the 10 compounds. The p-value for the 

tested carboxylic acids was higher than 0.05 in both cases, thus indicating that there is no  
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Fig. 2. Score (A) and loadings (B) of PCA plots comparing the different extraction methods. 

significant difference to ensure that the means of the abundance of these metabolites are 

different among extracts. Fig. 3 shows the abundance of the different tested metabolites 

and their pairwise comparison of means (Tukey HSD, p≤0.01) to look for the effect of the 

auxiliary energies on the extraction of each. As the extraction of carboxylic acids (malic and 

citric acids) did not show significant differences among the methods under study, the 

discussion is focused on the rest of studied compounds. The analysis is divided into 3 

sections according to their relative abundance (as can be seen in Fig. 3). The results thus 

obtained confirm those provided by PCA: the graphic shows that SHLE was the less 

favorable method to extract sucrose, phenolic acids, and the flavonoids neohesperidin, 

eriodictyol and quercetin-7-O-rutinoside, and it was similar to SE for the extraction of 

naringin. Only in the case of hesperidin, SHLE was significantly equal to MAE or USAE.  

Fig. 3. Comparison of abundance of the compounds monitored in the extracts obtained by the 

different methods. Bars with different letter for the same metabolite are significantly different (Tukey 

HSD, p≤0.01). 
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Also, in this case the results confirm those provided by PCA. Consistently to the ANOVA 

test for the global profile (Fig. 1), MAE and SE provided the most similar extracts: they did 

not show significant differences for the extraction of 9 compounds, whereas USAE and SE 

were significantly equal for sucrose and phenolic acids. USAE provided a higher abundance 

for the extraction of quercetin-7-O-rutinoside, eriodictyol and neohesperidin. 

4. Conclusions 

The results from this research prove that application of auxiliary energies to extract 

metabolites from citrus fruits can improve the speed and the amounts in the extract of some 

compounds like flavonoids as compared to conventional shaking extraction. In all cases, 

the extracts obtained with the help of either microwaves or ultrasound were significantly 

better (or at least equal to) than those provided by SE or SHLE. In addition, USAE was the 

best of all to extract neohesperind and eriodictyol (and also the fastest, as USAE requires 

only 5 min, as compared to 60 min by SE, 10 min by SHLE and 5.4 extraction cycles —

equivalent to 10.8 min— by MAE). On the other hand, SHLE showed to be unfavorable to 

extract metabolites from citrus owing to both degradation by high temperature and 

interference from pectin, thus resulting in the method that provides lower abundance of 

metabolites, both individual and global. Taking into account all the studied effects, it can 

be say that, under the evaluated conditions, the best method for simultaneous extraction of 

all types of the studied metabolites from citrus fruits is that based on the use of US energy.  
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Effect of sample pretreatment on the extraction 

of lemon (Citrus limon) components 

 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote and María D. Luque de 

Castro 

 

Abstract 

A study on the key role of lemon sample pretreatment on the analytical results is 

here presented. The objective of the study was to analyze the differences between extracts 

obtained from lyophilized and air-dried samples —the most common sample pretreatment 

in citrus studies—; also in comparison with extracts from fresh samples. All the extracts 

were obtained with ultrasound assistance and analyzed by LC–QTOF MS/MS. The dataset, 

constituted by 74 tentative identified metabolites, was first evaluated by ANOVA, which 

showed significant differences in the concentration of 44 out of 74 metabolites (p≤0.01). 

Also, the pairwise mean comparison (Tukey HSD, p≤0.01) revealed that the concentration 

of metabolites in the extracts from fresh and air-dried samples was quite similar and 

differed from that in lyophilized samples. On the other hand, application of principal 

component analysis (PCA) showed a clear discrimination between pretreatments, 

explaining 86.20% of the total variability. The results of this study suggest that the main 

differences between extracts could be attributed to the effect of freezing or heating on 

metabolic pathways, and not only to thermolability of the compounds. 

 

Keywords: Sample pretreatment, Ultrasound-assisted extraction, LC–QTOF MS/MS, 

Citrus fruits 
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1. Introduction 

Citrus represent one of the most important crops of fruit trees in the world, with 

an estimated annual production of 115.5 million tons, distributed in more than 100 

countries, mainly in tropical regions [1]. These fruits are commonly recognized by their 

high content in vitamin C and the refreshing scent of their essential oils, but also because 

their great number of bioactive compounds —e.g. flavonoids, coumarins, phenolic acids, 

limonoids and vitamins—, which play a key role as nutraceuticals [2]. These are the reasons 

why citrus components are highly appreciated for both maintenance of human health and 

industrial applications, mainly in the pharmaceuticals, food and cosmetics industries [3,4].  

Most studies on bioactive compounds in citrus have focused on few metabolites or 

on a specific class of compounds. Nowadays, special attention has been paid to flavonoids 

thanks to their antioxidant, anti-inflammatory and radical-scavenging properties, 

associated to lowering the risks for different types of cancer and cardiovascular diseases 

[5]; however, other compounds found in citrus fruits such as coumarins have also 

demonstrated interesting bioactive properties like antibacterial and anti-inflammatory 

activity, and as hepatoprotective and anticancer agents [6–8]. The interest in these 

compounds has promoted research on extraction, identification, purification and on their 

bioactive properties.  

Despite the large number of publications on the extraction of citrus components, 

only few of them have evaluated the effect of sample pretreatment on the characterization 

of this sample. Thus, sample conditioning is usually carried out by dehydration, being 

lyophilization and air-drying the most used methods. Lyophilization protects thermolabile 

compounds and minimizes exposure to oxygen, which can produce undesirable oxidation 

reactions; however, lyophilization can lead to volatiles losses and it is also a relatively 

expensive drying process. Air-drying is cheaper, but the sample is exposed to heat and air 

for long time intervals [9]. Most of the studies on sample pretreatment have focused on the 

effect of different air-drying intervals and temperatures on the extracts —particularly on 

phenolic compounds—, and the results have been typically compared with fresh or 

lyophilized samples [10,11].   

In an attempt to deeper understanding the effect of sample pretreatment on the 

extraction of natural products, the present research was devoted to evaluate the effect of 

sample pretreatment (lyophilized, air-dried and fresh samples) on the extraction of polar 
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compounds from citrus lemon. The resulting dataset was composed of 74 tentatively 

identified metabolites, which were globally, grouped in families, or individually analyzed. 

 

2. Experimental 

2.1 Samples 

Edible lemons (Citrus lemon) were purchased in a local market in Córdoba, Spain 

(January, 2014). The fruits were washed, cut in slices, lyophilized or air-dried at 45 °C to 

constant weight and finally grinded (particle diameter ≤ 0.5 mm). The powder was stored 

in the dark at –20 °C until use. Fresh lemons were ground in a blender until obtaining a 

homogenous sample, which was immediately subjected to extraction.  

2.2 Reagents 

All solvents were LC grade or higher when required. Ethanol and formic acid were 

from Scharlab (Barcelona, Spain); acetonitrile and methanol from Fluka (Buches, 

Switzerland). Deionized water (18 MΩ•cm) from a Millipore Milli-Q water purification 

system (Bedford, MA, USA) was used to prepare the mobile chromatographic phases and 

extractant mixtures. 

2.3 Apparatus and instruments 

The ultrasound assisted extracts were obtained by a Branson 450 digital sonifier 

(20 kHz, 450 W) equipped with a cylindrical titanium-alloy probe (12.70 mm diameter). 

The analytical equipment consisted of an Agilent 1200 series LC coupled to an electrospray 

ionization source and a quadrupole–time of flight detector 6540 Agilent QTOF (LC–QTOF 

MS/MS). 

2.4 Metabolites extraction 

Lemon samples (1 g dry weight each) were extracted by 20 mL of 53% of ethanol in 

water for 5 min with ultrasound assistance (70% amplitude and 0.9 s/s duty cycle). The 
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extraction method was previously developed by the authors using a desirability model to 

maximize the concentration of ten major compounds in the extracts from lemon [12]. 

2.5 LC–QTOF MS/MS analysis 

Chromatographic separation of the extract components was performed by using an 

Inertsil ODS-2 C18 analytical column (250×4.6 mm i.d. 5 µm particle) from Análisis 

Vínicos (Tomelloso, Ciudad Real, Spain). The injection volume was 10 µL, and the mobile 

phases were 0.1% of formic acid in deionized water (phase A) and acetonitrile (phase B) at 

a constant flow rate of 1 mL/min. The gradient was as follows: 4% to 10% B in 5 min; change 

from 10% to 25% B in 30 min; from 25% to 100% B in 15 min and constant 100% B for 5 

min more. After analysis, the column was equilibrated to the initial conditions within 5 

min. The dual ESI source operated in both positive and negative ionization modes under 

the following conditions: nebulizer gas at 40 psi, drying gas flow rate and temperature at 

12 L/min and 325 °C, respectively. The capillary voltage was set at 3500 V, while the 

fragmentor, skimmer, and octapole voltages were fixed at 130, 65, and 750 V, respectively. 

The data were acquired in centroid mode in the extended dynamic range (2 GHz). Full scan 

was carried out at 6 spectra/s within the m/z range of 40–1700, with subsequent activation 

of the three most intense precursor ions (allowed charge: single or double) by MS/MS using 

a collision energy of 20 eV and 40 eV at 3 spectra/s within the m/z range 30–1700. An 

active exclusion window was programmed after the first spectrum and released after 0.75 

min to avoid repetitive fragmentation of the most intense precursor ions, thus increasing 

the detection coverage. To assure the desired mass accuracy of recorded ions, continuous 

internal calibration was performed during analyses with the use of signals at m/z 121.0509 

(protonated purine) and m/z 922.0098 [protonated hexakis (1H, 1H, 3H-tetrafluoro-

propoxy) phosphazine or HP-921] in the positive ion mode; and m/z 112.9856 

(trifluoroacetic acid anion) and m/z 1033.9881 (HP-921) in the negative ion mode. 

2.6 Data processing 

MassHunter Workstation software (version B6.00 Profinder, Agilent 

Technologies, Santa Clara, CA, USA) was used to process the data obtained by LC–QTOF 

in auto MS/MS mode. Treatment of the raw data file started by extraction of potential 

molecular features (MFs) with the applicable algorithm included in the software. The 

recursive extraction algorithm considered all ions exceeding 5000 and 10000 counts as 
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cut-off in both positive and negative modes, respectively. Additionally, the isotopic 

distribution to consider a molecular feature as valid should be defined by two or more ions 

(with a peak spacing tolerance of 0.0025 m/z, plus 10.0 ppm in mass accuracy). Apart from 

[M+H]+ and [M–H]– ions, adducts formation in the positive (Na+) and negative ionization 

(HCOO–, Cl–) modes, as well as neutral loss by dehydration were included to identify 

features corresponding to the same potential metabolite. Thus, ions with identical elution 

profiles and related m/z values (representing different adducts or isotopes of the same 

compound) were extracted as entities characterized by their retention time (RT), intensity 

in the apex of the chromatographic peaks and accurate mass. Background contribution was 

removed by subtraction of MFs linked to the blank. Then, the recursion step assured correct 

integration of the entities in all analyses. Raw data files containing the area for each entity 

characterized by m/z and RT were created in compound exchange format (.cef files) for 

each analysis and exported into the Mass Profiler Professional (MPP) software package 

(version 2.0, Agilent Technologies, Santa Clara, CA, USA) for further processing. 

Normalization by logarithmic transformation (log2) was used as pre-processing step. 

Statistical analysis included the ANOVA test applied to find the number of significant 

flavonoids (p≤0.01), and pairwise combinations (Tukey HSD) to identify equal 

concentration of flavonoids between extraction methods. Also, unsupervised analysis by 

Principal Component Analysis (PCA) was used to find out the main source of variability in 

the data set and detect clusters. 

Once all MFs were extracted and aligned, the software MassHunter Qualitative was 

used for the targeted extraction of MS/MS information associated to the monitored MFs in 

the whole set of analyses. This information was used for tentative identification of 

metabolites by searching in the METLIN MS and MS/MS (http:/metlin.scripps.edu), 

MassBank MS/MS (http://www.massbank.jp) and ReSpect MS/MS 

(http://spectra.psc.riken.jp) databases.  

 

3. Results and discussion 

The effect of sample pretreatment on the extract composition was studied by 

comparison of two dehydration methods (lyophilization and air-drying) between them and 

the extracts from fresh samples. The extracts obtained under suited conditions were 
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analyzed by LC–QTOF MS/MS for identification of as much compounds as possible. 

Tentative identification of 74 metabolites (28 flavonoids, 6 phenolic acids, 7 coumarins, 5 

carboxylic acids, 6 sugars, 14 amino acids and other 8 compounds from different classes), 

which constituted the dataset for analysis, was achieved by comparison between 

experimental MS/MS information and that stored in the mentioned databases. 

Identification parameters for all metabolites in the dataset have previously been discussed 

by the authors [13], and are shown in Supplementary Table 1. The effect of sample 

pretreatment on the identified metabolites was evaluated by ANOVA test, pairwise 

comparisons (Tukey HSD, p≤0.01) and PCA. In addition to the results discussed below, the 

results from complete ANOVA set for individually identified metabolites are listed in 

Supplementary Table 2. 

3.1 Effect of the sample pretreatment on the composition of the extracts from lemon 

The effect of sample pretreatment on the different classes of compounds extracted 

from lemon was evaluated by ANOVA, which showed that differences in the concentration 

of 44 out of 74 identified metabolites were significant (p≤0.01). Also, the pairwise means 

comparison (Tukey HSD, p≤0.01) revealed that the concentration of 42 and 40 out of 74 

total metabolites in extracts from air-dried and fresh samples, respectively, were different 

from that provided by lyophilized samples; while the comparison between extracts from 

air-dried and fresh samples showed 24 out of 74 metabolites with significantly different 

concentration.  

An unsupervised analysis by PCA was applied to compare the metabolite profile in 

the extracts provided by samples subjected to different pretreatments. The scores plot (Fig. 

1A) shows a clear discrimination between the obtained profiles: the extracts from 

lyophilized samples are clearly discriminated from the rest along component 1 (PC1), while 

the extracts from both fresh and air-drying samples are discriminated along component 2 

(PC2). The PCA explains 86.20% (PC1 = 61.14% and PC2 = 25.06%) of the total variability 

in the 2D-plot. The loadings plot shows that the flavonoids have a great influence on the 

separation along PC1, while amino acids are more influential on PC2.  

The identified metabolites were grouped according to their chemical 

characteristics, for a clear discussion of the effect of sample pretreatment on the 

composition of the extracts. 
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Fig. 1. Scores (A) and loadings (B) of PCA plots comparing the different sample pretreatments for 

extraction of lemon components. 

3.2 Effect of sample pretreatment on the abundance of flavonoids 

Depending on their chemical structure, flavonoids are classified into six subclasses: 

flavonones, flavones, flavonols, flavans, isoflavones and anthocyanidins. Citrus fruits are 

rich in flavonoids mainly belonging to the first three subclasses [14]. Flavanones, 

synthesized from chalcones by chalcone isomerase [15], are the most abundant flavonoids 

in citrus. Flavones are synthesized from flavanones, their direct biosynthetical precursors, 

by abstraction of two hydrogen atoms, mainly catalyzed by flavone synthase; while 

flavonols come from flavanones by a two-step synthesis which starts with hydroxylation 

catalyzed by a flavonone hydroxylase, followed by dehydrogenation catalyzed by a flavonol 

synthase [16]. In this study, tentative identification of 28 flavonoids has been carried out 

with the following results: eight flavanone derivatives from hesperetin, naringenin and 

eriodictyol; eleven flavone derivatives from luteolin, apigenin and diosmetin; and nine 

flavanols, mainly quercetin and limocitrin derivatives. The results of the ANOVA test and 

the pairwise comparison of pretreatments (Tukey HSD, p≤0.01) for all individual 

flavonoids showed significant differences in abundance of these compounds. In agreement 

with the results from Martens in 2005 [16], flavanones was the most abundant subclass of 

flavonoids in lemon, being neohesperidin and neoeriocitrin the most concentrated in all 

extracts —both were significantly more concentrated in extracts from lyophilized samples. 

Concerning to flavones subclass, the most abundant of these compounds were neodiosmin 

and luteolin-neohesperidoside, synthesized from neohesperidin and neoeriocitrin, 

respectively. Neodiosmin was significantly more concentrated in the extracts from 

lyophilized samples, followed by air-dried samples. On the other hand, luteolin-

neohesperidoside did not show significantly differences in its concentration in the extracts 
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from lyophilized or air-dried samples; while the extracts from fresh samples were less 

concentrated in flavones than the others. In the case of flavanols, the most abundant were 

limocitrol and limocitrin, both linked to glucose and 3-hydroxy-3-methyl-glutaryl. These 

compounds were more concentrated in extracts from air-dried samples, followed by those 

from fresh and then from lyophilized samples. Fig. 2A shows the abundance of the two 

major flavonoids from each class. Independently of the sample pretreatment, all extracts 

were rich in flavanones, followed by flavones, and being flavanols the lowest concentrated. 

However, there is not agreement among extracts from different pretreatments in the mean 

abundance of each subclass, as can be seen in Fig. 2B: the extracts from lyophilized samples 

provided higher amounts of flavanones and flavones than both air-dried and fresh samples, 

but lower of flavanols. This behavior can be explained by both the characteristics of each 

sample pretreatment and the flavonoids pathways. In the lyophilization procedure the 

sample is frozen and kept at –80 °C for dehydration, thus causing a significant decrease in 

the enzymatic activity from the beginning of dehydration. On the contrary, during the air-

drying procedure the sample is heat up to 45 °C, conditions that accelerate the enzymatic 

activity until the water activity is low enough to stop biocatalysis. Finally, the lowest 

concentration of flavonoids yielded by fresh samples is explained by the easier mass 

transfer involved in solid–liquid extraction of dried and milled materials [9]. 

3.3 Effect of the sample pretreatment on the extraction of phenolic acids 

Phenolic acids can be divided into two subgroups of derivatives: those from 

hydroxybenzoic acid (C6-C1) and those from hydroxycinnamic acid (C6-C3) [17]. Three 

hydroxybenzoic acid glucosides were tentative identified in this study (all of them found at 

different retention times), as well as 3 dihydroferulic acid derivatives involving glucoside, 

diglucoside and glucose-3-hydroxy-3-methyl-glutaryl as substituents. Independly of 

sample pretreatment, the most concentrated phenolic acids were dihydroferulic acid 

glucoside, followed by hydroxybenzoic acid glucoside (RT, 9.87 min). Then, the ANOVA 

test showed significantly greater concentration for 4 out of 6 phenolic acids in extracts from 

air-dried samples, including the most abundant two. On the other hand, extracts from 

lyophilized samples were most concentrated in dihydroferulic acid diglucoside and 

hydroxybenzoic acid glucoside (RT, 7.62 min).  
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Fig. 2. (A) Effect of the pretreatment methods on the concentration of the two most abundant 

flavanones, flavones and flavanols, bars with different letter for the same flavonoid are significantly 

different (Tukey HSD, p≤0.01); (B) effect of the pretreatment on the total abundance of flavanones, 

flavones and flavanols. *glucoside-3-hydroxy-3-methyl- glutaryl. 

3.4 Effect of sample pretreatment on the extraction of coumarins 

Coumarins are phenolic derivatives from cinnamic acid characterized by the fusion 

of pyrone and benzene rings [18]. Several reports indicate that this structure possesses the 

ability to regulate diverse cellular pathways, mainly related to some types of cancer [8]. The 

results of this study show an evident effect of pretreatment on the extraction of this class of 

compounds. While in extracts from air-dried samples 7 coumarins (bergamottin, two other 

furanocoumarin derivatives; citropten, scopoletin-rutinoside and two other scopoletin 

derivatives) were identified, 5 coumarins were only identified in extracts from fresh 

samples. This number was just reduced to 3 coumarins (bergamottin, citropten and 

scopoletin-rutinoside) in extracts from lyophilized samples. Taking into account the three 

coumarins identified in extracts from all pretreatments, the ANOVA test showed that the 

extracts from air-dried samples were significantly more concentrated in citropten and 

scopoletin-rutinoside than those from lyophilized and fresh samples. On the other hand, 

bergamottin did not provide significant differences in the extracts from air-dried and 

lyophilized samples. Similarly to the behavior proposed for flavonoids, the differences in 

the concentration of coumarins could be caused by the accelerated metabolism produced 

by increasing the temperature during air-drying pretreatment. The increased temperature 

could promote isomerization of coumarins yielding others that naturally do not occur in 

lemon. These results indicate that air-drying is the suited method, under the studied 

conditions, for extraction of coumarins. Fig. 3 shows the chromatographic peaks 
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corresponding to coumarins identified in the extracts from different sample pretreatment 

methods.  

3.5 Effect of the sample pretreatment on the extraction of amino acids 

Amino acids have a key role in the synthesis of proteins and also in that of a large 

number of other compounds like hormones or some phenolic compounds [19]. In this 

study, 14 amino acids, including essential amino acids tryptophan and phenylalanine (this 

last the main precursor in the synthesis of phenolic compounds [20]) were identified. The 

ANOVA test and the pairwise comparison (Tukey HSD, p≤0.01) revealed no significant 

differences between pretreatments in the extraction of both mentioned essential amino 

acids, as did also in the extraction of aspartic, pipecolic, glutamic acid and 3-amino-2-

naphthoic acids. Referring to sample pretreatment, the most abundant amino acid in the 

extracts was proline betaine, which was significantly more concentrated in extracts from 

air-dried samples, followed by extracts from lyophilized samples and lower in extracts from 

fresh samples. Generally, best results in the extraction of amino acids were achieved using 

air-dried samples: 12 out of 14 identified amino acids were significantly more concentrated 

in these extracts.  

3.6 Effect of the sample pretreatment on the extraction of carboxylic acids and sugars 

Sugars and carboxylic acids are among the most abundant compounds in citrus 

fruits, being highly responsible for the taste of fruits, and playing the latter a key role as 

stabilizers of phenolic compounds [21,22]. Sucrose, glucose and fructose were the most 

abundant sugars identified in this study. Concerning to these compounds, the results from 

ANOVA showed a significantly greater concentration for both sucrose and fructose in 

extracts from lyophilized samples, followed by extracts from air-dried samples. On the 

contrary, extracts for air-dried samples were richer in glucose than the others. In all three 

cases, the extracts from fresh samples possessed a lower concentration of sugars than those 

from dehydrated samples, which suggests that water in fresh samples causes interference 

in the extraction of these metabolites. On the other hand, citric acid was the most abundant 

carboxylic acid in lemons, followed by quinic and malic acids [21], which were significantly 

more abundant in extracts from air-dried samples. Concerning citric and malic acids, the 

lowest abundance was found in extracts from lyophilized samples (approximately 30% and 

40% less abundance, respectively) as compared to extracts from air-dried samples. On the 
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contrary, isocitric acid was significantly more concentrated in extracts from lyophilized 

samples than in those from the other sample pretreatments.  

 

Fig. 3. Chromatographic peaks of coumarins identified in extracts from (A) fresh, (B) lyophilized and 

(C) air-dried samples. 

 

4. Conclusions 

The study here reported shows a clear discrimination among the most used sample 

pretreatment procedures for subsequent extraction of metabolites from citrus fruits. 

Despite the common assumption that lyophilization is the best way for sample 

pretreatment because it prevents degradation of thermolabile compounds, the results 
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obtained for individual compounds show that it is not always true. The suitability of each 

method depends on the target metabolite or family of metabolites to be extracted. Such is 

the case with the phenolic compounds identified in this work, which represent more than 

a half of the identified compounds. The results show that lyophilization is more suitable for 

extraction of flavanones or flavones; while air-drying was the best for flavanols. On the 

other hand, the most abundant phenolic acid in all samples was dihydroferulic acid 

glucoside, significantly more concentrated in extracts from both fresh and air-dried 

samples. The clearest effect of sample pretreatment was observed on the extraction of 

coumarins: while 7 of them were identified in extracts from air-dried samples, only 3 were 

identified in the extracts from lyophilized samples, which were also the most abundant in 

the extracts from air-dried samples. The results of this study suggest that the main 

differences between extracts could be attributed to the effect of freezing or heating of the 

samples on metabolic pathways, and not only to thermolability of the compounds. 
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Supplementary Table 1. Identification parameters —compound name, formula, neutral 

mass, retention time (RT), precursor ion (m/z), adduct formed and main product ions 

(m/z)— for the 74 compounds tentatively identified. 

 

 

 

 

Compound name Formula Neutral mass RT 
Precursor  

ion (m/z) 
Adduct Main m/z product ions 

Flavanones 

Eriocitrin C27H32O15 596.1740 20.88 597.1811 [M+H]+ 289.0699 153.0179 163.0390 

Eriodictyol-Glu-Rha-Glu C33H42O20 758.2265 21.47 757.2200 [M-H]- 287.0541 449.1067 595.1663 

Neoeriocitrin C27H32O15 595.1674 27.30 597.1811 [M-H]- 287.0537 151.0120 459.1135 

Naringin C27H32O14 580.1782 32.48 579.1717 [M-H]- 271.0590 151.0003 119.0474 

Hesperidin C28H34O15 610.1884 33.42 609.1818 [M-H]- 301.0697 325.0687 343.0822 

Hesperetin C16H14O6 302.0801 34.76 303.0866 [M+H]+ 153.0181 177.0541 117.0349 

Hesperetin-7-O-rhamnoside C22H24O10 448.1368 34.85 449.1442 [M+H]+ 303.0858 177.0545 153.0183 

Neohesperidin C28H34O15 610.1893 35.04 609.1827 [M-H]- 301.0703 325.0707 125.0183 

Flavones 

Apigenin-Glu-Rha-Glu C33H40O19 786.2218 22.77 785.2085 [M+FA-H]- 269.0424 577.1554 431.0949 

Luteolin-Rut-Glu C33H40O20 756.2105 23.01 755.2041 [M-H]- 285.0385 593.1509  

Homoorientin C21H20O11 448.0992 25.34 447.0908 [M-H]- 357.0591 327.0478 297.0367 

Vitexin -O-xyloside C26H28O14 564.1471 28.15 563.1396 [M-H]- 293.0422 59.0121 311.0516 

Luteolin-Glu-Rha C27H30O15 594.1583 29.61 595.1659 [M+H]+ 287.0552 449.1074  

Luteolin-Neo C27H30O15 594.1583 29.85 593.1507 [M-H]- 285.0382 284.0293 151.0005 

Diosmetin-Glu C22H22O11 462.1146 31.20 497.0871 [M+Cl]- 461.1071 341.0631 298.0458 

Rhoifolin C27H30O14 578.1623 34.11 577.1555 [M-H]- 269.0435 311.0527 85.0270 

Diosmin C28H32O15 608.1729 34.90 607.1657 [M-H]- 299.0537 284.0282 301.0697 

Neoiosmin C28H32O15 608.1745 35.99 607.1663 [M-H]- 299.0527 284.0285 509.9860 

Diosmetin-Glu-Rha C28H32O15 608.1744 39.79 609.1819 [M+H]+ 301.0706 463.1233 153.0182 

Flavanols 

Quercetin-Glu-Rha-Glu C33H40O21 772.2055 17.26 771.1984 [M-H]- 609.1442 462.0776 341.0449 

Rutin C27H30O16 610.1528 29.70 609.1456 [M-H]- 300.0247 301.0330 271.0259 

Limocitrin-Neo C29H34O17 654.1790 33.36 653.1723 [M-H]- 345.0577 330.0332 301.0684 

Spinacetin-Glu-HMG-Glu C35H42O22 814.2166 33.52 813.2046 [M-H]- 651.1548 549.1258 345.0579 

Limocitrin-Glu-HMG-Glu C35H42O22 814.2167 33.98 813.2046 [M-H]- 651.1548 549.1258 345.0579 

Isorhamnetin-3-O-neohesperidoside C28H32O16 624.1678 34.32 623.1631 [M-H]- 315.0491 300.0238 271.0202 

Limocitrol-Glu-HMG C18H16O9 682.1744 37.60 681.1630 [M-H]- 375.0699 360.0472 537.1240 

Limocitrin-HMG-Glu C29H32O17 652.1640 37.80 651.1566 [M-H]- 345.0593 549.1233 507.1117 

Quercetin-3-O-neohesperidoside C27H30O16 610.1885 39.74 609.1844 [M-H]- 301.0691 151.0023  

Phenolic acids 

Hydroxybenzoic-Glu C13H16O8 300.0823 7.62 299.0757 [M-H]- 137.0215 93.0324  

Hydroxybenzoic-Glu C13H16O8 300.0848 9.44 301.0918 [M+H]+ 139.0389 121.0285  

Hydroxybenzoic-Glu C13H16O8 300.0822 9.87 299.0744 [M-H]- 137.0208 93.0319  

Dihydroferulic acid-Glu-Glu C10H12O4 520.1779 16.75 519.1310 [M-H]- 195.0628 151.0733 357.1164 

Dihydroferulic acid-Glu C16H22O9 358.1253 22.78 357.1160 [M-H]- 195.0637 151.0734 136.0498 

Dihydroferulic acid-HMG-Glu C22H30O13 502.1673 30.12 501.1590 [M-H]- 195.0629 357.1169 151.0724 
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Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; HMG, 3-hydroxy-3-methyl-glutaryl; UDP, uridine diphosphate; RT, retention time. 

Compound name Formula Neutral mass RT 
Precursor  

ion (m/z) 
Adduct Main m/z product ions 

Coumarins 

Scopoletin-Rut C22H28O13 500.1495 16.45 545.1494 [M+Cl]- 191.0315 176.0084 148.0137 

Citropten C11H10O4 206.0583 41.78 207.0657 [M+H]+ 192.0415 164.0467 121.0646 

Coumarin (Scopoletin derivative) C20H24O4 328.2614 43.35 329.1745 [M+H]+ 193.0487 137.0591 109.0649 

Coumarin (Scopoletin derivative) C20H24O4 328.2613 44.28 329.1745 [M+H]+ 193.0487 137.0591 109.0649 

Bergamottin C21H22O4 338.1516 44.29 339.1589 [M+H]+ 203.0336 175.0382 147.0438 

Furanocoumarins C17H18O7 334.2716 44.58 335.1290 [M+H]+ 231.0291 203.0343 175.0388 

Furanocoumarins C21H22O4 338.1518 44.97 339.1591 [M+H]+ 203.0335 81.0696 147.0455 

Carboxylic acids 

Galactaric acid C6H10O8 210.0346 3.13 209.0268 [M-H]- 85.0289 71.0139 59.0135 

Quinic acid C7H12O6 192.0634 3.17 191.0562 [M-H]- 85.0272 93.0323 59.0122 

Malic acid C4H6O5 134.0213 3.63 133.0139 [M-H]- 71.0117 72.9911 115.0011 

Isocitric acid C6H8O7 192.0267 3.70 191.0194 [M-H]- 111.0060 85.0272 73.0274 

Citric acid C6H8O7 192.0245 5.08 191.0172 [M-H]- 111.0063 87.0067 85.0273 

Sugars 

Glucose C6H12O6 180.0640 2.78 179.0559 [M-H]- 59.0115 71.0114 43.0186 

Sucrose C12H22O11 342.1159 2.88 341.1069 [M-H]- 59.0121 71.0117 89.0217 

Fructose C6H12O6 180.0603 3.25 179.0557 [M-H]- 59.0123 71.0109 75.0058 

Disaccharide C12H22O11 342.1140 3.33 341.1046 [M-H]- 149.0413 59.0105 89.0204 

Glucose 6-phosphate C6H13O9P 260.0273 4.17 259.0200 [M-H]- 96.9670 78.9559 138.9764 

UDP-glucose C15H24N2O17P2 566.0544 8.33 565.0472 [M-H]- 323.0260 384.9866 402.9914 

Amino acids 

L-Arginine C6H14N4O2 174.112 1.94 175.119 [M+H]+ 70.0658 60.0563 130.095 

DL-Proline C5H9NO2 115.063 2.08 116.071 [M+H]+ 70.0662 68.0496 53.0384 

Dimethylglycine C4H9NO2 103.064 2.15 104.071 [M+H]+ 58.066 42.0343 44.05 

L-Alanine C3H7NO2 89.0472 2.47 90.0545 [M+H]+ 44.0496 44.9976 42.0341 

L-Asparagine C4H8N2O3 132.053 2.51 133.06 [M+H]+ 74.024 84.0448 87.554 

Glutamic acid C5H9NO4 147.051 2.61 148.06 [M+H]+ 84.0395 56.045 102.049 

L-Aspartic Acid C4H7NO4 133.035 2.67 134.045 [M+H]+ 88.0385 * 74.0236 70.0284 

DL-Proline C5H9NO2 115.064 2.78 116.071 [M+H]+ 70.0658 43.0547  

DL-pipecolic acid C6H11NO2 129.079 2.90 130.087 [M+H]+ 84.0815 56.0501 55.0548 

L-Proline betaine C7H13NO2 143.095 3.01 144.103 [M+H]+ 102.055 84.0819 58.07 

L-Tyrosine C9H11NO3 181.074 4.75 182.081 [M+H]+ 165.054 147.029 136.076 

L-Phenylalanine C9H11NO2 165.079 6.81 166.087 [M+H]+ 120.081 103.054 93.0701 

3-amino-2-naphthoic acid C11H9NO2 187.064 9.14 188.071 [M+H]+ 115.054 142.066  

L-Tryptophan C11H12N2O2 204.09 9.64 205.098 [M+H]+ 118.065 146.059 159.092 

Others 

Choline C5H14NO 103.1002 2.12 104.1075 [M+H]+ 60.0819 45.0339 58.0661 

Glycerophosphocholine C8H21NO6P 257.1031 2.70 258.1104 [M+H]+ 124.9994 104.1070 86.0971 

N-Acetylornithine C7H14N2O3 174.1004 2.80 173.0924 [M-H]- 131.0796 58.0277 83.0586 

Trigonelline C7H8NO2 137.0480 2.81 138.0553 [M+H]+ 94.0654 92.0498 78.0341 

Adenosine C10H13N5O4 267.0969 3.71 268.1042 [M+H]+ 136.0569 119.0267 69.0332 

5'-Methylthioadenosine C11H15N5O3S 297.0898 8.69 298.0971 [M+H]+ 136.0616 119.0350  

1-O-Sinapoyl beta-D-glucoside C17H22O10 386.1196 18.65 385.1127 [M-H]- 205.0488 190.0293 175.0006 

Limonin C26H30O8 470.1943 30.02 471.2016 [M+H]+ 425.1966 161.0594 367.1891 
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Supplementary Table 2. Average abundance (peak area) and pairwise comparison 

(Tukey HSD, p≤0.01) of the compounds identified in the extracts from different sample 

pretreatments. Values with different letter for the same compound (same row) are 

significantly different (Tukey HSD, p≤0.01).  

Compound Fresh Lyophilized Air-dried 

Flavanones 

Eriocitrin 0.69±0.007 b 0.98±0.056 a 0.71±0.014 b 

Neoeriocitrin 116.51±2.129 c 158.65±7.456 a 132.81±2.17 b 

Eriodictyol-Glu-Rha-Glu 6.26±0.174 b 8.77±0.257 a 6.31±0.355 b 

Hesperidin 1.57±0.074 b 2.04±0.062 a 2±0.071 a 

Neohesperidin 110.66±4.409 b 254.53±24.215 a 113.63±1.006 b 

Hesperetin-7-O-rhamnoside 10.71±2.063 b 18.13±2.622 a 7.48±0.314 b 

Hesperetin 5.37±1.029 b 8.59±1.236 a 3.71±0.127 b 

Naringin 5.81±0.403 a 6.83±0.579 a 5.81±0.476 a 

Flavones 

Luteolin-Rut-Glu 0.67±0.009 b 2.6±0.294 a 0.69±0.014 b 

Luteolin-Neo 21.97±0.893 b 25.37±0.961 a 26.6±1.68 a 

Luteolin-Glu-Rha 15.29±0.757 b 44.39±3.623 a 15.68±0.45 b 

Rhoifolin 5.72±0.483 b 12.43±1.965 a 5.5±0.395 b 

Vitexin -O-xyloside 2.74±0.043 c 3.44±0.108 a 3.07±0.12 b 

Apigenin-Glu-Rha-Glu 1.07±0.047 b 3.62±0.271 a 1.1±0.023 b 

Diosmin 0.77±0.025 b 0.94±0.043 a 1.02±0.091 a 

Neodiosmin 14.33±1.084 c 52.65±1.586 a 19.12±1.457 b 

Diosmetin-Glu-Rha 2.83±2.147 a, b 5.29±1.005 a 0.42±0.023 b 

Homoorientin 1.06±0.094 a 1.16±0.056 a 1.02±0.045 a 

Diosmetin-Glu 7.71±0.279 b 8.07±0.171 a, b 8.77±0.707 a 

Flavanols 

Limocitrin-Glu-HMG-Glu 6.34±0.414 b 6.88±0.197 a,b 7.29±0.214 a 

Spinacetin-Glu-HMG-Glu 6.81±0.534 b 8.08±0.319 a 7.83±0.526 a, b 

Quercetin-Glu-Rha-Glu 1.04±0.023 b 0.76±0.021 c 1.17±0.07 a 

Limocitrol-Glu-HMG 22.62±2.647 b 5.69±0.192 c 27.71±2.789 a 

Limocitrin-Neo 1.26±0.055 b 1.53±0.022 a 1.63±0.126 a 

Limocitrin-HMG-Glu 16.01±0.785 b 4.64±0.121 c 19.86±1.149 a 

Isorhamnetin-3-O-neohesperidoside 2.1±0.055 b 1.55±0.038 c 2.58±0.154 a 

Quercetin-3-O-neohesperidoside 0.37±0.053 b 5.04±0.543 a 0.28±0.019 b 

Rutin 4.18±0.126 b 2.69±0.083 c 4.92±0.41 a 

Phenolic acids 

Dihydroferulic acid-Glu-Glu 0.9±0.047 c 1.36±0.036 a 1.2±0.069 b 

Dihydroferulic acid-HMG-Glu 1.4±0.218 a 0.97±0.007 b 1.53±0.09 a 

Hydroxybenzoic-Glu (RT, 9.44 min) 1.33±0.093 b 0.62±0.01 c 1.54±0.062 a 
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Hydroxybenzoic-Glu (RT, 7.62 min) 0.76±0.041 c 1.44±0.053 a 0.9±0.069 b 

Hydroxybenzoic-Glu (RT, 9.87 min) 5.32±0.263 b 2.08±0.049 c 6.39±0.329 a 

Dihydroferulic acid-Glu 28.53±3.601 a 15.35±0.967 b 33.13±2.551 a 

Coumarins 

Furanocoumarins 0.26±0.009 b ND 0.33±0.011 a 

Bergamottin 0.77±0.034 b 1.1±0.172 a 1.06±0.168 a, b 

Furanocoumarins 0.51±0.013 a ND 0.12±0.002 b 

Coumarin (Scopoletin derivative) ND ND 0.69±0.062 

Coumarin (Scopoletin derivative) ND ND 0.41±0.03 

Scopoletin-Rut 2.97±0.4 b 2.26±0.079 b 3.82±0.361 a 

Citropten 6.5±0.237 b 6.91±0.232 b 9.03±0.667 a 

Amino acids 

L-Tyrosine 3.26±0.32 b 2.98±0.194 b 4.86±0.221 a 

L-Tryptophan 5.61±0.797 a 4.61±0.17 a 5.96±0.974 a 

L-Arginine 1.98±0.021 a 0.95±0.041 b 2.37±0.306 a 

L-Phenylalanine 14.04±1.622 a 16.2±0.285 a 15.85±0.313 a 

L-Proline betaine 76.41±1.025 c 125.24±3.219 b 143.12±3.574 a 

L-Aspartic acid 11.39±1.202 a 10.83±0.622 a 12.77±1.198 a 

L-Asparagine 22.31±0.531 a 17.38±0.496 b 18.96±1.731 b 

DL-Proline 46.97±1.322 b 43.34±0.836 c 53.29±0.566 a 

DL-Proline 2.72±0.297 b 3.65±0.086 a 3.33±0.186 a 

Dimethylglycine 7.5±0.098 c 10.65±0.301 a 8.6±0.561 b 

L-Alanine 8.61±0.147 a 7.26±0.037 b 9.47±0.681 a 

DL-Pipecolic acid 8.54±0.393 a 9.35±0.347 a 7.67±4.386 a 

Glutamic acid 20.16±1.379 a 21.76±2.353 a 21.69±1.653 a 

3-Amino-2-naphthoic acid 2.76±0.227 a 2.39±0.133 a 2.27±0.414 a 

Carboxylic acids 

Quinic acid 49.73±3.018 b 54.72±2.192 b 60.57±1.056 a 

Citric acid 323.35±23.439 b 280.12±12.236 c 414.31±9.497 a 

Isocitric acid 3.73±0.183 c 11.17±0.37 a 5.73±0.233 b 

Galactaric acid 14.53±1.443 a 4.97±0.397 b 15.02±1.407 a 

Malic acid 46.89±2.951 b 34.56±1.893 b 57.68±1.418 a 

Sugars 

Sucrose 50.68±0.77 c 73.77±4.039 a 59.21±2.814 b 

Dicaccharide 0.52±0.029 b 2.22±0.193 a 0.35±0.01 b 

Glucose 20.72±0.842 b 19.99±1.281 b 23.37±0.34 a 

Fructose 7.01±0.227 b 9.63±0.648 a 6.15±0.245 b 

UDP-Glucose 2.74±0.445 c 9.79±0.39 a 3.78±0.07 b 

Glucose 6-phosphate 5.77±0.606 b 12.35±0.636 a 5.18±0.118 b 
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Others 

Limonin 3.98±0.457 a 1.21±0.025 b 4.47±0.349 a 

1-O-Sinapoyl beta-D-glucoside 9.7±0.718 a 9.13±0.262 a, b 8.32±0.12 b 

5'-Methylthioadenosine 0.49±0.031 c 2.34±0.131 a 0.77±0.012 b 

Adenosine 5.68±0.539 b 1.78±0.109 c 7.18±0.195 a 

Glycerophosphocholine 6.93±0.314 a 6.55±0.35 a, b 6.18±0.327 b 

N-Acetylornithine 2.38±0.149 a 2.33±0.128 a 2.22±0.098 a 

Choline 23.83±2.182 b 32.08±2.059 a 21.53±1.205 b 

Trigonelline 6.08±0.132 a 4.61±0.099 c 5.27±0.137 b 

Values are mean±standard deviation ×106 (n = 4).  

Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; HMG, 3-hydroxy-3-methyl-glutaryl; UDP, uridine 

diphosphate; RT, retention time; N/D, No detected. 
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Comparative study of the effect of sample 

pretreatment and extraction on the 

determination of flavonoids from lemon (Citrus 

limon) 

 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote and María D. Luque de 

Castro 

 

Abstract 

Background 

Flavonoids have shown to exert multiple beneficial effects on human health, being 

also appreciated by both food and pharmaceutical industries. Citrus fruits are a key source 

of flavonoids, thus promoting studies to obtain them. Characteristics of these studies are 

the discrepancies among sample pretreatments and among extraction methods, and also 

the scant number of comparative studies developed so far. 

Objective 

Evaluate the effect of both the sample pretreatment and the extraction method on 

the profile of flavonoids isolated from lemon.  

Results 

Extracts from fresh, lyophilized and air-dried samples obtained by shaking 

extraction (SE), ultrasound-assisted extraction (USAE), microwave-assisted extraction 

(MAE) and superheated liquid extraction (SHLE) were analyzed by LC–QTOF MS/MS, and 

32 flavonoids were tentatively identified using MS/MS information. ANOVA applied to the 

data from fresh and dehydrated samples and from extraction by the different methods 

revealed that 26 and 32 flavonoids, respectively, were significant (p≤0.01). The pairwise 
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comparison (Tukey HSD, p≤0.01) showed that lyophilized samples are more different from 

fresh samples than from air-dried samples; also, principal component analysis (PCA) 

showed a clear discrimination among sample pretreatment strategies and suggested that 

such differences are mainly created by the abundance of major flavonoids. On the other 

hand, pairwise comparison of extraction methods revealed that USAE and MAE provided 

quite similar extracts, being SHLE extracts different from the other two. In this case, PCA 

showed a clear discrimination among extraction methods, and their position in the scores 

plot suggests a lower abundance of flavonoids in the extracts from SHLE. In the two PCA 

the loadings plots revealed a trend to forming groups according to flavonoid aglycones. 

Conclusions 

The present study shows clear discrimination caused by both sample pretreatments 

and extraction methods. Under the studied conditions, liophilization provides extracts with 

higher amounts of flavonoids, and USAE is the best method for isolation of these 

compounds, followed by MAE and SE. On the contrary, the SHLE method was the less 

favorable to extract flavonoids from citrus owing to degradation. 

 

Keywords: flavonoids; sample pretreatment; auxiliary energies; extraction; metabolites; 

citrus fruits. 

 

1. Introduction 

Flavonoids are compounds widely distributed in plants, giving place to beverages 

obtained from them (like wine, juice or beer) rich in these compounds. They are pigments 

responsible for the color and flavor of flowers and fruits [1]. Reports on the presence of 

flavonoids in citrus date since the forties of the past century [2], and their antioxidant 

properties, mainly as protectors of ascorbic acid in juices, are known and discussed since 

the sixties [3]. Nevertheless, it was not until the nineties when flavonoids started to reach 

importance thanks to the multiple beneficial effects on human health associated to their 

consumption. The numerous studies dealing with the bioactive properties of flavonoids 

have been mainly associated to the reduction of the risk of different types of cancer and 

cardiovascular diseases [4], and to their antioxidant, anti-inflammatory and radical-



 

Chapter VII 

 

Page | 239  

scavenging activity [5]. The latest investigations on the beneficial effects of flavonoids 

pointed out the actions of some of them, like quercetin, in anti-diabetic and anti-obesity 

treatments [6, 7], and as protectors of gastric epithelial cells [8]. In addition, flavonoids 

have shown anti-microbial effects which, linked to their antioxidant capacity, make them 

attractive for the food industry as natural preservatives or additives in functional foods [9]. 

Depending on their chemical structure, flavonoids are classified into six subclasses: 

flavonones, flavones, flavonols, flavans, isoflavones and anthocyanidins. Citrus fruits are 

rich in flavonoids [10] mainly belonging to the first three subclasses [11]. Taking into 

account that citrus cultivation is extended around the world, with an annual production of 

approximately 115 million tons [12], this fruit is a key source of these compounds. This is 

the reason why a large number of studies on extraction of citrus flavonoids, with or without 

assistance of any type of energy, has been carried out in the last two decades, mainly 

devoted to either establishing the total phenolic content (therefore, flavonoids being only a 

part of the pursued aim) or to the determination of a small number of flavonoids mainly 

based on liquid chromatography separation and molecular absorption detection [13]. Such 

is the case of the research by Ye et al. in 2011 [14] on identification of bioactive compounds 

from mandarins (viz. six flavonoids and seven phenolic acids); or that developed by Sdiri 

et al. in 2012 on the phenolic composition of mandarins restricted to thirteen flavonoids 

[15]. A more representative study on the composition of flavonoids in citrus is that reported 

by Abad-García et al. in 2012, who identified 45 flavonoids distributed among four varieties 

of fruits [16].  

The extraction of citrus components strongly depends on the previous sample 

treatment, aspect that has been scantly taken into account in previous studies. Despite the 

large number of publications dealing with extraction of citrus flavonoids, only in few of 

them different sample pretreatment methods were compared. Most of the studies, focused 

on the effect of different air-drying temperatures for sample dehydration on the 

abundances of flavonoids, suggested that high temperatures promote the cleavage of the 

glycosidic bond and release of the aglycone form [17, 18]. On the other hand, studies on 

extraction methods have been characterized either by using an overall method to quantify 

the extracted compounds or by monitoring a few individual flavonoids. Example of the 

former is the study by Dahmoune et al. in 2013, who optimized microwave-assisted 

extraction (MAE) and ultrasound-assisted extraction (USAE) methods and compared the 

extracts thus obtained with those provided by conventional shaking extraction (SE); but 
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always by monitoring the total phenolic content by the Folin–Ciocalteu method [19]. 

Similarly, García-Castello et al. in 2015, compared USAE and SE for both total phenolic 

content and total antioxidant activity and also quantified six flavonoids which were not 

used for comparisons [20]. 

In an attempt to clarify the effect of sample pretreatment (lyophilization, air-drying 

or blend) and auxiliary energies (ultrasound, microwaves or temperature+pressure) on the 

extraction of flavonoids from lemon (Citrus limon), the present research was aimed at 

establishing similarities/dissimilarities among the proposed methods by multivariate 

analysis, based on the profile of thirty two flavonoids tentatively identified in all the extracts 

from citrus. 

 

2. Materials and methods  

2.1 Samples 

Edible lemons (Citrus limon) were purchased in a local market in Córdoba, Spain 

(January, 2014). Specifications of the product: place of cultivation, Murcia, Spain; size, 53-

67 mm; preservative, imazalil. The fruits were washed, cut in slices, and either lyophilized 

or air-dried (45 °C) to constant weight and finally grinded (particle diameter≤0.5 mm). The 

powder was stored in the dark at –20 °C until use. Also, fresh lemons were ground in a 

blender to obtain a homogenous mixture and used immediately in all cases.  

2.2 Reagents 

All solvents were LC grade or higher when required. Ethanol and formic acid were 

from Scharlab (Barcelona, Spain); acetonitrile (ACN) and methanol from Fluka (Buches, 

Switzerland). Deionized water (18 MΩ•cm) from a Millipore Milli-Q water purification 

system (Bedford, MA, USA) was used to prepare the mobile chromatographic phases and 

extractant mixtures. 

2.3 Apparatus and instruments 

The reference extracts were obtained by shaking using a Vibromatic reciprocating 

shaker (Selecta, Barcelona, Spain). Ultrasound was applied by a Branson 450 digital 

sonifier (20 kHz, 450 W) equipped with a cylindrical titanium-alloy probe (12.70 mm 

diameter). Microwave assistance was provided by a focused microwave digester (200 W) 



 

Chapter VII 

 

Page | 241  

Microdigest 301 (Prolabo, Paris, France). Superheated liquid extractions were carried out 

by a laboratory-made dynamic extractor consisting of the following units: (a) an extractant 

supplier, (b) a high pressure pump (Shimadzu LD-AC10), which propels the extractant  

through the system, (c) a switching valve placed next to the pump to develop static 

extractions if required, (d) a stainless-steel cylindrical extraction chamber (550×10 mm 

inner diameter and 4.3 mL internal volume), where the sample is placed (this chamber is 

closed at both ends with screws whose caps contain cotton-made filters to ensure the 

sample is not carried away by the extractant), (e) a restriction valve to maintain the desired 

pressure in the system, (f) a cooler made of a stainless-steel tube (1 m length and 0.4 mm 

inner diameter) and refrigerated with water, and (g) a gas chromatograph oven (Konix, 

Cromatix KNK-2000), where the extraction chamber is placed and heated.  

The analytical equipment consisted of an Agilent 1200 series LC coupled to an 

electrospray ionization source and a quadrupole–time of flight detector 6540 Agilent Q–

TOF (LC–QTOF MS/MS). 

2.4 Extraction 

Lemon samples (1 g dry weight each) were extracted in 20 mL of solvent. Taking 

into account that flavonoids are polar/midpolar compounds, mixtures of ethanol and water 

are commonly used as extractants in order to obtain extracts useful for being used as food 

supplements [21]. The suited conditions for extraction of flavonoids by USAE (extraction 

time of 5 min; 60% ethanol in water; amplitude 70% and duty cycle of 0.8 s/s); MAE (6 

extraction cycles; 68% ethanol in water and 170 W); SHLE (15 min; 73% ethanol in water 

and 150°C) and shaking extraction (SE) (60 min and 60% ethanol in water), previously 

determined by the authors using a desirability study to maximize the concentration of five 

flavonoids abundant in lemon [22], were those used in the present study, which also used 

conventional SE to evaluate the effect of sample pretreatment on the flavonoid 

composition. The effect of USAE, MAE and SHLE on the extraction of flavonoids was 

compared using lyophilized lemon samples, for which the extracts, obtained in duplicate 

under the suited working conditions for each method, were used to obtain the flavonoids 

profile as provided by LC–QTOF MS/MS analysis. 
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2.5 LC–QTOF MS/MS analysis 

Chromatographic separation was performed by using an Inertsil ODS-2 C18 

analytical column (250×4.6 mm i.d. 5 µm particle) from Análisis Vínicos (Tomelloso, 

Ciudad Real, Spain). The injection volume was 10 µL, and the mobile phase was deionized 

water (A) and ACN (B), both with 0.1% of formic acid as ionization agent, at a constant flow 

rate of 1 mL/min. The gradient was as follows: 4% to 10% B in 5 min; change from 10% to 

25% B in 30 min; from 25% to 100% B in 15 min and constant 100% B for 5 min. 

The dual ESI source operated in both positive and negative ionization modes under 

the following conditions: nebulizer gas at 40 psi, drying gas flow rate and temperature at 

12 L/min and 325 °C, respectively. The capillary voltage was set at 3500 V, while the 

fragmentor, skimmer, and octapole voltages were fixed at 130, 65, and 750 V, respectively. 

The data were acquired in centroid mode in the extended dynamic range (2 GHz). Full scan 

was carried out at 6 spectra/s within the m/z range of 40–1700, with subsequent activation 

of the three most intense precursor ions (allowed charge: single or double) by MS/MS using 

a collision energy of 20 eV and 40 eV at 3 spectra/s within the m/z range 30–1700. An 

active exclusion window was programmed after the first spectrum and released after 0.75 

min to avoid repetitive fragmentation of the most intense precursor ions, thus increasing 

the detection coverage. To assure the desired mass accuracy of recorded ions, continuous 

internal calibration was performed during analyses with the use of signals at m/z 121.0509 

(protonated purine) and m/z 922.0098 [protonated hexakis (1H, 1H, 3H-tetrafluoro-

propoxy)phosphazine or HP-921] in the positive ionization mode; and m/z 112.9856 

(trifluoroacetic acid anion) and m/z 1033.9881 (HP-921) in the negative mode. 

2.6 Data Processing and statistical analysis 

MassHunter Workstation software (version B6.00 Profinder, Agilent 

Technologies, Santa Clara, CA, USA) was used to process all the data obtained by LC–QTOF 

in auto MS/MS mode. Treatment of the raw data file started by extraction of potential 

molecular features (MFs) with the applicable algorithm included in the software. The 

recursive extraction algorithm considered all ions exceeding 5000 and 10000 counts as 

cut-off in both positive and negative modes, respectively. Additionally, the isotopic 

distribution to consider a MF as valid should be defined by two or more ions (with a peak 

spacing tolerance of 0.0025 m/z, plus 10.0 ppm in mass accuracy). Apart from [M+H]+ and 

[M–H]– ions, adducts formation in the positive (Na+) and negative ionization modes 
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(HCOO–, Cl–), as well as neutral loss by dehydration were included to identify features 

corresponding to the same potential metabolite. Thus, ions with identical elution profiles 

and related m/z values (representing different adducts or isotopes of the same compound) 

were extracted as entities characterized by their retention time (RT), intensity in the apex 

of the chromatographic peaks and accurate mass. Background contribution was removed 

by subtraction of MFs linked to the blank. Then, the recursion step assured correct 

integration of the entities in all analyses. Raw data files, containing the area for each entity 

characterized by m/z and RT, were created in compound exchange format (.cef files) for 

each analysis and exported into the Mass Profiler Professional (MPP) software package 

(version 2.0, Agilent Technologies, Santa Clara, CA, USA) for further processing. 

Normalization by logarithmic transformation (log2) was used as pre-processing step. 

Statistical analysis included the ANOVA test applied to find the number of significant 

flavonoids (p≤0.01), and pairwise combinations (Tukey HSD) to identify equal 

concentration of flavonoids between extraction methods. Also, unsupervised analysis by 

Principal Component Analysis (PCA) was used to find out the main source of variability in 

the data set and detect clusters.  

Once all MFs were extracted and aligned, the software MassHunter Qualitative was 

used for the targeted extraction of MS/MS information associated to them in the whole set 

of analyses. This information was used for the tentative identification of flavonoids by 

searching in the METLIN MS and MS/MS (http://metlin.scripps.edu), MassBank MS/MS 

(http://www.massbank.jp) and ReSpect MS/MS (http://spectra.psc.riken.jp) databases.  

 

3. Results and discussion 

To compare the effect of the two methods for sample dehydration (between them 

and with a blended fresh sample) and the three extraction methods assisted by the different 

energies, extracts obtained under the specified suited conditions were analyzed by LC–

QTOF MS/M for identification of flavonoids. A list including 32 tentatively identified 

flavonoids and their identification parameters are shown in Table 1. 

3.1 Effect of the sample pretreatment procedures on the extraction of flavonoids 

The effect of sample pretreatment on the profile of flavonoids was evaluated by 

ANOVA, which showed that the concentration of 26 out of the 32 tentatively identified 
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flavonoids was significant (p≤0.01), as did the pairwise means comparison (Tukey HSD; 

p≤0.01), used to show the similarity of abundance between extracts. In short, this study 

revealed that the extracts obtained from air-drying samples contained 18 flavonoids with 

different concentration to both lyophilized and fresh samples. On the other hand, the 

comparison between extracts from lyophilized and fresh samples showed 24 flavonoids 

with significantly different concentration. Neodiosmin and neohesperidin were more 

concentrated in the extracts from lyophilized samples, followed by fresh samples and being 

less abundant in the extracts from air-dried samples. On the contrary, limocitrin-HMG-Glu 

and limocitrol-Glu-HMG were more concentrated in the extracts from air-drying samples, 

followed by fresh samples. The complete dataset used to evaluate the effect of sample 

pretreatment on the extraction of flavonoids are shown in Supplementary Table 1. 

To clarify the effect of sample pretreatment on flavonoids extraction, an 

unsupervised analysis by PCA was applied to compare the flavonoid profiles in the extracts 

provided by samples differently pretreated. The scores plot (Fig. 1A) shows a clear 

discrimination between the obtained profiles; the extracts from lyophilized samples are 

clearly discriminated from the rest along component 1 (PC1), while extracts from both fresh 

and air-drying samples are discriminated along component 2 (PC2). The proximity in the 

PCA between the scores provided by the methods reveals the similarity between them. It 

can be seen that despite the ANOVA test reveals the same number of flavonoids with 

different concentration in the comparison between air-drying and either lyophilized or 

fresh samples, the PCA indicates that extracts from air-drying samples are more similar to 

those from fresh samples than those from lyophilized samples. The PCA explains 89.37% 

(PC1 = 54.36% and PC2 = 35.01%) of the total variability in the 2D-plot. Although the 

results from PCA are often difficult to interpret, it is possible to obtain reasonable 

conclusions from them in addition to clusters formation. As can be seen in the loadings plot 

(Fig. 1B), the most influential flavonoids in the ANOVA test are in opposite sides on the 

PC1: neodiosmin and neohesperidin, the most abundant in lyophilized samples, are in the 

positive side (quadrant four); while limocitrin-HMG-Glu and limocitrol-Glu-HMG, the 

most abundant in both fresh and air-drying samples, are in the negative side (quadrant 

two). These four flavonoids are the main responsible for discrimination between extracts 

from lyophilized samples and the other two. The differences can be explained by the 

flavonoids pathway and the intrinsic characteristics of the extraction methods. Regarding 

lemons, flavanones are the first in the biosynthesis of flavonoids, followed by flavones and 
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then flavonols. Prior to lyophilization the sample was frozen at –80 °C, thus promoting a 

significant reduction of lemon metabolism; on the contrary, by air-drying the sample was 

heated at 45 °C, which accelerates enzymatic reactions, thus favoring flavanols production. 

 

Table 1. Identification parameters —flavonoid name, neutral mass, retention time (RT), 

adduct formed, precursor ion (m/z) and main product ions (m/z)—, for the 32 flavonoids 

tentatively identified. 

Compound name Formula 
Neutral 
mass 

RT 
Precursor 
Ion (m/z) 

Adduct Main m/z fragments 

Flavanones 

Eriocitrin C27H32O15 596.1740 20.88 597.1811 [M+H]+ 289.0699 153.0179 163.0390 

Eriodictyol-Glu-Rha-Glu C33H42O20 758.2265 21.47 757.2200 [M-H]- 287.0541 449.1067 595.1663 

Neoeriocitrin C27H32O15 596.1744 27.3 295.166 [M-H]- 287.0534 151.0012 135.0422 

Eriodictyol-Neo-Rha C33H42O19 742.232 27.49 743.2393 [M+H]+ 435.1307 289.0716 195.0294 
Naringin C27H32O14 580.1782 32.48 579.1717 [M-H]- 271.0590 151.0003 119.0474 

Hesperidin C28H34O15 610.1884 33.42 609.1818 [M-H]- 301.0697 325.0687 343.0822 

Hesperetin C16H14O6 302.0801 34.76 303.0866 [M+H]+ 153.0181 177.0541 117.0349 

Hesperetin-7-O-Rha C22H24O10 448.1368 34.85 449.1442 [M+H]+ 303.0858 177.0545 153.0183 

Neohesperidin C28H34O15 610.1893 35.04 609.1827 [M-H]- 301.0703 325.0707 125.0183 

Flavones 
Apigenin-Glu-Rha-Glu C33H40O19 786.2218 22.77 785.2085 [M+FA-H]- 269.0424 577.1554 431.0949 

Luteolin-Rut-Glu C33H40O20 756.2105 23.01 755.2041 [M-H]- 285.0385 593.1509  

Homoorientin C21H20O11 448.0992 25.34 447.0908 [M-H]- 357.0591 327.0478 297.0367 

Orientin C21H20O11 448.1006 25.77 447.0915 [M-H]- 357.0566 327.0487 298.0448 

Vitexin -O-xyloside C26H28O14 564.1471 28.15 563.1396 [M-H]- 293.0422 59.0121 311.0516 

Vitexin C21H20O10 432.1058 28.60 431.0952 [M-H]- 311.0536 283.0562 341.0636 
Vitexin-2-Rha C27H30O14 578.1627 28.91 577.1559 [M-H]- 293.0427 413.0883 59.0117 

Luteolin-Glu-Rha C27H30O15 594.1583 29.61 595.1659 [M+H]+ 287.0552 449.1074  

Luteolin-Neo C27H30O15 594.1583 29.85 593.1507 [M-H]- 285.0382 284.0293 151.0005 

Diosmetin-Glu C22H22O11 462.1146 31.20 497.0871 [M+Cl]- 461.1071 341.0631 298.0458 

Rhoifolin C27H30O14 578.1623 34.11 577.1555 [M-H]- 269.0435 311.0527 85.0270 

Diosmin C28H32O15 608.1729 34.90 607.1657 [M-H]- 299.0537 284.0282 301.0697 
Neodiosmin C28H32O15 608.1745 35.99 607.1663 [M-H]- 299.0527 284.0285 509.9860 

Diosmetin-Glu-Rha C28H32O15 608.1744 39.79 609.1819 [M+H]+ 301.0706 463.1233 153.0182 

Flavanols 

Quercetin-Glu-Rha-Glu C33H40O21 772.2055 17.26 771.1984 [M-H]- 609.1442 462.0776 341.0449 

Rutin C27H30O16 610.1528 29.70 609.1456 [M-H]- 300.0247 301.0330 271.0259 

Limocitrin-Neo C29H34O17 654.1790 33.36 653.1723 [M-H]- 345.0577 330.0332 301.0684 
Spinacetin-Glu-HMG-Glu C35H42O22 814.2166 33.52 813.2046 [M-H]- 651.1548 549.1258 345.0579 

Limocitrin-Glu-HMG-Glu C35H42O22 814.2167 33.98 813.2046 [M-H]- 651.1548 549.1258 345.0579 

Isorhamnetin-3-O-Neo C28H32O16 624.1678 34.32 623.1631 [M-H]- 315.0491 300.0238 271.0202 

Limocitrol-Glu-HMG C18H16O9 682.1744 37.60 681.1630 [M-H]- 375.0699 360.0472 537.1240 

Limocitrin-HMG-Glu C29H32O17 652.1640 37.80 651.1566 [M-H]- 345.0593 549.1233 507.1117 

Quercetin-3-O-Neo C27H30O16 610.1885 39.74 609.1844 [M-H]- 301.0691 151.0023  

Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; HMG, 3-hydroxy-3-methyl-glutaryl. 

 

On the other hand, discrimination between extracts from fresh and air-drying 

samples, occurring in PC2, could be achieved by the abundance of hesperidin, naringin, 

luteolin-rutinoside and limocitrin derivatives, which are the most influential flavonoids on 

this component. Also, an apparent trend exists to grouping by aglycones, more evident in 

derivatives from hesperetin, limocitrin, apigenin, eriodictyol and quercetin. The differences 
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in individual flavonoids caused by the sample pretreatments under study are discussed 

below. 

 

Fig. 1. Scores (A) and loadings (B) PCA plots comparing the different treatments prior to flavonoids 

extraction. 

 

3.2 Differences in the abundance of flavanones in extracts from differently pretreated 

samples 

This subclass of flavonoids is the most abundant in citrus fruits and includes some 

of the most characteristic flavonoids in lemon as naringenin or hesperetin derivatives [23]. 

After tentative identification of naringin, four derivatives from eriodictyol and four 

derivatives from hesperetin, the most abundant of all these flavonoids showed to be 

neohesperidin and neoeriocitrin. The comparison of means (Tukey HSD, p<0.05) revealed 

that the abundance of neohesperidin is significantly different for all sample pretreatments 

being the extracts from lyophilized samples the richest in this flavonoid, followed by fresh 
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samples. The behavior of neoeriocitrin is divided into two homogeneous groups: group a 

encompasses extracts obtained from dehydrated samples, which show an abundance 

greater than extracts from fresh samples (group b). The concentration of naringin 

depended on the sample pretreatment, being the richest in this flavonone the extracts from 

air-dried samples and the poorest those from fresh samples. For this subclass, the extracts 

from lyophilized samples were those with the highest abundance in all flavonones; on the 

contrary, the extracts from fresh samples were those with the lowest abundance, as shown 

in Fig. 2A. 

 

 

Fig. 2. Comparison of the most abundant (A) flavanones, (B) flavones and (C) flavanols, from lemon 

extracted by SE after different pretreatments. Bars with different letter for the same flavonoid are 

significantly different (Tukey HSD, p≤0.05). ° neohesperidoside; * glucoside–3-hydroxy-3-methyl-

glutaryl. 

 

3.3 Differences in the abundance of flavones in extracts from differently pretreated 

samples 

This subclass of flavonoids is synthesized from flavanones as the direct 

biosynthetical precursor by the abstraction of two hydrogen atoms, mainly catalyzed by 

flavone synthase [24]. In this study, the tentative identification indicates the presence of 

four diosmetin glucosides; five luteolin glucosides and five apigenin glucosides including 

vitexin xyloside as the only one identified flavonoid linked to pentose.  

According to the metabolic pathway of flavonoids, flavone–neohesperidosides can 

be synthesized from their corresponding flavonone–neohesperidosides, as reported by 

Martens et al. in 2005 [24]; naringenin can be converted into apigenin by dehydrogenation 
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catalyzed by flavone synthase. Similarly, neohesperidin (hesperetin 7-O-neohesperidoside) 

can be converted into neodiosmin (diosmetin 7-O-neohesperidoside). Luteolin-

neohesperidoside was the most abundant flavone in this study, the biosynthetic pathway 

being dehydrogenation of eriodictyol catalyzed by a flavone synthase or hydroxylation of 

apigenin, catalyzed by a flavonoid hydroxylase [25]. The pairwise comparison showed that 

the average abundance for all treatments is significantly different among them, the extracts 

from air-dried and fresh samples showed the greater and lower abundance, respectively, of 

luteolin-neohesoeridoside. Neodiosmin was the second most abundant flavone identified 

in this study, which was more abundant in extracts from lyophilized samples (group a), and 

with no significant differences between air-dried and fresh samples. Taking into account 

that neohesperidin is both the most abundant flavanone in lemon and the precursor of 

neodiosmin, it seems to be one of the most abundant flavone in lemon and the extracts 

from lyophilized samples were the most concentrated in it. Regarding to apigenin 

glucosides, rhoifolin (apigenin-neohesperidoside) was the most abundant and showed the 

same extraction behavior as neodiosmin. Rhoifolin could be synthesized from naringin by 

a flavone synthase; then being hydroxylated to produce luteolin-neohesperioside [25]. The 

abundance of the three main flavones is shown in Fig. 2B. 

3.4 Differences in the abundance of flavanols in extracts from differently pretreated 

samples 

According to the general flavonoids pathway, flavonols are synthesized from 

flavanones by a two-step synthesis which starts with hydroxylation caused by a flavonone 

hydroxylase, followed by dehydrogenation catalyzed by a flavonol synthase [24]. In this 

study, three quercetin and limocitrin glucosides were tentatively identified as the main 

flavonols in lemon; also glucosides from limocitrol, isorhamentin and spinacetin (the latter 

being an isomer of limocitrin) were tentatively identified. Limocitrin and limocitrol (both 

conjugated to a glucoside and a 3-hydroxy-3-methyl-glutaryl) and rutin were the most 

abundant flavonols identified in this study. They were more abundant in extracts from air-

dried samples, and less abundant in lyophilized samples. In general, this behavior was the 

same for all flavonols, except for quercetin-nesperidoside, which was more abundant in 

extracts from lyophilized samples. The abundance of the three main flavonols is shown in 

Fig. 2C, while the complete set of results from the ANOVA test for all individual flavonoids 

and their pairwise comparison are in Table 2. 
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In general, these results suggest that sample dehydration provide extracts with 

higher amounts of flavonoids than fresh samples, behavior attributable to the reduction of 

water activity in dehydrated samples, which decrease the activity of polyphenol oxidase 

[26]. Also, despite of flavonoids are thermolabile compounds, air-dried samples provide 

extracts with lower amounts of flavonoids than lyophilized samples.    

3.5 Effect of the different extraction methods on flavonoids removal  

The results discussed above show that lyophilized samples provide extracts with 

higher amounts of flavonoids than either air-dried or fresh samples; thus leading to decide 

the use of lyophilized samples for evaluation of the effect of USAE, MAE and SHLE on the 

removal of these compounds.  

The extracts obtained with the help of the different energies were analyzed by LC–

QTOF MS/MS and compared with the results from the reference extract obtained by SE. 

Based on the MS/MS information, the tentative identification of 32 flavonoids, which 

constituted the data set used for the corresponding statistical analysis, was carried out. The 

complete dataset used to evaluate the effect of the different auxiliary energies on the 

extraction of flavonoids are shown in Supplementary Table 2.  

The effect of auxiliary energies on the profile of flavonoids was evaluated by 

ANOVA, which showed that all flavonoids in the data set were significant (p≤0.01), and the 

pairwise analysis revealed the similarity between extracts. The comparison of means 

(Tukey HSD, p<0.01) reveals that the extracts provided by USAE and MAE were the most 

similar to each other, since only 7 out of 32 entities were significantly different in this pair. 

Discrimination between the extraction methods was caused mainly by flavones, since 5 out 

of 7 significantly different flavonoids in this pair corresponded to this subclass; the other 

two were flavonoid derivatives from eriodictyol and diosmin. The extracts obtained by MAE 

and SE showed eleven entities significantly different between them. Once again the most 

different entities were within the flavones subclass, but in this case, three derivatives from 

hesperetin, two from diosmin and one from quercetin were also different. The comparison 

of USAE–SE showed 17 different entities, 8 of them belonging to flavones, 8 to flavanones, 

and only quercetin-3-O-neohesperidoside was from the flavanol subclass. In short, the 

method based on SHLE provided an extract with clear differences in the flavonoids profile 

as compared to the rest: 23 flavonoids significantly different from SE, 30 from USAE and 

31 from MAE extracts.  
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For a better understanding of the effect of auxiliary energies on the extraction of 

flavonoids, a discrimination test was developed. With this purpose, an unsupervised 

analysis by PCA was applied to compare the flavonoid profiles provided by the different 

extraction methods. The scores plot (Fig. 3A) shows a clear discrimination among all 

extraction methods. In agreement with the ANOVA test, the PCA reveals that USAE and 

MAE scores are closer to each other than the rest of scores; thus indicating that USAE and 

MAE were the most similar extracts; the cluster formed by the SHLE extracts is the furthest 

from the rest and the scores provided by SE extracts remain almost in between USAE–MAE 

and SHLE scores. The PCA explains 91.59% (PC1 = 78.20% and PC2= 13.39%) of the total 

variability in the 2D-plot. As can been in the loadings plot (Fig. 3B), all flavonoids are in 

the negative side of PC1, distributed across quadrants 2 and 3. This behavior suggests a 

lower abundance of flavonoids in the extracts from SHLE. Also, an apparent trend to 

grouping by aglycones exists, more evident in derivatives from hesperetin, limocitrin and 

eriodictyol. The differences in individual flavonoids obtained by the methods under study 

are discussed below. 

3.6 Differences in the abundance of representative flavonoids in lemon extracts obtained 

with the help of different energies 

The effect of the extraction method on the individual flavonoids was analyzed by pairwise 

comparison of means (Tukey HSD, p<0.05). The results indicate that most of the 

flavonoids found in the study are better extracted by USAE, followed by MAE; SHLE was 

the less favorable to extract flavonoids from lemon. As examples of this behavior, the most 

abundant flavonoids, neohesperidin and neoeriocitrin, are divided into three homogeneous 

groups: group a, corresponding to the best extraction method, is represented for USAE 

extracts for both flavonoids; group b encompasses MAE extracts for neohesperidin and 

extracts obtained by MAE and SE for neoeriocitrin. The same trend was observed for 

luteolin-neohesperidoside and rhoifolin. Other flavonoids, like neodiosmin or naringin, are 

significantly equal extracted by MAE and USAE (group a), and limocitrin, limocitrol and 

rutin were not different in USAE, MAE and SE extracts (group a). In all mentioned cases, 

SHLE extracts represent the less desirable option (Fig. 4). In general, 30 out of the 32 

flavonoids identified in this study were more concentrated in USAE extracts. Among these 

30 flavonoids, 11 of them were more concentrated only in USAE extracts; while in MAE 

extracts 19 of the 32 flavonoids identified had a concentration significant equal to that in 

USAE extracts, and two (homoorientin and dioemetin-glucoside-rhamnoside) were more 
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concentrated than in USAE extracts. For the rest 19 flavonoids USAE and MAE extracts 

were significantly similar. On the contrary, SHLE extracts only provided concentration 

similar to USAE or MAE extracts for hesperidin, being lower the concentration for the other 

flavonoids. The complete set of results from the ANOVA test of all individual flavonoids 

and their pairwise comparison are in Table 3. 

Table 2. Average of abundance and pairwise comparison (Tukey HSD, p≤0.05), of the 

flavonoids identified in the extracts from different sample pretreatments. Values with 

different letter for the same flavonoid (same row) are significantly different (Tukey HSD, 

p≤0.05). Values are means±SD×106  (n = 4). 

Compound Lyophilized Air-dried Fresh 

Flavanones 

Neoeriocitrin 117.98±3.14a 111.48±2.2a 94.36±6.15b 

Neohesperidin 117.33±5.48a 42.53±1.19c 61.22±1.59b 

Eriodictyol-Glu-Rha-Glu 6.19±0.38a 5.55±0.14a 4.27±0.28b 

Naringin 4.51±0.22b 4.97±0.16a 3.98±0.12c 

Hesperetin 3.64±0.15a 1.38±0.15c 2.04±0.08b 

Hesperetin-7-O-Rha 7.03±0.88a 2.49±0.34b 3.64±0.25b 

Eriocitrin 0.64±0.05a, b 0.74±0.12a 0.5±0.12b 

Hesperidin 1.41±0.05b 1.65±0.09a 1.31±0.04b 

Eriodictyol-Neo-Rha 0.43±0.03a 0.39±0.02a, b 0.33±0.04b 

Flavones 

Luteolin-Neo 21.49±0.72b 24.37±1.59a 18.7±0.99c 

Diosmetin-Glu 7.67±0.34b 8.62±0.48a 6.52±0.29c 

Luteolin-Glu-Rha 21.2±1.33a 8.22±0.53b 9.89±0.24b 

Rhoifolin 3.64±0.26a 2.87±0.14b 3.04±0.06b 

Neodiosmin 24±2.64a 2.78±0.12b 4.92±0.1b 

Vitexin -O-xyloside 2.98±0.07a 2.65±0.15b 2.11±0.19c 

Diosmin 0.73±0.02c 1.25±0.07a 0.94±0.08b 

Vitexin 1.23±0.09b 1.43±0.06c 0.9±0.05a 

Apigenin-Glu-Rha-Glu 1.58±0.08a 0.76±0.02b 0.78±0.08b 

Diosmetin-Glu-Rha 0.9±0.02a 0.55±0.05b 0.37±0.02c 

Luteolin-Rut-Glu 1.25±0.09a 0.52±0.01b 0.49±0.01b 

Vitexin-2-Rha 0.72±0.04a 0.5±0.03b 0.4±0.04c 

Homoorientin 1.21±0.09a 1.02±0.06a, b 0.97±0.12b 

Orientin 0.7±0.09a 0.77±0.15a 0.63±0.07a 

Flavanols 

Quercetin-Glu-Rha-Glu 0.55±0.03b 1.03±0.1a 0.91±0.02a 

Rutin 2.45±0.07c 4.99±0.28a 3.99±0.28b 

Limocitrin-Neo 1.29±0.06a 1.44±0.11a 1.09±0.02b 

Spinacetin-Glu-HMG-Glu 6.5±0.21a, b 6.85±0.61a 5.64±0.23b 

Limocitrin-Glu-HMG-Glu 6.51±0.25a, b 7.13±0.63a 5.6±0.18b 

Isorhamnetin-3-O-Neo 1.31±0.04c 2.36±0.17a 1.83±0.07b 

Limocitrol-Glu-HMG 5.39±0.15c 24.51±2.01a 20.49±1.85b 

Limocitrin-HMG-Glu 4.29±0.11c 16.92±1.36a 13.47±1.32b 

Quercetin-3-O-Neo 0.48±0.02a 0.24±0.03b 0.24±0.01b 
Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; HMG, 3-hydroxy-3-methyl-glutaryl. 
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Fig. 3. Scores (A) and loadings (B) PCA plots comparing the different methods for extraction of 

flavonoids. 

 

 

Fig. 4. Comparison of the most abundant (A) flavanones, (B) flavones and (C) flavanols, obtained by 

extraction with different auxiliary energies at suited conditions. Bars with different letter for the same 
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flavonoid are significantly different (Tukey HSD, p≤0.05). ° neohesperidoside; * glucoside–3-

hydroxy-3-methyl-glutaryl. 

 

Table 3. Average of abundance and pairwise comparison (Tukey HSD, p≤0.05) of the 

flavonoids identified in the extracts obtained with the help of different energies. Values 

with different letter for the same flavonoid (same row) are significantly different (Tukey 

HSD, p≤0.05). Values are means×106 ± RSD (%); (n = 4).  

Compound SE SHLE MAE USAE 

Flavanones 

Eriocitrin 0.64±0.05c 0.33±0.02d 0.73±0.03b 0.84±0.02a 
Eriodictyol-Glu-Rha-
Glu 

6.19±0.38b 2.81±0.26c 6.07±0.55b 7.88±0.38a 

Eriodictyol-Neo-Rha 0.43±0.03b 0.26±0.03c 0.52±0.02a 0.6±0.04a 

Neoeriocitrin 117.98±3.14b 87.76±2.61c 129.27±7.5b 145.62±5.11a 

Naringin 4.51±0.22b 3.37±0.19b 5.95±0.9a 6.22±0.53a 

Hesperidin 1.41±0.05b 1.49±0.08a, b 1.86±0.29a 1.86±0.06a 

Hesperetin 3.64±0.15b 3.46±0.13b 7.54±0.34a 7.12±0.12a 

Hesperetin-7-O-Rha 7.03±0.88b 6.89±0.75b 15.93±0.5a 14.85±0.63a 

Neohesperidin 117.33±5.48c 103.4±5.76c 196.43±12.01b 231.62±10.49a 

Flavones 

Apigenin-Glu-Rha-Glu 1.58±0.08c 1.29±0.13c 2.2±0.17b 3.09±0.22a 

Luteolin-Rut-Glu 1.25±0.09c 0.66±0.02d 1.53±0.08b 2.26±0.17a 

Homoorientin 1.21±0.09a, b 0.67±0.03c 1.25±0.1a 1.06±0.05b 

Orienti 0.7±0.09a 0.31±0.02b 0.76±0.05a 0.73±0.04a 

Vitexin -O-xyloside 2.98±0.07a 1.24±0.06b 2.94±0.31a 3.08±0.17a 

Vitexin 1.23±0.09a 0.53±0.06b 1.29±0.12a 1.33±0.07a 

Vitexin-2-Rha 0.72±0.04b 0.32±0.02c 0.75±0.03b 0.86±0.04a 

Luteolin-Glu-Rha 2.88±0.15c 1.88±0.06d 4.47±0.27b 6.45±0.23c 

Luteolin-Neo 21.2±1.33c 13.06±0.26d 28.07±1.33b 39.17±0.45a 

Diosmetin-Glu 5.35±0.19a 3.02±0.04b 5.76±0.4a 5.22±0.43a 

Rhoifolin 3.64±0.26c 2.95±0.3c 6.03±0.37b 10.14±0.84a 

Diosmin 0.73±0.02a 0.48±0.03b 0.7±0.08a 0.81±0.08a 

Neodiosmin 24±2.64b 15.23±1.01c 45.69±1.84a 47.91±1.44a 

Diosmetin-Glu-Rha 0.9±0.02d 2.38±0.3c 8.94±0.45a 4.07±0.3b 

Flavanols 
Quercetin-Glu-Rha-
Glu 

0.55±0.03a, b 0.41±0.04b 0.71±0.13a 0.67±0.06a 

Rutin 2.45±0.07a 1.83±0.11b 2.71±0.19a 2.45±0.08a 

Limocitrin-Neo 1.29±0.06a 0.84±0.06b 1.38±0.08a 1.39±0.02a 
Spinacetin-Glu-HMG-
Glu 

6.5±0.21b 3.31±0.32c 6.19±0.29b 7.35±0.29a 

Limocitrin-Glu-HMG-
Glu 

6.51±0.25a 3.39±0.26b 6.03±0.11a 6.11±0.32a 

Isorhamnetin-3-O-Neo 1.31±0.04a, b 1.13±0.08b 1.63±0.25a 1.41±0.04a, b 

Limocitrol-Glu-HMG 5.39±0.15a 3.98±0.27b 5±0.21a 5.03±0.34a 

Limocitrin-HMG-Glu 4.29±0.11a 2.71±0.19b 4.22±0.24a 4.17±0.16a 

Quercetin-3-O-Neo 0.48±0.02c 0.85±0.03b 4.35±0.28a 4.08±0.05a 
Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; HMG, 3-hydroxy-3-methyl-glutaryl. 
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4. Conclusions 

The present study shows a clear discrimination among flavonoid profiles in extracts 

from lemon as a function of sample pretreatment and auxiliary energy applied for 

improving extraction. Sample dehydration prior to flavonoids extraction provided better 

results than fresh samples. Despite of both lyophilized and air-dried samples allow 

obtaining extracts with higher amounts of flavonoids, lyophilization decreases or avoids the 

undesirable reactions produced by high temperature. On the other hand, it has been 

demonstrated that the USAE method was the best to extract flavonoids, showing higher 

yields than all other methods in a shorter time. In addition, MAE proved to be better than 

SE to extract flavonoids, thanks to the thermostability of these compounds [27]. Despite 

MAE could be a good alternative to extract the target metabolites, the effect of temperature 

on the extraction of other citrus components should be taken into account. Finally, SHLE 

showed to be the less favorable to extract flavonoids from lemon. Despite of the fact that 

flavonoids are no thermolabile, the large amount of pectin in the fruit causes interference 

and makes difficult to obtain the extract [22]; however, for rough materials like wood SHLE 

has proved be a good alternative to conventional extraction methods [23]. 

 

Abbreviations  
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ultrasound-assisted extraction: SE, shaking extraction method; PCA, principal component 

analysis; Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; HMG, 3-hydroxy-3-

methyl-glutaryl.  
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Supplementary table 1. Peak area, mean, standard deviation (SD) and relative standard 

deviation (RSD, %) for the analyzed samples used to evaluate the effect of sample 

pretreatment on the extraction of flavonoids from lemon.  

Shaking extraction, lyophilized samples 

Compound name Lyo-S01 Lyo-S02 Lyo-S03 Lyo-S04 Mean SD RSD 

Neoeriocitrin 113907048 116856816 118593056 122576848 117983442 3136769 2.66 

Neohesperidin 109591144 115957080 118965480 124804792 117329624 5484572 4.67 

Eriodictyol-Glu-Rha-Glu 5608255 6081195 6549743 6502100 6185323 379802 6.14 

Naringin 4202361 4398034 4677751 4760195 4509585 222438 4.93 

Hesperetin 3426701 3837885 3629472 3656310 3637592 145781 4.01 

Hesperetin-7-O-Rha 6027480 8133915 6303126 7645912 7027608 884780 12.59 

Eriocitrin 580225 716472 616951 643243 639223 49901 7.81 

Hesperidin 1356317 1389609 1420065 1491625 1414404 49960 3.53 

Eriodictyol-Neo-Rha 395825 479836 434006 394651 426079 34841 8.18 

Luteolin-Neo 20820488 20737128 22324520 22082432 21491142 718063 3.34 

Diosmetin-Glu 7471476 7211628 8028783 7955071 7666740 338919 4.42 

Luteolin-Glu-Rha 19845814 20424712 21181284 23360320 21203033 1332496 6.28 

Rhoifolin 3319204 3451424 3937506 3860239 3642093 262425 7.21 

Neodiosmin 21134626 26590936 21611164 26682164 24004723 2637412 10.99 

Vitexin -O-xyloside 2863315 3025613 2986001 3032132 2976765 67838 2.28 

Diosmin 730242 697634 764588 741897 733590 24155 3.29 

Vitexin 1151957 1124202 1313383 1311871 1225353 87825 7.17 

Apigenin-Glu-Rha-Glu 1493416 1523874 1660805 1654653 1583187 75347 4.76 

Diosmetin-Glu-Rha 870897 893521 896521 924495 896359 19026 2.12 

Luteolin-Rut-Glu 1152455 1187066 1312053 1358454 1252507 85240 6.81 

Vitexin-2-Rha 669381 694938 769653 755923 722474 41599 5.76 

Homoorientin 1176574 1133776 1358817 1175656 1211206 86959 7.18 

Orientin 637200 596097 818479 747009 699696 88015 12.58 

Quercetin-Glu-Rha-Glu 502249 536463 553413 588548 545168 31095 5.70 

Rutin 2357987 2453883 2461539 2545542 2454738 66432 2.71 

Limocitrin-Neo 1251164 1211915 1327227 1354538 1286211 57226 4.45 

Spinacetin-Glu-HMG-Glu 6171914 6523308 6554026 6753257 6500626 209308 3.22 

Limocitrin-Glu-HMG-Glu 6314008 6265655 6560163 6903497 6510831 252721 3.88 

Isorhamnetin-3-O-Neo 1279628 1264338 1338933 1363997 1311724 41074 3.13 

Limocitrol-Glu-HMG 5193403 5369331 5387842 5623164 5393435 152807 2.83 

Limocitrin-HMG-Glu 4181047 4198638 4315560 4464175 4289855 113146 2.64 

Quercetin-3-O-Neo 471765 457332 472824 512697 478655 20585 4.30 

Shaking extraction, fresh samples 

Compound name Fresh-S01 Fresh-S02 Fresh-S03 Fresh-S04 Mean SD RSD 

Neoeriocitrin 98783880 101946280 87352600 89363184 94361486 6148052 6.52 

Neohesperidin 58707408 61367776 61689832 63106744 61217940 1590242 2.60 

Eriodictyol-Glu-Rha-Glu 4395884 4668131 4035307 3978031 4269338 280482 6.57 

Naringin 4066290 4122596 3831461 3889143 3977373 120489 3.03 

Hesperetin 1950586 2119659 1970493 2128877 2042404 82231 4.03 

Hesperetin-7-O-Rha 3315539 3848170 3461414 3919471 3636149 254238 6.99 

Eriocitrin 625196 560506 307462 493453 496654 118748 23.91 

Hesperidin 1331784 1351755 1240269 1319296 1310776 42322 3.23 

Eriodictyol-Neo-Rha 354719 372515 284060 293357 326163 38121 11.69 
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Luteolin-Neo 19443476 19885200 17509704 17969220 18701900 988469 5.29 

Diosmetin-Glu 6891051 6700217 6271148 6199426 6515461 289296 4.44 

Luteolin-Glu-Rha 9585247 10198664 9741618 10053007 9894634 243234 2.46 

Rhoifolin 3012060 2995449 3010141 3143676 3040332 60011 1.97 

Neodiosmin 4835753 4865287 4879385 5096291 4919179 103461 2.10 

Vitexin -O-xyloside 2252109 2332853 1884621 1969209 2109698 187401 8.88 

Diosmin 895902 1058761 964902 857139 944176 76592 8.11 

Vitexin 965872 839243 889433 909062 900902 45335 5.03 

Apigenin-Glu-Rha-Glu 864694 855479 698441 716015 783657 76751 9.79 

Diosmetin-Glu-Rha 347614 394735 365420 370007 369444 16828 4.55 

Luteolin-Rut-Glu 496939 493855 474629 479843 486317 9330 1.92 

Vitexin-2-Rha 431434 444715 357489 367320 400240 38283 9.57 

Homoorientin 903551 1174830 966437 847746 973141 123784 12.72 

Orientin 614936 629535 547216 738260 632487 68513 10.83 

Quercetin-Glu-Rha-Glu 930618 928589 884660 914369 914559 18362 2.01 

Rutin 4160572 4344091 3634166 3835810 3993660 276050 6.91 

Limocitrin-Neo 1097341 1061615 1098283 1120770 1094502 21177 1.93 

Spinacetin-Glu-HMG-Glu 5481979 5346332 5807091 5916069 5637868 232017 4.12 

Limocitrin-Glu-HMG-Glu 5460218 5374118 5723793 5824608 5595684 184567 3.30 

Isorhamnetin-3-O-Neo 1919556 1874201 1756368 1754654 1826195 72482 3.97 

Limocitrol-Glu-HMG 18400864 18937168 21993904 22646480 20494604 1849853 9.03 

Limocitrin-HMG-Glu 12242077 12086575 14520051 15025591 13468574 1317585 9.78 

Quercetin-3-O-Neo 249479 251273 224056 228387 238299 12190 5.12 

Shaking extraction, air-drying samples 

Compound name Air-S01 Air-S02 Air-S03 Air-S04 Mean SD RSD 

Neoeriocitrin 108837384 112196736 110214240 114678624 111481746 2198321 1.97 

Neohesperidin 40979428 42045376 42850556 44247652 42530753 1192918 2.80 

Eriodictyol-Glu-Rha-Glu 5359929 5518884 5588657 5747068 5553635 139080 2.50 

Naringin 4767473 4906339 5015051 5196031 4971224 156671 3.15 

Hesperetin 1227639 1530597 1245019 1527772 1382757 146560 10.60 

Hesperetin-7-O-Rha 2118990 2815534 2192190 2840295 2491752 337271 13.54 

Eriocitrin 949165 673186 687959 659516 742457 119766 16.13 

Hesperidin 1543938 1585584 1703398 1759496 1648104 86927 5.27 

Eriodictyol-Neo-Rha 376597 390272 369301 411344 386879 16006 4.14 

Luteolin-Neo 22722914 22910024 25438628 26404564 24369033 1591056 6.53 

Diosmetin-Glu 8215976 8079115 9184687 9004342 8621030 480203 5.57 

Luteolin-Glu-Rha 7551880 8319499 8002701 9004787 8219717 529007 6.44 

Rhoifolin 2766379 2699592 3022189 2990452 2869653 139146 4.85 

Neodiosmin 2709104 2958453 2632008 2808900 2777116 122040 4.39 

Vitexin -O-xyloside 2492641 2521094 2752650 2834974 2650340 146740 5.54 

Diosmin 1194953 1180354 1340706 1296370 1253096 67491 5.39 

Vitexin 1361697 1385052 1480992 1496528 1431067 58539 4.09 

Apigenin-Glu-Rha-Glu 731952 739694 779530 782319 758374 22738 3.00 

Diosmetin-Glu-Rha 623514 561640 512563 510742 552115 46002 8.33 

Luteolin-Rut-Glu 517585 508624 537680 507802 517923 12035 2.32 

Vitexin-2-Rha 466026 466797 520774 537377 497744 31879 6.40 

Homoorientin 1049332 969972 1100621 971194 1022780 55259 5.40 

Orientin 917331 578524 928692 669360 773477 152997 19.78 
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Quercetin-Glu-Rha-Glu 901100 964986 1094569 1141596 1025563 96677 9.43 

Rutin 4560446 4941591 5136501 5312868 4987852 279530 5.60 

Limocitrin-Neo 1361613 1311239 1565342 1520040 1439559 105877 7.35 

Spinacetin-Glu-HMG-Glu 6084864 6417886 7381395 7506286 6847608 609349 8.90 

Limocitrin-Glu-HMG-Glu 6466312 6533959 7669930 7832166 7125592 628536 8.82 

Isorhamnetin-3-O-Neo 2157080 2227478 2521881 2527190 2358407 167993 7.12 

Limocitrol-Glu-HMG 22043100 23206972 25640076 27160278 24512607 2005274 8.18 

Limocitrin-HMG-Glu 15439678 15696738 18121232 18412604 16917563 1356330 8.02 

Quercetin-3-O-Neo 242140 283354 205179 220456 237782 29406 12.37 

 

 

Supplementary table 2. Peak area, mean, standard deviation (SD) and relative standard 

deviation (RSD, %) for the analyzed samples used to evaluate the effect of auxiliary energies 

on the extraction of flavonoids from lemon.   

Shaking extraction, lyophilized samples 

Compound Name Shaking-01 Shaking-02 Shaking-03 Shaking-04 Mean SD RSD 

Quercetin-Glu-Rha-Glu 502249.00 536463.00 553413.00 588548.00 545168.25 31095.10 5.70 

Rutin 2357987.00 2453883.00 2461539.00 2545542.00 2454737.75 66432.50 2.71 

Limocitrin-Neo 1251164.00 1211915.00 1327227.00 1354538.00 1286211.00 57225.60 4.45 

Spinacetin-Glu-HMG-
Glu 

6171914.00 6523308.00 6554026.00 6753257.00 6500626.25 209308.41 3.22 

Limocitrin-Glu-HMG-
Glu 

6314008.00 6265655.00 6560163.00 6903497.00 6510830.75 252720.60 3.88 

Isorhamnetin-3-O-Neo 1279628.00 1264338.00 1338933.00 1363997.00 1311724.00 41074.27 3.13 

Limocitrol-Glu-HMG 5193403.00 5369331.00 5387842.00 5623164.00 5393435.00 152807.48 2.83 

Limocitrin-HMG-Glu 4181047.00 4198638.00 4315560.00 4464175.00 4289855.00 113145.85 2.64 

Quercetin-3-O-Neo 471765.00 457332.00 472824.00 512697.00 478654.50 20585.19 4.30 

Eriocitrin 580224.00 716472.00 616955.00 643243.00 639223.50 49900.69 7.81 

Eriodictyol-Glu-Rha-Glu 5608255.00 6081195.00 6549743.00 6502100.00 6185323.25 379802.49 6.14 

Eriodictyol-Neo-Rha 395825.44 479835.87 434005.60 394650.99 426079.48 34841.17 8.18 

Neoeriocitrin 113907048.00 116856816.00 118593056.00 122576848.00 117983442.00 3136769.12 2.66 

Naringin 4202361.00 4398034.00 4677751.00 4760195.00 4509585.25 222438.41 4.93 

Hesperidin 1356317.00 1389609.00 1420065.00 1491625.00 1414404.00 49960.04 3.53 

Hesperetin 3426701.00 3837885.00 3629472.00 3656310.00 3637592.00 145781.17 4.01 

Hesperetin-7-O-Rha 6027480.00 8133915.00 6303126.00 7645912.00 7027608.25 884780.37 12.59 

Neohesperidin 109591144.00 115957080.00 
118965480.0

0 
124804792.00 117329624.00 5484571.80 4.67 

Apigenin-Glu-Rha-Glu 1493416.00 1523874.00 1660805.00 1654653.00 1583187.00 75347.21 4.76 

Luteolin-Rut-Glu 1152455.00 1187066.00 1312053.00 1358454.00 1252507.00 85239.98 6.81 

Homoorientin 1176574.00 1133776.00 1358817.00 1175656.00 1211205.75 86959.17 7.18 

Orientin 637200.19 596097.04 818479.17 747009.42 699696.46 88014.87 12.58 

Vitexin -O-xyloside 2863315.00 3025613.00 2986001.00 3032132.00 2976765.25 67837.74 2.28 

Vitexin 1151957.15 1124201.77 1313382.89 1311871.27 1225353.27 87825.39 7.17 

Vitexin-2-Rha 669381.08 694937.89 769653.35 755922.99 722473.83 41598.74 5.76 

Luteolin-Glu-Rha 2665601.00 2817620.00 3046805.00 2978981.00 2877251.75 147859.00 5.14 

Luteolin-Neo 19845814.00 20424712.00 21181284.00 23360320.00 21203032.50 1332496.46 6.28 
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Diosmetin-Glu 5209934.00 5158569.00 5649361.00 5384995.00 5350714.75 191770.65 3.58 

Rhoifolin 3319204.00 3451424.00 3937506.00 3860239.00 3642093.25 262425.46 7.21 

Diosmin 730242.00 697634.00 764588.00 741897.00 733590.25 24155.36 3.29 

Neodiosmin 21134626.00 26590936.00 21611164.00 26682164.00 24004722.50 2637412.06 10.99 

Diosmetin-Glu-Rha 870897.00 893521.00 896521.00 924495.00 896358.50 19026.48 2.12 

Ultrasound assisted extraction, lyophilized samples 

Compound Name USAE-01 USAE-02 USAE-03 USAE-04 Mean SD RSD 

Quercetin-Glu-Rha-Glu 690252.00 568024.00 718715.00 707276.00 671066.75 60347.63 8.99 

Rutin 2399778.00 2580085.00 2391993.00 2436003.00 2451964.75 75811.68 3.09 

Limocitrin-Neo 1373825.00 1424299.00 1375547.00 1397938.00 1392902.25 20471.08 1.47 

Spinacetin-Glu-HMG-
Glu 

7423161.00 6957210.00 7761785.00 7263240.00 7351349.00 290139.37 3.95 

Limocitrin-Glu-HMG-
Glu 

6348886.00 5708809.00 6490884.00 5895295.00 6110968.50 319838.96 5.23 

Isorhamnetin-3-O-Neo 1449541.00 1389986.00 1447306.00 1369789.00 1414155.50 35013.00 2.48 

Limocitrol-Glu-HMG 5132356.00 4997250.00 5467436.00 4522335.00 5029844.25 339346.14 6.75 

Limocitrin-HMG-Glu 4259054.00 4001987.00 4384172.00 4041599.00 4171703.00 156926.61 3.76 

Quercetin-3-O-Neo 4133334.00 4015053.00 4069211.00 4111256.00 4082213.50 45100.91 1.10 

Eriocitrin 869022.00 847524.00 845495.00 800547.00 840647.00 24919.61 2.96 

Eriodictyol-Glu-Rha-Glu 7842555.00 7273931.00 8267646.00 8130677.00 7878702.25 381386.75 4.84 

Eriodictyol-Neo-Rha 540998.96 572813.85 646078.51 623903.96 595948.82 41379.92 6.94 

Neoeriocitrin 147277824.00 142610672.00 139524352.00 
153069088.0

0 
145620484.00 5110045.77 3.51 

Naringin 6419988.00 5346686.00 6759674.00 6343745.00 6217523.25 526594.92 8.47 

Hesperidin 1842710.00 1778443.00 1884150.00 1930814.00 1859029.25 56001.26 3.01 

Hesperetin 6930689.00 7127338.00 7252548.00 7158203.00 7117194.50 117142.50 1.65 

Hesperetin-7-O-Rha 14268684.00 14366354.00 15855096.00 14915256.00 14851347.50 629744.15 4.24 

Neohesperidin 
229733568.0

0 
223753872.0

0 
223714768.00 

249294496.0
0 

231624176.00 
10491842.4

0 
4.53 

Apigenin-Glu-Rha-Glu 2822147.00 2999803.00 3122976.00 3430234.00 3093790.00 221737.38 7.17 

Luteolin-Rut-Glu 2033595.00 2188407.00 2356630.00 2477924.00 2264139.00 168184.78 7.43 

Homoorientin 1122144.00 1018166.00 1092012.00 998342.00 1057666.00 51030.99 4.82 

Orientin 773273.38 692712.90 776952.84 681065.19 731001.08 44322.93 6.06 

Vitexin -O-xyloside 3225068.00 3054736.00 3221393.00 2805642.00 3076709.75 170956.12 5.56 

Vitexin 1377344.53 1377063.72 1356013.40 1206485.77 1329226.86 71390.77 5.37 

Vitexin-2-Rha 885825.44 864619.32 893081.77 791849.68 858844.05 40068.12 4.67 

Luteolin-Glu-Rha 6108829.00 6531121.00 6757890.00 6410448.00 6452072.00 234158.98 3.63 

Luteolin-Neo 38900292.00 38653816.00 39266912.00 39856448.00 39169367.00 452711.14 1.16 

Diosmetin-Glu 5487854.00 4800354.00 5776095.00 4806945.00 5217812.00 426522.41 8.17 

Rhoifolin 9160867.00 9667067.00 10299182.00 11416778.00 10135973.50 842289.02 8.31 

Diosmin 851808.00 699927.00 908613.00 766630.00 806744.50 79729.33 9.88 

Neodiosmin 45937356.00 47217788.00 48778540.00 49701032.00 47908679.00 1443314.95 3.01 

Diosmetin-Glu-Rha 4476051.00 3718737.00 4238815.00 3835135.00 4067184.50 304914.53 7.50 

Microwave assisted extraction, lyophilized samples 

Compound Name MAE-01 MAE-02 MAE-03 MAE-04 Mean SD RSD 

Quercetin-Glu-Rha-Glu 560225.00 615128.00 767419.00 882223.00 706248.75 126821.39 17.96 

Rutin 2532433.00 2529267.00 2963835.00 2801539.00 2706768.50 185043.43 6.84 
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Limocitrin-Neo 1302343.00 1299925.00 1426834.00 1476756.00 1376464.50 77375.32 5.62 

Spinacetin-Glu-HMG-
Glu 

6333287.00 6564520.00 6046749.00 5810346.00 6188725.50 285240.21 4.61 

Limocitrin-Glu-HMG-
Glu 

6214707.00 5972831.00 5993051.00 5948268.00 6032214.25 106548.94 1.77 

Isorhamnetin-3-O-Neo 1397048.00 1361480.00 1875386.00 1873669.00 1626895.75 247951.58 15.24 

Limocitrol-Glu-HMG 4670760.00 5023560.00 5259573.00 5049938.00 5000957.75 211436.95 4.23 

Limocitrin-HMG-Glu 3807111.00 4335906.00 4313592.00 4404626.00 4215308.75 238049.22 5.65 

Quercetin-3-O-Neo 4320724.00 4123800.00 4804696.00 4137671.00 4346722.75 275596.00 6.34 

Eriocitrin 748658.00 764329.00 721649.00 677144.00 727945.00 33065.11 4.54 

Eriodictyol-Glu-Rha-Glu 6704269.00 6484133.00 5370086.00 5710802.00 6067322.50 546048.86 9.00 

Eriodictyol-Neo-Rha 507889.61 511971.02 546657.53 497091.97 515902.53 18569.94 3.60 

Neoeriocitrin 123526432.00 121289464.00 131992408.00 140259392.00 129266924.00 7497595.15 5.80 

Naringin 5087363.00 5121449.00 6352113.00 7220639.00 5945391.00 895373.21 15.06 

Hesperidin 1556522.00 1611467.00 2017415.00 2256898.00 1860575.50 289902.45 15.58 

Hesperetin 7755492.00 7320453.00 7959439.00 7110252.00 7536409.00 337342.01 4.48 

Hesperetin-7-O-Rha 15433390.00 15836233.00 16761465.00 15702736.00 15933456.00 499587.06 3.14 

Neohesperidin 
185658096.0

0 
185727424.00 

199550864.0
0 

214767072.00 196425864.00 
12005904.6

1 
6.11 

Apigenin-Glu-Rha-Glu 2201202.00 2057690.00 2061356.00 2469551.00 2197449.75 167412.27 7.62 

Luteolin-Rut-Glu 1631063.00 1460851.00 1443364.00 1582156.00 1529358.50 79403.58 5.19 

Homoorientin 1095263.00 1236423.00 1364061.00 1313516.00 1252315.75 101428.07 8.10 

Orientin 773730.22 688807.17 822678.96 768057.49 763318.46 47975.16 6.29 

Vitexin -O-xyloside 3234032.00 3258788.00 2609881.00 2661693.00 2941098.50 305985.75 
10.4

0 

Vitexin 1161330.50 1191767.17 1425409.97 1399682.36 1294547.50 118836.96 9.18 

Vitexin-2-Rha 727636.26 796564.64 719547.52 756151.61 749975.01 30139.66 4.02 

Luteolin-Glu-Rha 4692324.00 4029106.00 4478464.00 4665667.00 4466390.25 265575.12 5.95 

Luteolin-Neo 30296104.00 27314788.00 26884346.00 27767868.00 28065776.50 1325035.09 4.72 

Diosmetin-Glu 5296313.00 5450252.00 6229317.00 6065282.00 5760291.00 395096.40 6.86 

Rhoifolin 5982989.00 5562695.00 6591062.00 5996032.00 6033194.50 366226.56 6.07 

Diosmin 748713.00 747495.00 566621.00 749281.00 703027.50 78756.97 11.20 

Neodiosmin 45770672.00 47180052.00 42664422.00 47145272.00 45690104.50 1837028.97 4.02 

Diosmetin-Glu-Rha 8821761.00 9594041.00 8335000.00 8990680.00 8935370.50 450071.61 5.04 

Superheated liquid extraction, lyophilized samples 

Compound Name SHLE-01 SHLE-02 SHLE-03 SHLE-04 Mean SD RSD 

Quercetin-Glu-Rha-Glu 393386.00 421603.00 366899.00 465858.00 411936.50 36651.97 8.90 

Rutin 1676154.00 1840330.00 1832382.00 1982859.00 1832931.25 108527.05 5.92 

Limocitrin-Neo 760766.00 816852.00 828193.00 934400.00 835052.75 62782.80 7.52 

Spinacetin-Glu-HMG-
Glu 

3050436.00 3467813.00 2964656.00 3746966.00 3307467.75 317196.52 9.59 

Limocitrin-Glu-HMG-
Glu 

3120468.00 3222383.00 3410042.00 3799168.00 3388015.25 259107.76 7.65 

Isorhamnetin-3-O-Neo 1031860.00 1124533.00 1100214.00 1260837.00 1129361.00 83164.36 7.36 

Limocitrol-Glu-HMG 3634424.00 3899916.00 3988484.00 4380974.00 3975949.50 267685.79 6.73 

Limocitrin-HMG-Glu 2504782.00 2637029.00 2660876.00 3022329.00 2706254.00 191928.13 7.09 

Quercetin-3-O-Neo 830908.00 859105.00 821483.00 895083.00 851644.75 28645.60 3.36 

Eriocitrin 313527.00 321270.00 360605.00 326060.00 330365.50 18022.40 5.46 

Eriodictyol-Glu-Rha-Glu 2426831.00 2927989.00 2737456.00 3127801.00 2805019.25 258312.20 9.21 
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Eriodictyol-Neo-Rha 281354.88 240119.30 304962.18 215834.46 260567.71 34720.95 13.33 

Neoeriocitrin 85098224.00 86841104.00 87001736.00 92089512.00 87757644.00 2610030.54 2.97 

Naringin 3083187.00 3375340.00 3388093.00 3621570.00 3367047.50 190964.76 5.67 

Hesperidin 1418178.00 1542048.00 1403595.00 1599970.00 1490947.75 82799.50 5.55 

Hesperetin 3610496.00 3532908.00 3448077.00 3255969.00 3461862.50 132024.20 3.81 

Hesperetin-7-O-Rha 6256321.00 7905391.00 6074346.00 7310726.00 6886696.00 754126.33 10.95 

Neohesperidin 102342216.00 111222928.00 95141776.00 
104894864.0

0 
103400446.0

0 
5760859.11 5.57 

Apigenin-Glu-Rha-Glu 1253153.00 1485142.00 1129834.00 1286567.00 1288674.00 127569.59 9.90 

Luteolin-Rut-Glu 650178.00 682702.00 622772.00 675323.00 657743.75 23517.06 3.58 

Homoorientin 706585.00 671558.00 687446.00 624812.00 672600.25 30249.64 4.50 

Orientin 301907.17 344628.25 281969.24 297535.44 306510.03 23221.64 7.58 

Vitexin -O-xyloside 1245400.00 1314349.00 1137828.00 1263922.00 1240374.75 64357.89 5.19 

Vitexin 447416.81 527405.11 541231.48 602423.06 529619.12 55220.88 10.43 

Vitexin-2-Rha 320116.69 340184.14 297442.13 316436.57 318544.88 15169.86 4.76 

Luteolin-Glu-Rha 1834878.00 1832309.00 1987776.00 1872447.00 1881852.50 63185.07 3.36 

Luteolin-Neo 12651309.00 13349440.00 13089063.00 13154676.00 13061122.00 255248.42 1.95 

Diosmetin-Glu 2960880.00 3007006.00 3062370.00 3032190.00 3015611.50 37184.66 1.23 

Rhoifolin 2941008.00 3431959.00 2599430.00 2826916.00 2949828.25 304308.32 10.32 

Diosmin 494346.00 523491.00 428572.00 482142.00 482137.75 34381.76 7.13 

Neodiosmin 14488795.00 16940284.00 14529763.00 14941298.00 15225035.00 1005986.87 6.61 

Diosmetin-Glu-Rha 2087844.00 2883375.00 2231860.00 2333558.00 2384159.25 301153.88 12.63 
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Characterization of lemon (Citrus limon) polar 

extract by liquid chromatography–tandem mass 

spectrometry in high resolution mode 

 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote and María D. Luque de 

Castro 

 

Abstract 

Eighty four metabolites (32 flavonoids, 15 amino acids, 9 carboxylic acids, 6 

coumarins, 6 sugars, 5 phenolic acids and 11 unclassified compounds) have been tentatively 

identified in a polar extract from lemon, without reference standards, based on their LC–

QTOF MS/MS spectra and comparison with databases. Despite information in databases 

for some families of plant compounds is poor, tentative identification based on MS/MS 

information (mass of the precursor ion and their fragments, together with neutral mass 

loss) was possible with the help of known fragmentation patterns for the given families of 

compounds. Both positive and negative ionization modes and at least two collision energies 

were always applied to obtain as much information as possible from each molecular entity, 

thus helping identification. As the tentatively identified metabolites are the same regardless 

of the organism they belong, their fragmentation patterns are useful for identification with 

independence of the sample nature. 

 

1. Introduction 

Citrus cultivation is expanded into more than 100 countries all over the world, 

mainly in tropical and subtropical areas, with an annual production of approximately 115.5 

million tons.[1] Citrus fruits have a large number of components the usefulness of which has 

been widely proved both for the maintenance of human health and industrial applications, 

mainly in foods, cosmetics and pharmaceutical industries.[2] Concerning the polar fraction 
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in citrus, the most studied compounds in the last years have been phenols (phenolic acids, 

coumarins and, mostly, flavonoids); a class of compounds recognized as phytochemicals 

that has earned interest in the last twenty years thanks to the multiple beneficial effects on 

human health associated to their consumption.[3] Also the antioxidant properties of some 

families of phenols make them attractive for the food industry as natural preservatives or 

additives to functional foods.[4] Moreover, sugars and carboxylic acids in citrus have been 

widely studied because of their recognized influence on the fruit taste and, together with 

the aromatic compounds, on the overall sensory attributes of this fruit.[5] Carboxylic acids 

play an important role as stabilizers of flavonoids, and also they extend the shelf-life of 

fresh fruits.[6] The key role of amino acids in citrus, as in the rest of the plant and animal 

kingdoms, is to build protein blocks. Apart from their functions in proteins synthesis, 

amino acids are key regulators of gene expression and the protein phosphorylation cascade, 

and they act as precursors for the synthesis of a large number of compounds like hormones, 

low-molecular weight nitrogenous components and some phenolic compounds like 

flavonoids or phenolic acids.[7–8] Characteristic of the no volatile fraction of citrus are 

limonoids.[9] Despite of the large number of studies on citrus extracts, most of them have 

been focused on a few metabolites or on a specific family of compounds. The global 

characterization of citrus extracts could open the possibility of their use in industries, 

mainly food, pharmaceuticals and cosmetics industries. Nowadays, polar extracts from 

citrus have been used to delay rancidity in oils and fats, providing results similar to those 

of the most used synthetic antioxidants butylated hydroxy anisole and butylated hydroxy 

toluene.[10] Also, polar extracts from plants have been used as additives in meat and meat 

products, to protect against lipid and protein oxidation, and also as antimicrobial; however, 

extracts from citrus have been scantly used for these purposes.[11]  

Mass spectrometry (MS) is each time a more extended tool for the analysis of 

metabolites because, depending on the type of instrument and method, this technique 

offers high sensitivity for quantification or high mass resolution for identification.[12] 

Hybrid MS equipment like quadrupole–time-of-flight (QTOF) allows obtaining MS/MS 

spectra that provide information on structures and fragmentation patterns for subsequent 

identification supported by databases.[13] However, identification based on MS/MS spectra 

is very dependent on the ability of the analyst to interpret the different data from neutral 

mass losses, common fragments, parent ions, possible adducts, and thus to solve the puzzle. 
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To help in the knowledge of the global profiling of citrus fruits, the purpose of this 

study was to tentatively identify metabolites in polar extracts from lemon; therefore, 

especial emphasis was set on the characteristic fragmentation of the different classes of 

compounds; that is, on MS/MS information. Nevertheless, the keys for identification are 

also useful for any other organism containing the same or similar metabolites. 

 

2. Experimental  

2.1 Samples 

Edible lemons (Citrus limon) were purchased in a local market in Córdoba, Spain 

(January, 2014). The fruits were washed, cut into slices, lyophilized to constant weight and 

finally grinded (particle diameter≤0.5 mm). The powder was stored in the dark at –20 °C 

until use.  

2.2 Reagents 

All solvents were LC grade or higher when required. Ethanol and formic acid were 

from Scharlab (Barcelona, Spain); acetonitrile and methanol from Fluka (Buches, 

Switzerland). Deionized water (18 MΩ•cm) from a Millipore Milli-Q water purification 

system (Bedford, MA, USA) was used to prepare the mobile chromatographic phases and 

extractant mixtures. 

2.3 Metabolites extraction 

Lemon samples (1 g dry weight each) were extracted in 20 mL of 60% ethanol in 

water by shaking using a Vibromatic reciprocating shaker (Selecta, Barcelona, Spain) for 1 

h (suited extraction time based on a previous kinetics study [14]).  

2.4 LC–QTOF MS/MS analysis 

Chromatographic separation of the extracts was performed by using an Inertsil 

ODS-2 C18 analytical column (250×4.6 mm i.d. 5 µm particle) from Análisis Vínicos 

(Tomelloso, Ciudad Real, Spain). The injection volume was 10 µL, and the mobile phase 

was composed by 0.1% of formic acid in both deionized water (phase A) and acetonitrile 

(phase B) at a constant flow rate of 1 mL/min. The gradient was as follows: 4% to 10% B in 

5 min; change from 10% to 25% B in 30 min; from 25% to 100% B in 15 min and constant 
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100% B for 5 min more. After analysis, the column was equilibrated to the initial conditions 

within 5 min.  The dual ESI source operated in both positive and negative ionization modes 

under the following conditions: nebulizer gas at 40 psi, drying gas flow rate and 

temperature at 12 L/min and 325 °C, respectively. The capillary voltage was set at 3500 V, 

while the fragmentor, skimmer, and octapole voltages were fixed at 130, 65, and 750 V, 

respectively. The data were acquired in centroid mode in the extended dynamic range (2 

GHz). Full scan was carried out at 6 spectra/s within the m/z range of 40–1700, with 

subsequent activation of the three most intense precursor ions (allowed charge: single or 

double) by MS/MS using a collision energy of 20 eV and 40 eV at 3 spectra/s within the 

m/z range 30–1700. An active exclusion window was programmed after the first spectrum 

and released after 0.75 min to avoid repetitive fragmentation of the most intense precursor 

ions, thus increasing the detection coverage. To assure the desired mass accuracy of 

recorded ions, continuous internal calibration was performed during analyses with the use 

of signals at m/z 121.0509 (protonated purine) and m/z 922.0098 [protonated hexakis (1H, 

1H, 3H-tetrafluoropropoxy) phosphazine or HP-921] in the positive ion mode; and m/z 

112.9856 (trifluoroacetic acid anion) and m/z 1033.9881 (HP-921) in the negative ion 

mode. 

2.5 Data processing 

MassHunter Workstation software (version B6.00 Profinder, Agilent 

Technologies, Santa Clara, CA, USA) was used to process all the data obtained by LC–QTOF 

in auto MS/MS mode. Treatment of the raw data file started by extraction of potential 

molecular features (MFs) with the applicable algorithm included in the software. The 

recursive extraction algorithm considered all ions exceeding 5000 and 10000 counts as 

cut-off in both positive and negative modes, respectively. Additionally, the isotopic 

distribution to consider a molecular feature as valid should be defined by two or more ions 

(with a peak spacing tolerance of 0.0025 m/z, plus 10.0 ppm in mass accuracy). Apart from 

[M+H]+ and [M–H]– ions, adducts formation in the positive (Na+) and negative ionization 

(HCOO–, Cl–) modes, as well as neutral loss by dehydration were included to identify 

features corresponding to the same potential metabolite. Thus, ions with identical elution 

profiles and related m/z values (representing different adducts or isotopes of the same 

compound) were extracted as entities characterized by their retention time (RT), intensity 

in the apex of the chromatographic peaks and accurate mass. Background contribution was 

removed by subtraction of MFs linked to the blank. Then, the recursion step assured correct 
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integration of the entities in all analyses. Once all features were extracted and aligned, the 

software MassHunter Qualitative was used for the targeted extraction of MS/MS 

information associated to the monitored molecular features in the whole set of analyses. 

This information was used for the tentative identification of metabolites by searching in the 

METLIN MS and MS/MS (http://metlin.scripps.edu), MassBank MS/MS 

(http://www.massbank.jp) and ReSpect MS/MS (http://spectra.psc.riken.jp) databases.  

 

3. Results and discussion 

The tentative identification of metabolites was achieved by comparison between 

experimental MS/MS information and that stored in the mentioned databases. The number 

of identified metabolites using both positive and negative ionization modes was 84; then, 

they were divided into subclasses according to their chemical properties for better 

discussion of their characteristic fragmentation patterns supporting identification. For 

compounds providing response in both ionization modes the most intense signal was used. 

3.1 Identification of amino acids 

Amino acids are distinguished by the presence of both amino and acid groups, but 

also by a characteristic side-chain. As reported by Falick et al. in 1993, amino acid 

fragmentation produces a characteristic immonium ion (general structure [H2N=CH-R]+, 

where R is the ammo acid side-chain) which has different mass for each amino acid and 

allows easy identification of essential amino acids (Fig. 1).[15] The results of this study 

showed that the ionization mode is very influential on the number of detected amino acids. 

The positive ionization mode was the most favorable to identify amino acids as it clearly 

provided a higher sensitivity. In this case, the positive ionization mode allowed 

identification of fifteen amino acids, while only three were identified in the negative 

ionization mode with better resolution than in the positive mode. In this way, identification 

of three essential amino acids (phenylalanine, tryptophan and valine) was achieved 

through their respective immomiun ion. This was not the case for arginine that produces a 

weak immonium ion and a large number of low-mass fragment ions making identification 

by the immonium ion difficult;[15] nevertheless, MS/MS information in databases made 

possible its identification. Essential amino acids cannot be synthesized by humans and 

must be provided from the diet to meet optimal requirements. In addition, some amino 

acids such as arginine, considered conditionally essential, are normally synthesized by the 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

Page | 272 

organism, but, under certain conditions, they must be provided from the diet to meet 

optimal needs. In this sense, arginine is a conditionally essential amino acid for vascular 

homeostasis of young mammals, spermatogenesis and fetal growth.[8] Besides its 

importance in nutrition, amino acids are useful to detect adulterations in processed 

juices.[16] The complete set of results and parameters for identification of amino acids are 

shown in Table 1. The best results for positive ESI mode are in agreement with those 

obtained by Gómez-Ariza et al. in 2005 for the determination of amino acids in orange 

juice.[16] The chemical structure and isotopic mass of immonium ions of the twenty essential 

amino acids are shown in Supplementary Fig. 1. 

 

Fig. 1. General scheme of amino acids fragmentation to yield the immonium ion. 

3.2 Identification of flavonoids 

Nowadays, it is known the existence of more than 6000 flavonoids, including many 

isomers and, particularly, sugar derivatives. The large number of possible molecules 

adjustable to a specific elemental formula makes difficult a fast and accurate identification 

of flavonoids in biological extracts using MS, even when coupled to LC for their 

separation.[17] Nevertheless, identification of these compounds based on information of 

neutral mass losses for sugars, methyl (Δm/z 15.0235) and hydroxyl (Δm/z 17.0027) 

groups, and the characteristic m/z of the different aglycones and their fragments is at 

present possible. Regardless of the flavonoid subclass, all aglycones show a characteristic 

m/z 151.0021  fragment in the  negative ionization mode and an m/z 153.0180 fragment in 

the positive mode, which is representative of the flavone structure;[18] the presence of one 

of these fragments indicates, almost certainly, that a molecular entity is a flavonoid. The 

following steps are mandatory to obtain this fragment: first, the cleavage of the glycosidic 

bonds to the aglycone takes place to yield the m/z of the flavonoid without the neutral mass  
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Table 1. Parameters for identification of amino acids. 

Compound name Formula 
Neutral 

mass 
RT 

Precursor 
ion (m/z) 

Adduct Main m/z fragments 

Arginineb C6H14N4O2 174.112 1.94 175.1193 [M+H]+ 70.0658 60.0563 130.0945 

Proline C5H9NO2 115.0633 2.08 116.0705 [M+H]+ 70.0662 * 68.0496 53.0384 

Dimethylglycine C4H9NO2 103.0639 2.15 104.0711 [M+H]+ 58.066 42.0343 44.05 

Alanine C3H7NO2 89.0472 2.47 90.0545 [M+H]+ 44.0496 * 44.9976 42.0341 

Asparagine C4H8N2O3 132.0531 2.51 133.0604 [M+H]+ 74.024 84.0448 87.554 * 

Glutamic acid C5H9NO4 147.0506 2.61 148.0599 [M+H]+ 84.0395 56.045 102.0489 * 

Aspartic Acid C4H7NO4 133.0351 2.67 134.0448 [M+H]+ 88.0385 * 74.0236 70.0284 

Proline C5H9NO2 115.0639 2.78 116.0712 [M+H]+ 70.0658 * 43.0547  

Pipecolic acid C6H11NO2 129.0793 2.90 130.0866 [M+H]+ 84.0815 56.0501 55.0548 

Valinea C5H11NO2 117.0793 2.93 118.0866 [M+H]+ 72.081 * 55.0545 57.0578 

Proline betaine C7H13NO2 143.0949 3.01 144.1027 [M+H]+ 102.0551 84.0819 58.0664 

Tyrosine C9H11NO3 181.0739 4.75 182.0812 [M+H]+ 165.0544 147.029 136.0758 * 

Phenylalaninea C9H11NO2 165.0793 6.81 166.0866 [M+H]+ 120.081 * 103.0542 93.0701 

3-amino-2-naphthoic acid C11H9NO2 187.0635 9.14 188.0708 [M+H]+ 115.0544 142.0655  

Tryptophana C11H12N2O2 204.0904 9.64 205.0977 [M+H]+ 118.0652 146.0592 159.0915 * 

* Mass/charge (m/z) value for the characteristic immonium ion.  
a Essential amino acid for humans. 
b Conditionally essential amino acid for young mammals 

of the released sugars; then, when all glycosidic bonds are broken, the aglycone m/z is 

obtained and, finally, it is fragmented to obtain a characteristic fragment.  This means that 

as the higher is the molecule the higher collision energy is required to achieve the final 

fragmentation (Fig. 2). In addition, the double bond in the pyrane ring and the number of 

substituents are important in fragmentation as a small number of substituents favors the 

release and fragmentation of the aglycone; on the contrary, high number of substituents 

provides better structural stability and difficults fragmentation of the aglycone as a 

result.[19] As example of this behavior, the characteristic fragment m/z 151.0021 is more 

intense in neoeriocitrin than in neohesperidin at the same collision energy, even when the 

abundance of both is similar, thus indicating that neoshesperidin aglicone is more stable 

(Supplementary Fig. 2). The most common flavonoid–glucosides in citrus are glucose 

monosaccharides, with a typical neutral mass loss of Δm/z 162.0530 or rhamnose (Δm/z 

146.0580) and the disaccharides neohesperidose (Δm/z 308.1110) or rutinose (Δm/z 

308.1110), but also the presence of 3-hydroxy-3-methyl-glutaryl (HMG) (Δm/z 144.043) as 

substituent in citrus aglycones was reported by Rodríguez-Rivera et al. in 2014.[20] In 

addition to the usual link to hexoses, a xylose (Δm/z 132.0430) has been found linked to 

vitexin. Taking into account this general behavior the tentative identification of 32 

flavonoids from 3 subclasses has been carried out with the following results: 9 flavanones 
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corresponding to hesperetin, naringenin and eriodictyol dervivatives; 14 flavones 

derivatives from luteolin, apigenin and diosmetin; and 9 flavanols, mainly quercetin and 

limocitrin derivatives. In agreement with van der Hooft et al.,[17] the negative ionization 

mode was better for flavonoids, as only 6 out of 32 identified flavonoids showed more 

intense signal in the positive ionization mode. According to Hvattum et al., in 2003, the 

best ionization of flavonoids in negative mode is due to their rapid deprotonation, which 

gives place to their antioxidant properties by formation of stable flavonoid radicals.[19] A 

complete set of identified flavonoids, including the main fragments and adducts for each 

one, are listed in Table 2. The number of flavonoids identified in this study was similar to 

that obtained by Abad-García et al., in 2012, when they identified between 26 and 35 

flavonoids from four different citrus fruits.[21] 

 

Fig. 2. Effect of the collision energy on the fragmentation of naringin. 
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3.3 Identification of phenolic acids 

Phenolic acids are molecules with one phenol ring in their structure which can be 

divided into two subgroups: derivatives from hydroxycinnamic acid, which have the 

common structure C6-C3, and derivatives from hydroxybenzoic acid (C6-C1).[22] The 

identification of phenolic acids is similar to that of flavonoids. As they are mostly 

glycosides, their first fragmentation stage is the cleavage of the glycosidic bound to yield 

the m/z of the phenolic acid and the corresponding neutral mass loss of sugar molecules; 

then, neutral mass losses of hydroxyl (Δm/z 17.0027), methyl (Δm/z 15.0235) or carboxylic 

(Δm/z 43.9899) groups are helpful to identify the specific phenolic acid,[23] as illustrated 

in Fig. 3.   

 
Fig. 3. Proposed fragmentation of dihydroferulic acid glucoside (A) and hydroxybenzoic acid 

glucoside (B). 

 

The tentative identification of 5 phenolic acids, 2 derivatives from benzoic acid and 

3 from cinnamic acid was carried out and their identification parameters are listed in Table 

3. The most representative phenolic acids in citrus fruits are ferulic, coumaric, vanillic and 

hydroxybenzoic acids;[24] however, their concentration depend on the variety and 

extraction method.  
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Table 2. Parameters for identification of flavonoids. 

Compound name Formula 
Neutral 

mass 
RT 

Precursor 
Ion (m/z) 

Adduct Main m/z fragments 

Flavanones 

Eriocitrin C27H32O15 596.1740 20.88 597.1811 [M+H]+ 289.0699 153.0179 163.0390 

Eriodictyol-Glu-Rha-Glu C33H42O20 758.2265 21.47 757.2200 [M-H]- 287.0541 449.1067 595.1663 

Neoeriocitrin C27H32O15 595.1674 27.30 597.1811 [M-H]- 287.0537 151.0120 459.1135 

Eriodictyol-Neo-Rha C33H42O19 742.232 27.49 743.2393 [M+H]+ 435.1307 289.0716 195.0294 

Naringin C27H32O14 580.1782 32.48 579.1717 [M-H]- 271.0590 151.0003 119.0474 

Hesperidin C28H34O15 610.1884 33.42 609.1818 [M-H]- 301.0697 325.0687 343.0822 

Hesperetin C16H14O6 302.0801 34.76 303.0866 [M+H]+ 153.0181 177.0541 117.0349 

Hesperetin-7-O-rhamnoside C22H24O10 448.1368 34.85 449.1442 [M+H]+ 303.0858 177.0545 153.0183 

Neohesperidin C28H34O15 610.1893 35.04 609.1827 [M-H]- 301.0703 325.0707 125.0183 

Flavones 

Apigenin-Glu-Rha-Glu C33H40O19 786.2218 22.77 785.2085 [M+FA-H]- 269.0424 577.1554 431.0949 

Luteolin-Rut-Glu C33H40O20 756.2105 23.01 755.2041 [M-H]- 285.0385 593.1509  

Homoorientin C21H20O11 448.0992 25.34 447.0908 [M-H]- 357.0591 327.0478 297.0367 

Orientin C21H20O11 448.1006 25.77 447.0915 [M-H]- 357.0566 327.0487 298.0448 

Vitexin -O-xyloside C26H28O14 564.1471 28.15 563.1396 [M-H]- 293.0422 59.0121 311.0516 

Vitexin C21H20O10 432.1058 28.60 431.0952 [M-H]- 311.0536 283.0562 341.0636 

Vitexin-2-rhamnoside C27H30O14 578.1627 28.91 577.1559 [M-H]- 293.0427 413.0883 59.0117 

Luteolin-Glu-Rha C27H30O15 594.1583 29.61 595.1659 [M+H]+ 287.0552 449.1074  

Luteolin-Neo C27H30O15 594.1583 29.85 593.1507 [M-H]- 285.0382 284.0293 151.0005 

Diosmetin-Glu C22H22O11 462.1146 31.20 497.0871 [M+Cl]- 461.1071 341.0631 298.0458 

Rhoifolin C27H30O14 578.1623 34.11 577.1555 [M-H]- 269.0435 311.0527 85.0270 

Diosmin C28H32O15 608.1729 34.90 607.1657 [M-H]- 299.0537 284.0282 301.0697 

Neoiosmin C28H32O15 608.1745 35.99 607.1663 [M-H]- 299.0527 284.0285 509.9860 

Diosmetin-Glu-Rha C28H32O15 608.1744 39.79 609.1819 [M+H]+ 301.0706 463.1233 153.0182 

Flavanols 

Quercetin-Glu-Rha-Glu C33H40O21 772.2055 17.26 771.1984 [M-H]- 609.1442 462.0776 341.0449 

Rutin C27H30O16 610.1528 29.70 609.1456 [M-H]- 300.0247 301.0330 271.0259 

Limocitrin-Neo C29H34O17 654.1790 33.36 653.1723 [M-H]- 345.0577 330.0332 301.0684 

Spinacetin-Glu-HMG-Glu C35H42O22 814.2166 33.52 813.2046 [M-H]- 651.1548 549.1258 345.0579 

Limocitrin-Glu-HMG-Glu C35H42O22 814.2167 33.98 813.2046 [M-H]- 651.1548 549.1258 345.0579 

Isorhamnetin-3-O-neohesperidoside C28H32O16 624.1678 34.32 623.1631 [M-H]- 315.0491 300.0238 271.0202 

Limocitrol-Glu-HMG C18H16O9 682.1744 37.60 681.1630 [M-H]- 375.0699 360.0472 537.1240 

Limocitrin-HMG-Glu C29H32O17 652.1640 37.80 651.1566 [M-H]- 345.0593 549.1233 507.1117 

Quercetin-3-O-neohesperidoside C27H30O16 610.1885 39.74 609.1844 [M-H]- 301.0691 151.0023  

Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; HMG, 3-hydroxy-3-methyl-glutaryl 
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Table 3. Parameters for identification of phenolic acids. 

Compound name Formula 
Neutral 

mass 
RT 

Precursor ion 

(m/z) 
Adduct Main m/z fragments 

Hydroxybenzoic-Glu C13H16O8 300.0823 7.62 299.0757 [M-H]- 137.0215 93.0324  

Hydroxybenzoic-Glu C13H16O8 300.0848 9.44 301.0918 [M+H]+ 139.0389 121.0285  

Dihydroferulic acid-

Glu-Glu 
C10H12O4 520.1779 16.75 519.131 [M-H]- 195.0628 151.0733 357.1164 

Sinapic acid C11H12O5 224.0685 18.59 225.0757 [M+H]+ 119.0488 147.0435 91.0584 

Dihydroferulic acid-Glu C16H22O9 358.1253 22.78 357.116 [M-H]- 195.0637 151.0734 136.0498 

Glu, glucoside 

 

3.4 Identification of sugars 

Sugars, major components of soluble solids in citrus juices, constitute a primary 

source of energy for living organisms, and are responsible for the sweetness of the fruits.[5] 

Polysaccharides present a characteristic fragmentation that begins with the cleavage of the 

glycosidic bond producing a [M+H-162]+ fragment in the positive ionization mode and [M-

H-162]- in negative ionization.[25] Sucrose, the disaccharide formed by fructose and glucose, 

is the most abundant sugar in fruits, and it represents almost half of the total sugar content 

in citrus.[26] Sucrose fragmentation is characterized by the cleavage of the glycosidic bound 

between glucose and fructose (Fig. 4A) producing a neutral mass loss of Δm/z 162.0530, 

characteristic for glucosides. According to the METLIN database, the rupture of the 

glycosidic bond release a [fructose-H]- fragment (m/z 179.0553); then, fragments m/z 

89.0245; m/z 71.0132 and m/z 59.0144, distinctive features of fructose fragmentation (Fig. 

4B), clearly indicate the presence of a disaccharide. On the other hand, glucose and fructose 

fragmentation patterns (Fig. 4B, 4C) are very similar; therefore, distinction between them 

based only on MS/MS information is complicated, but it is possible by comparison of the 

retention times with those of the corresponding standards. The best results for 

identification of sugars was achieved by negative ionization that allowed identification of 

glucose, sucrose, fructose and one unknown disaccharide; and also glucose phosphate and 

uridine diphosphate glucose (UDP-glucose). Table 4 shows the results obtained in the 

identification of sugars in citrus.  
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Table 4. Parameters for identification of sugars. 

Compound name Formula 
Neutral 

mass 
RT 

Precursor 

ion (m/z) 
Adduct Main m/z fragments 

Glucose C6H12O6 180.064 2.78 179.0559 [M-H]- 59.0115 71.0114 43.0186 

Sucrose C12H22O11 342.1159 2.88 341.1069 [M-H]- 179.053 89.0217 59.0121 

Fructose C6H12O6 180.0603 3.25 179.0557 [M-H]- 59.0123 71.0109 75.0058 

Disaccharide C12H22O11 342.114 3.33 341.1046 [M-H]- 179.0505 149.0413 89.0204 

Glucose 6-phosphate C6H13O9P 260.0273 4.17 259.02 [M-H]- 96.967 78.9559 138.9764 

UDP-glucose C15H24N2O17P2 566.0544 8.33 565.0472 [M-H]- 323.026 384.9866 402.9914 

 

3.5 Identification of carboxylic acids 

Carboxylic acids are responsible for the acid taste of fruits and also they play a key 

role as stabilizers of phenolic compounds.[6] The main carboxylic acids in citrus fruits are 

citric and malic acids.[26] As they are small molecules, their fragmentation requires a lower 

collision energy than bigger molecules like flavonoids. The main characteristic fragments 

from these compounds are produced by the neutral loss of either carboxylic or hydroxyl 

groups (Δm/z 43.9899 or Δm/z 17.0027, respectively). Despite these neutral losses are not 

exclusive to carboxylic acids, it is often helpful for identification via databases. 

Fragmentation patterns for citric and malic acids are shown in Fig. 5, while the 

identification parameters for the nine carboxylic acids found in this study are in Table 5.  

 

Table 5. Parameters for identification of carboxylic acids. 

Compound name Formula 
Neutral 

mass 
RT 

Precursor 

ion (m/z) 
Adduct Main m/z fragments 

Gluconic or Galactonic acid C6H12O7 196.0555 2.82 195.0503 [M-H]- 75.0074 59.012 99.0054 

Glucuronic acid C6H10O7 194.0391 3.07 193.0325 [M-H]- 59.0122 71.0114 85.026 

Glucaric acid C6H10O8 210.0376 3.12 209.0303 [M-H]- 85.0273 71.0116 59.012 

Quinic acid C7H12O6 192.0634 3.17 191.0562 [M-H]- 85.0272 93.0323 59.0122 

Maltitol C12H24O11 298.1239 3.48 343.1245 [M-H]- 59.0114 71.0111 78.9575 

Malic acid C4H6O5 134.0213 3.63 133.0139 [M-H]- 115.0011 72.9911 71.0117 

Isocitric acid C6H8O7 192.0267 3.70 191.0194 [M-H]- 111.006 85.0272 73.0274 

Citric acid C6H8O7 192.0245 5.08 191.0172 [M-H]- 111.0063 87.0067 85.0273 

3-Hydroxymethylglutaric acid C6H10O5 162.05 6.10 161.0428 [M-H]- 57.0324 59.0116 99.0424 
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Fig. 4. Proposed fragmentation of sucrose (A), fructose (B) and glucose (C). 

 

3.6 Identification of coumarins 

Coumarins, found in many plants, show multiple bioactive properties such as 

antioxidant, chemotherapeutic, antimicrobial, and anticoagulant, among others.[9] The 

basic structure of coumarins, also called benzo-2-pyrones, consists of the union of a 

benzene ring and a pyrane ring. According to their substituents, coumarins are structurally 

diverse as they can yield hydroxylated, alkylated and alkoxylated derivatives of the parent 

compound; even they can contain a furan ring fused to the coumarin to generate 

furocoumarins, or linked to other pyrane ring generating pyranocoumarins.[27] Despite of 

their substituents, almost all coumarins show a characteristic fragment m/z 103.0550 in 

the positive ionization mode (the suited ionization mode for coumarins), corresponding to 

the loss of CO2 from the pyrone ring  system, and a less intense m/z 91.0543 fragment 

(protonated benzofuran).[27] In agreement with this general behavior, five coumarins, 

including the most abundant in citrus (citropten and bergamottin), were identified in the 

present study. The fragmentation patterns of the tentatively identified coumarins are 

shown in Fig. 6, while Table 6 lists their identification parameters. 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

Page | 280 

 

Fig. 5. Proposed fragmentation of citric and malic acids. 

 

Table 6. Parameters for identification of coumarins. 

Compound name Formula 
Neutral 

mass 
RT 

Precursor 

ion (m/z) 
Adduct Main m/z fragments 

Citropten C11H10O4 206.0583 41.78 207.0657 [M+H]+ 192.0415 149.0229 121.0646 

Coumarin (Scopoletin derivative) C20H24O4 328.2614 43.35 329.1745 [M+H]+ 193.0487 137.0591 109.0649 

Coumarin (Scopoletin derivative) C20H24O4 328.2613 44.28 329.1745 [M+H]+ 193.0487 137.0591 109.0649 

Bergamottin C21H22O4 338.1516 44.29 339.1589 [M+H]+ 203.0336 175.0382 147.0438 

Furanocoumarins C17H18O7 334.2716 44.58 335.129 [M+H]+ 231.0291 203.0343 175.0388 

Furanocoumarins C21H22O4 338.1518 44.97 339.1591 [M+H]+ 203.0335 147.0455 103.0550 

 

3.7 Other identified compounds 

Identification of the eleven metabolites shown in Table 7 —nucleosides (cytidine, 

adenosine and guanosine); vitamins from the B complex and its metabolites (choline, 

pantothenic acid and trigonelline); and limonin, among them— was carried out in addition 

to that of the metabolites in Tables 1-to-6. Also thiabendazole was identified; however, this 



 

Chapter VIII 

 

Page | 281  

compound is not from citrus, as it is used as fungicide and generally is postharvest added 

to preserve the fruit.[28]  

 

Fig. 6. Proposed fragmentation of bergamottin, citropten and coumarin. 

 

Table 7. Parameters for the identification of other metabolites. 

Compound name Formula 
Neutral 

mass 
RT 

Precursor 

ion (m/z) 
Adduct Main m/z fragments 

Choline C5H14NO 103.1002 2.12 104.1075 [M+H]+ 60.0819 45.0339 58.0661 

Cytidine C9H13N3O5 243.0857 2.38 244.093 [M+H]+ 112.0514 95.0249 69.0453 

Glycerophosphocholine C8H21NO6P 257.1031 2.70 258.1104 [M+H]+ 124.9994 104.107 86.0971 

N-Acetylornithine C7H14N2O3 174.1004 2.80 173.0924 [M-H]- 131.0796 58.0277 83.0586 

Trigonelline C7H8NO2 137.048 2.81 138.0553 [M+H]+ 94.0654 92.0498 78.0341 

Adenosine C10H13N5O4 267.0969 3.71 268.1042 [M+H]+ 136.0569 119.0267 69.0332 

Guanosine C10H13N5O5 283.0919 6.09 284.0991 [M+H]+ 152.0564 135.0292 110.0686 

Pantothenic Acid C9H17NO5 219.1109 8.07 220.1181 [M+H]+ 85.0655 85.0284 72.045 

5'-Methylthioadenosine C11H15N5O3S 297.0898 8.69 298.0971 [M+H]+ 136.0616 119.035  

Thiabendazole C10H7N3S 201.036 11.08 202.0433 [M+H]+ 202.0429 175.032 131.0607 

Limonin C26H30O8 470.1943 30.02 471.2016 [M+H]+ 425.1966 161.0594 367.1891 
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4. Conclusions 

The identification of 84 metabolites from different families of compounds (32 

flavonoids, 15 amino acids, 9 carboxylic acids, 6 coumarins, 6 sugars, 5 phenolic acids and 

11 unclassified compounds) in the polar extract from lemon constitutes an advance in the 

characterization of citrus fruits and, also, it could be useful in the analysis of natural 

products, since the metabolites are the same independently of the organism in which they 

are, their fragmentation patterns are useful for identification regardless the sample nature. 

The method based on hybrid QTOF provided high mass resolution of the parent ion and 

their fragments for each metabolite; thus allowing their tentative identification based on 

MS/MS spectra by comparison with databases and without reference standards. Despite 

information in databases for some families of compounds is poor, tentative identification 

based on MS/MS information (mass of the pattern ion and their fragments, together with 

neutral mass loss) is possible with the help of known fragmentation patterns for the given 

families of compounds.  
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Supplementary Fig. 1. Extracted ion chromatograms from the main amino acids in lemon. 

 

 

Supplementary Fig. 2. Extracted ion chromatograms from the main flavonoids in lemon. 
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Supplementary Fig. 3. Extracted ion chromatograms from the main phenolic acids in lemon. 

 

 

 

Supplementary Fig. 4. Extracted ion chromatograms from the main sugars in lemon. 

 

 

 

Supplementary Fig. 5. Extracted ion chromatograms from the main carboxylic acids in 
lemon. 
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Supplementary Fig. 6. Extracted ion chromatograms from the main coumarins in lemon. 

 

 

 

Supplementary Fig. 8. Characteristic fragment (m/z 151.0021) for the identification of 
flavonoids. 
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Esta última sección de la Memoria está dedicada a un aspecto que había recibido 

hasta la fecha poca atención en la investigación sobre el limón: la evolución que 

experimentan los componentes de este fruto durante la maduración, estudiada de forma 

exhaustiva y tras el desarrollo de un muestreo representativo que abarcó desde el inicio de 

la formación del fruto hasta su maduración total y su almacenamiento durante 2 semanas. 

Con estas premisas se realizó la siguiente investigación: 

 Un estudio mediante LC–QTOF MS/MS de los extractos polares de las muestras, a 

cuyos datos se aplicó un análisis de varianza que mostró que 394 de las 423 entidades 

moleculares encontradas experimentaron durante la maduración un cambio significativo 

en su concentración; mientras que el análisis por componentes principales puso de 

manifiesto una separación clara entre muestras pertenecientes a diferentes semanas de 

maduración y reveló los compuestos responsables de la diferenciación. Todo ello, junto con 

la identificación tentativa de 72 metabolitos y los cambios relativos en su concentración 

durante la maduración constituyen, el Capítulo IX. 

 El análisis dirigido de 20 flavonoides, 4 ácidos fenólicos y sus precursores 

biosintéticos en los extractos del trabajo anterior se realizó mediante LC–QqQ MS/MS y 

los resultados obtenidos han dado lugar al Capítulo X. La cuantificación absoluta de estos 

compuestos puso de manifiesto el momento del crecimiento/maduración del fruto al que 

la concentración de cada familia de compuestos es máxima, con lo que se puede seleccionar 

la fecha de la recogida en función del interés por unas u otras. 

 El amplio estudio realizado mediante GC–MS utilizando las muestras anteriores 

puso de manifiesto la complementaridad de esta plataforma respecto a la LC–MS en 

cualquiera de las versiones en las que se ha utilizado en capítulos anteriores. La 

investigación realizada mediante GC–MS, recogida en el Capítulo XI, abarca dos estudios: 

uno dedicado a compuestos volátiles tras el muestreo de las muestras sólidas con un 

sistema de espacio de cabeza/microextracción en fase sólida, que ha puesto de manifiesto 

la evolución de estos compuestos no polares durante el crecimiento del fruto. El otro 
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estudio, recogido en el mismo capítulo, se realizó con los extractos de compuestos polares 

y de polaridad media tras una etapa de derivatización. Se hizo patente así de manifiesto la 

presencia de otros azúcares, cumarinas, ácidos y alcoholes fenólicos que no aparecieron en 

los estudios realizados mediante LC–MS. 

 El Capítulo XII constituye una recopilación de la contribución al conocimiento del 

limón persa que ha supuesto la realización de la investigación que abarca esta Tesis 

Doctoral. 
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This last section of the Thesis-Book is devoted to an aspect of lemon that had so far 

received scant attention: the evolution of fruit components during the maturation process, 

exhaustively studied after a representative sampling that encompassed from the onset to 

the ripe fruit and the storage of the latter for 2 weeks. With these premises, the following 

studies were developed: 

An LC–QTOF MS/MS study of the polar extracts from the target samples. Analysis 

of variance applied to the dataset indicated that the relative concentration of 394 out of 423 

molecular entities changed significantly during maturation, while principal component 

analysis showed a clear separation among samples from different weeks and revealed the 

main compounds responsible for differentiation. Additionally, 72 metabolites were 

identified tentatively and changes in their relative concentration during growth were 

individually analyzed, thus constituting Chapter IX. 

The targeted analysis of 20 flavonoids, 4 phenolic acids and their biosynthetic 

precursors in the extracts, also used in the previous LC–QTOF MS/MS study, was 

conducted by LC–QqQ MS/MS. The results thus obtained constitute Chapter X. Absolute 

quantification of the target compounds showed the time of the fruit growth/maturation at 

which the concentration of each family is maxima: in this way, the collection date can be 

selected as a function of the most interesting compounds. 

The comprehensive study carried out by GC–MS using the above discussed 

samples allowed demonstrating the complementarity of this platform with respect to that 

of LC–MS in any of the versions in which the latter has been used in previous chapters. The 

research carried out by GC–MS, shown in Chapter XI, encompasses two studies: one 

devoted to volatile compounds after sampling the solid samples by a head-space/solid-

phase microextraction system that has provided the required information on non-polar 

compounds during fruit growth. The other study was based on the extracts containing polar 

and medium-polar compounds, which were derivatized prior to injection into the GC. The 
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presence in the samples of sugars, coumarins, phenolic acids and alcohols no detected by 

LC–MS was thus disclosed. 

Chapter XII is a compilation of the contribution to the knowledge on lemon that 

constitutes the developed research. 
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Changes in the composition of the polar fraction 

of Persian lime (Citrus latifolia) during fruit 

growth by LC–QTOF MS/MS analysis 

 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote, Víctor J. Robles-Olvera 

and María D. Luque de Castro 

 

Abstract 

Citrus possess a large number of bioactive compounds, which are mainly studied 

in ripe fruits. Only few studies have focused on the evolution of the metabolites during fruit 

growth. To fill this gap, fruits from 1 to 14 ripening weeks were sampled. Polar extracts were 

obtained from all collected samples and analyzed by liquid chromatography–tandem mass 

spectrometry (LC–QTOF MS/MS). ANOVA applied to the dataset indicated that the 

concentration of 394 out of 423 molecular entities changed significantly during 

maturation; also Tukey test (p≤0.01) revealed that the number of different entities 

increased when differences in the growth time among samples were longer. Principal 

component analysis (PCA) showed a clear discrimination among samples from different 

weeks and revealed the main compounds responsible for discrimination. Additionally, 72 

metabolites were tentatively identified and the changes in their concentration during 

growth were individually analyzed. The behavior of the main compounds is discussed. 

 

Keywords: Citrus fruits; Fruit maturation; Persian lime; Metabolites extraction; MS/MS-

based identification. 
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1. Introduction 

Citrus fruits are among the most important worldwide cultivations (FAO, 2013). A 

large number of studies indicates that these fruits possess a high content of bioactive 

compounds like vitamins C or B complex, phenolic compounds and carotenoids, among 

others; all them playing a key role as nutraceuticals. In addition to their beneficial 

properties in maintenance of human health, citrus fruit components are very appreciated 

in the food, pharmaceutical and cosmetics industries (Patil et al., 2009). Mature fruits were 

used for development of most of the studies, and only few of them evaluated changes on 

chemical or physical properties during fruit ripening. Most of these studies were based on 

indices such as the ratio between titratable acidity (% of citric acid) and soluble solids 

(°Brix) to estimate the maturity level of the fruits, for which also firmness and color 

measurements were used as parameters obtained by non-destructive methods (Olmo et al., 

2000). Few studies have been focused on estimating the changes in given metabolites or, 

more commonly, a family of metabolites; or adopting the color criterium for samples 

selection —despite color is highly dependent on temperatures at night (Olmo et al., 2000), 

therefore constituting an ambiguous ripening estimator. Among the few studies in which 

sampling based on growth times has been considered, the fruits were not sampled during 

the first growing weeks. This is the case of evaluation of changes in the content of phenol 

compounds, vitamin C and carotenoids in three varieties of citrus fruits by sampling only 

three degrees of maturation based on fruit color. The results of these studies revealed no 

significant changes in the total content of flavonoids or phenolic acids during the maturity 

stages under study, and only the content of vitamin C and carotenoids increased during this 

maturation period (Moulehi et al., 2012; Yoo & Moon, 2016). On the other hand, the 

analysis of sugars and carboxylic acids in mandarins (Citrus reticulata) in three growth 

stages (120, 195 and 205 days) pointed out an increase in sugars and decrease in organic 

acids during fruit ripening (Lin et al., 2015). In an attempt to expand the knowledge on the 

changes in polar compounds during citrus fruit maturation, the present research was aimed 

at establishing similarities/dissimilarities of Persian lime (Citrus latifolia) sampled during 

eight ripening stages (from 1 to 14 growth weeks), based on the use of LC–QTOF MS/MS 

analytical equipment without considering traditional ripening indices. 
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2. Materials and methods 

2.1 Sampling methodology 

Persian lime (Citrus latifolia) samples at different growth stages (1, 3, 5, 7, 9, 12, and 

14 weeks —samples W01-to-W14) were collected in Martínez de la Torre, Veracruz, México 

(geographical coordinates: 20°04′00″N 97°03′00″O) since September 2012 to January 

2013. The experimental field had 500 mature trees (at least 4 years old) uniformly 

distributed over an area of 1250 m2 (40 m length and 31 m wide). The field was monitored 

weekly since the beginning of flowering and the branches that showed newborn fruits were 

labelled to identify their birthday. Twelve samples were collected for each growth stage, 

and those corresponding to week 14 (full mature fruits) were harvested in duplicate and a 

half of them were stored at 25 °C for 2 weeks to analyze the postharvest behavior. The 

sampling method was based on random rectangular coordinates within the limits of the 

experimental field. A total of 96 samples, selected taking into account proximity to the 

corresponding random coordinate, were generated by the following MATLAB algorithm: 

n=96; for i=1:96; x(i,1)=random('unif',0,1)*40; x(i,2)=random('unif',0,1)*31; end. All 

samples were manually harvested and immediately stored under liquid nitrogen to 

preserve them until lyophilization to constant weight. Dehydrated samples were grinded 

(particle diameter≤0.5 mm), then stored in the dark at –20 °C until use. 

2.2 Reagents 

All solvents were LC grade or higher when required. Ethanol and formic acid were 

from Scharlab (Barcelona, Spain); acetonitrile and methanol from Fluka (Buches, 

Switzerland). Deionized water (18 MΩ•cm) from a Millipore Milli-Q water purification 

system (Bedford, MA, USA) was used to prepare the mobile chromatographic phases and 

extractant mixtures. 

2.3 Apparatus and instruments 

The ultrasound assisted extracts were obtained by a Branson 450 digital sonifier (20 

kHz, 450 W) equipped with a cylindrical titanium-alloy probe (12.70 mm diameter). The 

analytical equipment consisted of an Agilent 1200 series LC coupled to an electrospray 

ionization source and a quadrupole–time-of-flight detector 6540 Agilent QTOF (LC–QTOF 

MS/MS). 

 

http://www.linguee.es/ingles-espanol/traduccion/geographical+coordinates.html
http://tools.wmflabs.org/geohack/geohack.php?language=es&pagename=Mart%C3%ADnez_de_la_Torre_(municipio)&params=20.066666666667_N_-97.05_E_type:city


Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

Page | 302 

2.4 Metabolites extraction  

Persian lime samples (1 g dry weight each) were extracted by 20 mL of 53% of ethanol 

in water for 5 min with ultrasound assistance (70% amplitude and 0.9 s/s duty cycle). The 

extraction method was previously developed by the authors using a desirability model to 

maximize the concentration of ten major compounds in the extracts from lemon (Ledesma-

Escobar et al., 2015a). 

2.5 LC–QTOF MS/MS analysis 

Chromatographic separation of the extract components was performed by using an 

Inertsil ODS-2 C18 analytical column (250×4.6 mm i.d. 5 µm particle) from GL Science 

(Tokyo, Japan). The injection volume was 10 µL, and the mobile phases were 0.1% of formic 

acid in deionized water (phase A) and acetonitrile (phase B) at a constant flow rate of 1 

mL/min. The gradient was as follows: 4% to 10% B in 5 min; change from 10% to 25% B in 

30 min; from 25% to 100% B in 15 min and constant 100% B for 5 min more. After analysis, 

the column was equilibrated to the initial conditions within 5 min. The dual ESI source 

operated in both positive and negative ionization modes under the following conditions: 

nebulizer gas at 40 psi, drying gas flow rate and temperature at 12 L/min and 325 °C, 

respectively. The capillary voltage was set at 3500 V, while the Q1, skimmer, and octapole 

voltages were fixed at 130, 65, and 750 V, respectively. The data were acquired in centroid 

mode in the extended dynamic range (2 GHz). Full scan was carried out at 6 spectra/s 

within the m/z range of 40–1700, with subsequent activation of the three most intense 

precursor ions (allowed charge: single or double) by MS/MS using a collision energy of 20 

eV and 40 eV at 3 spectra/s within the m/z range 30–1700. An active exclusion window 

was programmed after the first spectrum and released after 0.75 min to avoid repetitive 

fragmentation of the most intense precursor ions, thus increasing the detection coverage. 

To assure the desired mass accuracy of the recorded ions, continuous internal calibration 

was performed during analyses with the use of signals at m/z 121.0509 (protonated purine) 

and m/z 922.0098 [protonated hexakis (1H, 1H, 3H-tetrafluoropropoxy) phosphazine or 

HP-921] in the positive ion mode; and m/z 112.9856 (trifluoroacetic acid anion) and m/z 

1033.9881 (HP-921) in the negative ion mode. 

2.6 Data processing 

MassHunter Workstation software (version B6.00 Profinder, Agilent Technologies, 

Santa Clara, CA, USA) was used to process the data obtained by LC–QTOF in auto MS/MS 
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mode. Treatment of the raw data file started by extraction of potential molecular features 

(MFs) by the applicable algorithm included in the software. The recursive extraction 

algorithm considered all ions exceeding 5000 and 10000 counts as cut-off in both positive 

and negative modes, respectively. Additionally, the isotopic distribution to consider a 

molecular feature as valid should be defined by two or more ions (with a peak spacing 

tolerance of 0.0025 m/z, plus 10.0 ppm in mass accuracy). Apart from [M+H]+ and [M–

H]– ions, adducts formation in the positive (Na+) and negative ionization (HCOO–, Cl–) 

modes, as well as neutral loss by dehydration were included to identify features 

corresponding to the same potential metabolite. Thus, ions with identical elution profiles 

and related m/z values (representing different adducts or isotopes of the same compound) 

were extracted as entities characterized by their retention time (RT), intensity in the apex 

of the chromatographic peaks and accurate mass. Background contribution was removed 

by subtraction of MFs linked to the blank. Then, the recursion step assured correct 

integration of the entities in all analyses. Raw data files containing the area for each entity 

characterized by m/z and RT were created in compound exchange format (.cef files) for 

each analysis and exported into the Mass Profiler Professional (MPP) software package 

(version 2.0, Agilent Technologies, Santa Clara, CA, USA) for further processing. 

Normalization by logarithmic transformation (log2) was used as pre-processing step. 

Statistical analysis included the ANOVA test applied to find the number of significant 

molecular entities (p≤0.01), and pairwise combinations (Tukey HSD) to identify equal 

concentration of flavonoids between extraction methods. Also, unsupervised analysis by 

Principal Component Analysis (PCA) was used to find out the main source of variability in 

the data set and detect clusters. 

Once all MFs were extracted and aligned, the software MassHunter Qualitative was 

used for the targeted extraction of MS/MS information associated to the monitored MFs in 

the whole set of analyses. This information was used for tentative identification of 

metabolites by searching in the METLIN MS and MS/MS (http://metlin.scripps.edu), 

MassBank MS/MS (http:/www.massbank.jp) and ReSpect MS/MS 

(http://spectra.psc.riken.jp) databases.  
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3. Results and discussion  

Changes in polar composition of Persian lime (Citrus latifolia) during fruit growth 

were analyzed by both untargeted analysis, which consider the global profile of molecular 

entities, and targeted analysis of the identified compounds. 

3.1 Untargeted metabolomics analysis of Persian limes at different growth stages  

After processing the experimental data obtained by LC–QTOF MS/MS in both 

positive and negative ionization modes, the resultant matrices were combined to obtain the 

global dataset constituted by 423 molecular entities. The differences among samples 

obtained at different growth stages were evaluated by ANOVA that showed significant 

differences (p≤0.01) in the concentration of 394 out of the 423 molecular entities. Also, 

pairwise mean comparison (Tukey HSD, p≤0.01) showed evidence that the number of 

significantly different molecular entities increased when differences in growth time among 

samples were longer (Fig. 1A). As example of this behavior, Tukey test revealed that the 

concentration of 162 molecular entities in the extracts from W-03 samples were 

significantly different from that of the W-01 samples; while 193 and 244 molecular entities 

in extracts from W-09 and W-14 samples, respectively, were significantly different from 

those of W-01 samples (Fig. 1B).  

An unsupervised analysis by PCA was applied to compare the composition of the 

different growth stages. The scores plot (Fig. 2A) showed a clear discrimination among the 

obtained profiles, which was consistent with the ANOVA test. The distance among scores 

in the plot is larger when the growth time among samples is longer, thus indicating greater 

differences between them. The PCA explained 47.92% (PC1 = 31.25% and PC2 = 16.67%) of 

the total variability in the 2D-plot. Although the results from PCA are often difficult to 

interpret, it was possible to obtain reasonable conclusions from them by analyzing the 

entities distribution in the loadings plot (Fig. 2B). In this sense, the study revealed that 

carboxylic acids and derivatives from naringin and apigenin were the main responsible 

compounds for discrimination in the positive side of the PC1; while coumarins, phenolic 

acids and flavanols were those in the opposite side. On the other hand, sugars and 

flavanones were mainly in the positive side of the PC2, while amino acids showed greater 

influence in the negative side of this component. 
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Fig. 1. Number of significant different molecular entities (Tukey HSD, p≤0.01): (A) among samples, 

(B) as compared with samples at week 1. 

 

Previous reports on changes in the composition of components in citrus fruits were 

achieved considering given metabolites as sugars, organic acids (Albertini et al., 2006; Lin 

et al., 2015), carotenoids (Yoo & Moon, 2016) or phenolic composition (Moulehi et al., 

2012). Our results from the untargeted analysis of components in Persian lime represent 

the first ever report on changes in the global composition of polar components from citrus 

fruits during fruit development. In this sense, the unsupervised analysis by PCA, based on 

a 96×423 matrix, showed a clear discrimination among samples with different maturation 

degrees (scores plot; Fig. 2A) indicating greater differences between samples when the 

maturation time between them is longer. To clarifying the results of PCA, an ANOVA test 

was conducted, which revealed that 394 out of the 423 entities in the matrix were 

significant; also, a pairwise mean comparison Tukey HSD (p≤0.01) provided the evidence 

that the number of metabolites with significantly different concentration is directly 

proportional to the time of fruit growth. 
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Fig. 2. Scores (A) and loadings (B) of PCA plots comparing the samples of Persian lime at different 

growth weeks. W-Number indicates number of growth weeks; PC1 (+) citric and malic acids, 

derivatives from apigenin and naringin; PC1 (-) coumarins, phenolic acids and flavanols; PC2 (+) 

flavanones and sugars; PC2 (-) amino acids. 

 

3.2 Identification of polar Persian lime components  

Based on the obtained MS/MS information, the tentative identification of 72 

metabolites (28 flavonoids, 5 phenolic acids, 3 coumarins, 14 amino acids, 8 carboxylic 

acids, 6 sugars, and other 8 compounds pertaining to different classes) was achieved 

following the methodology previously described by the authors (Ledesma-Escobar et al., 

2015b) (see Supplementary Table 1). 

For better understanding the changes in the metabolite profiles during Persian lime 

growth, individual components and families were studied separately. The results of both 

ANOVA and Tukey HSD (p≤0.01) tests for all identified metabolites are shown in 

Supplementary Table 2. 
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3.3 Changes in phenols composition during fruit growth 

The differences in phenolic compounds during the fruit growth were evaluated by 

monitoring 5 phenolic acids (benzoic, coumaric and ferulic acids derivatives) and 28 

flavonoids grouped into the respective subclasses: 7 flavanones (naringenin, hesperetin and 

eriodictyol derivatives), 13 flavones (apigenin, luteolin and diosmetin derivatives) and 8 

flavanols (quercetin, limocitrin and limocitrol derivatives).  

The results of the analysis indicated that phenolic acids were more concentrated 

during the early stages and the concentration decreased significantly after 7 weeks (the half 

of the growth process). As an example of this behavior, the dihydroferulic acid glucoside 

presented the highest concentration close to week 1; that decreased approximately 70% at 

week 3, and then remained significantly constant (p≤0.01). Similarly, both o-coumaric and 

p-coumaric acids reached their maximum concentration around week 7, and then 

decreased gradually until maturity (Fig. 3A).  

Changes in the profiles of the different flavonoids subclasses were evaluated 

separately. In the case of flavanones, which represent the most abundant subclass in citrus 

(Ledesma-Escobar et al., 2016), hesperidin, followed by neoeriocitrin and naringin were 

the most abundant among those identified in this study. These flavonoids increased their 

concentration during fruit growth reaching their maximum concentration close to week 12, 

then remained constant. In general, flavonoids of this subclass followed this behavior, 

except for neohesperidin that had maximum concentration at week 1, then decreasing 

between 50% and 70% during the rest of the growth period (Fig. 3B).  

A behavior similar to that of the majority of the flavanones was exhibited by apigenin 

and luteolin derivatives, which had maximum concentration between weeks 9 and 12; while 

diosmetin derivatives were more abundant during the first 3 weeks (Fig. 3C). Finally, 

flavanols exhibited their maximum concentration, in general, during the first weeks, which 

decreased significantly at ripening progressed. This is the case of rutin (a quercetin 

derivative) and limocitrin derivatives, which showed maximum concentration at week 5; 

then decreasing between 70% and 80% at week 9. On the other hand, no significant 

differences in the concentration of limocitrol derivatives were found up to week 14, when 

they decreased (Fig. 3D).  

Phenylalanine, a precursor in the phenols pathway, exhibited a sinusoidal behavior 

along Persian lime growth: its maximum concentration was observed at weeks 1, 5 and 16.  
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Fig. 3. Polar extracts from Persian lime at different growth weeks. Abundance of main: (A) phenolic 

acids, (B) flavanones, (C) flavones, and (D) flavanols. Glu, glucoside; Rut, runinoside; HMG, 3-

hydroxy-3-methyl-glutaryl. Symbols with different letter for the same metabolite are significantly 

different (Tukey HSD, p≤0.01). 

According to the general pathways of flavonoids biosynthesis, phenylalanine is the 

precursor in the phenols pathway (Martens & Mithöfer, 2005), which suggests that changes 

in the concentration of this amino acid are related to the increase/decrease of phenols 

concentration. In agreement to this argument, the above mentioned results provided the 

lowest concentration of this amino acid at stages of maximum production of flavonoids 

(weeks 1, 5 and 16). Similarly, the concentration of phenolic acids, the immediate 

precursors of flavonoids, exhibited a significant reduction since week 7, when the 

concentration of the major flavonoids began to increase. Also, flavonoids pathways indicate 

that flavanones can be converted into flavones by the abstraction of two hydrogen atoms, 

mainly catalyzed by flavone synthase. Therefore, naringenin derivatives can be converted 

into apigenin derivatives, hesperetin into diosmetin and eriodictyol into luteolin; and 

luteolin can be synthesized by hydroxylation of apigenin catalyzed by a flavonoid 

hydroxylase (Martens & Mithöfer, 2005; Ueyama et al., 2002). The obtained results suggest 

a bioregulation process in the pathway of diosmetin derivatives favoring the synthesis of 

hesperetin derivatives.  

Taking into account that flavonoids are naturally synthesized by plants in response 

to physical injury, infection, stress or UV light, their composition may vary depending on 
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environmental changes (Treutter, 2006), and a higher concentration of them at the final 

growth stage is foreseeable. From the industrial point of view of flavonoids extraction, the 

water content in limes at week 12 is between 10% and 15% lower than at week 14, which 

represents less energy required for dehydration without significantly reduction of 

extraction yield.  

Concerning identified coumarins, the most abundant were citropten —which 

exhibited significantly maximum concentration at weeks 1, 3 and 12—, and bergamottin 

with higher concentration during the first 5 weeks, then significantly decreasing along the 

rest of the ripening period. These compounds are considered anticancer agents (Thakur et 

al., 2015). The decreased concentration of these metabolites at the final ripening period and 

the opposite behavior of flavanones can be related to an inhibition mechanism of p-

coumaroyl-CoA o-hydroxylase and feruloyl-CoA o-hydroxylase, both responsible for the 

synthesis of p-coumaric acid from coumarins, at the middle of the growth process. In this 

way the activity of chalcone synthase and chalcone isomerase, responsible for the synthesis 

of flavanones from p-coumaric acid (Lin et al., 2014), is promoted.  

3.4 Changes in carboxylic acids and sugars during fruit growth 

Carboxylic acids and sugars are strongly related to the taste of citrus fruits (Albertini 

et al., 2006). The relationship between them, expressed as the ratio of °Brix and citric acid 

percent, is widely used as maturation parameter (Olmo et al., 2000) as determinant for 

acceptance by consumers (Lin et al., 2015). Additionally, carboxylic acids help to stabilize 

ascorbic acid and phenolic compounds (Sdiri et al., 2012).  

Regarding carboxylic acids, their concentration gradually increased during fruit 

growth, with a maximum at the last weeks. Such is the case of citric, malic and isocitric 

acids, the maximum concentration of which was found between weeks 9 and 14; while 

quinic acid was more concentrated between weeks 5 and 9, then decreasing significantly as 

maturity avanced. Similar was the behavior of ascorbic acid, which was not detected at week 

5, reached significant concentration within weeks 9 and 12 and then decreased (Fig. 4A). 

Taking into account the role of carboxylic acids as phenols stabilizers and the key role of 

phenols in the response to plant damaging agents, it seemed foreseeable a maximum 

concentration of the former simultaneously with the stages of greater synthesis of phenols. 

On the other hand, and in agreement with the report from Albertini et al. (2006), 

sucrose, fructose and glucose, the most abundant sugars identified in this study together 
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with mannose, showed maximum concentration between weeks 7 and 12, and decreased 

significantly at the end of the ripening period. However, mannose reached its maximum 

concentration at week 5, and remained constant during the rest of the growing period (Fig. 

4B). The beginning of the decrease in concentration of fructose and glucose from week 7 

and the significant increase in concentration of sucrose from week 9 suggest that the first 

two mentioned sugars were bounded to produce sucrose.  

The results for sugars and carboxylic acids are in agreement with those obtained by 

Albertini et al. in 2006 and Yoo and Moon in 2016; however, the former researchers only 

considered the early stages of citrus development and Yoo and Moon only took into account 

the final growth weeks. These partial samplings make our results more interesting as we 

provide a better understanding of the evolution of these metabolites during fruit growth. 

Fig. 4. Polar extracts from Persian lime at different growth weeks. Abundance of main: (A) carboxylic 

acids, and (B) sugars. Symbols with different letter for the same metabolite are significantly different 

(Tukey HSD, p≤0.01). 

3.5 Changes in amino acids during fruit growth 

Amino acids are the key for both vegetal and animal kingdom as they act as cell 

signalling molecules, regulators of gene expression and protein phosphorylation. Also, 

amino acids are precursors in the synthesis of hormones, phenols and low-molecular 

weight nitrogenous compounds, all them of enormous biological importance (Wu, 2009). 
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The most abundant amino acid identified in this study was proline betaine, which exhibited 

their maximum concentration at weeks 1, 7 and 9, followed by proline which decreased its 

concentration since week 1 to 3, with no significant changes in subsequent growth stages 

(Fig. 5A). These two amino acids have a functional role as structural osmoprotectant and 

cryoprotectant (Nolte et al., 1997; Wu, 2009) that explains the fact that the concentration 

of these amino acids remains significantly constant during fruit growth. 

 As regards to identified essential amino acids, the concentration of valine did not 

experience significant changes during fruit development; that of tyrosine was significantly 

high only at week 16, while phenylalanine exhibited its maximum concentration at weeks 

1, 5 and 16 (Fig. 5B). A possible explanation of phenylalanine behavior related to the 

synthesis of phenolic compounds is discussed above.  

 

Fig. 5. Polar extracts from Persian lime at different growth weeks. Abundance of: (A) proline, proline 

betaine, and (B) phenylalanine. Symbols with different letter for the same metabolite are significantly 

different (Tukey HSD, p≤0.01). 

3.6 Changes in other compounds during fruit growth 

In addition to the above discussed compounds, amines, nucleosides and vitamins of 

the B complex and their metabolites were identified. Choline, considered an essential 

nutrient involved in the biosynthesis of phospholipids, lipoproteins and neurotransmitter 

acetylcholine (Salvi & Gadda, 2013), was the most abundant of these other compounds and 

its concentration was constant during fruit growth, with a significant postharvest decrease 

(at week 16). On the contrary, glycerophosphocholine increased gradually and showed its 

maximum concentration at ripening (weeks 14 and 16). Concerning nucleosides, cytidine, 

adenosine and guanosine were more concentrated between weeks 3 and 7, decreasing their 

concentration so significantly at the final growth stages that guanosine was no detected in 

samples since week 7. Finally, the concentration of pantothenic acid (vitamin B5) was 
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significantly lowered at weeks 3 and 5, and showed no significant differences at all other 

sampling weeks.  

 

4. Conclusion 

The results of this study represent the first ever report on the changes in global 

composition of polar components from citrus during fruit growth. The untargeted analysis 

reveals a clear discrimination among samples from different growth weeks, being more 

evident between samples with longer differences in growth time. A total of 72 metabolites 

were tentatively identified based on MS/MS information provided by LC–QTOF MS/MS. 

ANOVA test and pairwise mean comparison Tukey HSD (p≤0.01) were applied to observe 

similitudes/differences for all individually identified metabolites. Concerning phenols, the 

maximum concentration of phenolic acids was observed in early maturation stages (before 

7 weeks), flavanones and flavones between 9 to 12 weeks and flavanols close to 5 weeks. An 

inverse relationship between the concentration of flavonoids and phenylalanine (the 

precursor in the biosynthetic pathway of flavonoids) was observed. Generally, carboxylic 

acids concentration gradually increased during fruit growth reached significant maximum 

concentration within week 9 and 14, and then decreased. Regarding to sugars, glucose and 

fructose exhibited maximum concentration at week 7, and sucrose at week 12. Except for 

phenylalanine, the rest of amino acids did not showed significant differences.  
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Supplementary Fig. 1. Averaged total ion chromatograms in both positive and negative 

ionization modes of the samples at different growth weeks.  
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Supplementary Fig. 2. Extracted ion chromatograms of the targeted metabolites at 

different growth weeks.  
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Supplementary Table 1. Parameters for identification of 72 Persian lime metabolites 

(19 confirmed by analytical standards and 53 tentatively identified). 

Compound name Formula 
Neutral 

mass 
RT 

Precursor 
ion (m/z) 

Adduct Main m/z fragments 

Flavanones 

Neohesperidin a C28H34O15 610.1875 37.01 609.1827 [M-H]- 301.0703 325.0707 125.0183 

Neoeriocitrin a C27H32O15 596.1724 27.25 595.1659 [M-H]- 459.1112 287.0528 151.0005 

Naringin a C27H32O14 580.1775 32.18 579.1717 [M-H]- 271.0590 151.0003 119.0474 

Hesperidin a C28H34O15 610.1888 34.77 609.1818 [M-H]- 301.0697 325.0687 343.0822 

Hesperetin-Rha C22H24O10 448.1372 34.77 449.1442 [M+H]+ 303.0858 263.0541 195.0287 

Hesperetin a C16H14O6 302.0801 34.76 303.0866 [M+H]+ 153.0181 177.0541 117.0349 

Eriocitrin a C29H33F3O17 710.1657 27.30 709.1569 [M+TFA]- 665.1701 287.0523 595.1666 

Flavones 

Vitexin-2-Rha a C27H30O14 578.1612 28.70 577.1559 [M-H]- 293.0427 413.0883 59.0117 

Vitexin -O-xyloside  C26H28O14 564.1457 27.88 563.1396 [M-H]- 293.0422 59.0121 311.0516 

Vitexin a C21H20O10 432.1029 28.36 431.0952 [M-H]- 311.0536 283.0562 341.0636 

Rhoifolin a C27H30O14 578.1617 33.81 577.1555 [M-H]- 269.0435 311.0527 85.0270 

Orientin a C21H20O11 448.0978 25.47 447.0915 [M-H]- 357.0566 327.0487 298.0448 

Neodiosmin a C28H32O15 608.1721 35.74 607.1663 [M-H]- 299.0527 284.0285 509.9860 

Luteolin-Rut C27H30O15 594.1563 29.55 593.1507 [M-H]- 285.0382 284.0293 151.0005 

Apigenin-Glu a C21H20O10 432.1026 29.56 431.0947 [M-H]- 311.0528 341.0630 283.0576 

Tangeretin a C20H20O7 372.1212 42.89 373.1285 [M+H]+ 343.0790 211.0223 183.0280 

Homoorientin a C21H20O11 448.0978 25.04 447.0908 [M-H]- 357.0591 327.0478 297.0367 

Luteolin-Neo C27H30O15 594.1929 40.07 593.1843 [M-H]- 285.0739 151.0001  

Diosmetin-Glu  C22H22O11 462.1135 30.90 461.1073 [M-H]- 341.0632 298.0455 371.0717 

Diosmetin-Glu C22H22O11 462.1136 31.93 461.1062 [M-H]- 341.0637 371.0751 298.0451 

Flavanols 

Rutin a C27H30O16 610.1516 29.40 609.1456 [M-H]- 300.0247 301.0330 271.0259 

Limocitrol-Glu-HMG C18H16O9 682.1734 35.94 681.1648 [M-H]- 375.0699 360.0472 537.1240 

Limocitrin-Rut C29H34O17 654.1782 32.23 653.1702 [M-H]- 345.0587 330.0346  

Limocitrin-Neo C29H34O17 654.1775 33.10 653.1723 [M-H]- 345.0577 330.0332 301.0684 

Limocitrin-HMG-Glu C29H32O17 652.1625 37.52 651.1566 [M-H]- 345.0593 549.1233 507.1117 

Limocitrin-Glu-HMG-
HMG 

C35H40O21 796.2056 39.88 795.1950 [M-H]- 345.0597 507.1107 651.1532 

Isorhamnetin-Neo C28H32O16 624.1671 34.05 623.1631 [M-H]- 315.0491 300.0238 271.0202 

Isolimocitrol-Glu-HMG C18H16O9 682.1734 39.95 681.1652 [M-H]- 537.1232 375.0663 231.0264 

Phenolic acids 

p-Coumaric acid a C9H8O3 164.0440 37.84 163.0368 [M-H]- 119.0474 93.0321 120.0507 

o-Coumaric acid a C9H8O3 164.0442 39.75 163.0368 [M-H]- 119.0474 93.0321 120.0507 

Dihydroferulic acid-HMG-
Glu 

C22H30O13 502.1660 29.82 501.1590 [M-H]- 195.0629 357.1169 151.0724 

Dihydroferulic acid-Glu C16H22O9 358.1242 22.52 357.1160 [M-H]- 195.0637 151.0734 136.0498 

hydroxybenzoic + Glu C13H16O8 300.0814 7.51 299.0757 [M-H]- 137.0215 93.0324  

Cumarins 

Citropten C11H10O4 206.0580 41.76 207.0657 [M+H]+ 192.0415 164.0467 121.0646 

Bergamottin C21H22O4 338.1520 44.32 339.1589 [M+H]+ 203.0336 175.0382 147.0438 

Furanocoumarins C21H22O4 338.1520 44.94 339.1591 [M+H]+ 203.0335 81.0696 147.0455 

Aminoacids 

L-Valine C5H11NO2 117.0793 2.93 118.0866 [M+H]+ 72.0810 55.0545 57.0578 

L-Tyrosine a C9H11NO3 181.0739 4.75 182.0812 [M+H]+ 165.0544 147.0290 136.0758 

L-Tryptophan C11H12N2O2 204.0904 9.53 205.0977 [M+H]+ 118.0652 146.0592 159.0915 

L-Proline betaine C7H13NO2 143.0948 2.99 144.1027 [M+H]+ 102.0551 84.0819 58.0664 

L-Phenylalanine a C9H11NO2 165.0790 6.74 166.0866 [M+H]+ 120.0810 103.0542 93.0701 

L-Aspartic acid C4H7NO4 133.0347 2.63 134.0448 [M+H]+ 88.0385 74.0236 70.0284 

L-Asparagine C4H8N2O3 132.0531 2.50 133.0604 [M+H]+ 74.0240 84.0448 87.5540 

L-Arginine C6H14N4O2 174.1120 1.94 175.1193 [M+H]+ 70.0658 60.0563 130.0945 

L-Alanine C3H7NO2 89.0472 2.47 90.0545 [M+H]+ 44.0496 44.9976 42.0341 

Glutamic acid C5H9NO4 147.0505 2.58 148.0599 [M+H]+ 84.0395 56.0450 102.0489 
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DL-Proline C5H9NO2 115.0639 2.78 116.0712 [M+H]+ 70.0658 43.0547  

DL-pipecolic acid C6H11NO2 129.0790 2.90 130.0866 [M+H]+ 84.0815 56.0501 55.0548 

Dimethylglycine C4H9NO2 103.0636 2.14 104.0711 [M+H]+ 58.0660 42.0343 44.0500 

3-amino-2-naphthoic acid C11H9NO2 187.0633 9.53 188.0708 [M+H]+ 115.0544 142.0655  

Carboxylic acids 

Citric acid C6H8O7 192.0211 5.07 191.0172 [M-H]- 111.0063 87.0067 85.0273 

Threonic acid C4H8O5 136.0344 3.03 135.0279 [M-H]- 75.0056 56.9958 59.0116 

Isocitric acid C6H8O7 192.0242 3.75 191.0194 [M-H]- 111.0060 85.0272 73.0274 

L-Ascorbic acid C6H8O6 176.0518 3.21 175.0214 [M-H]- 87.0060 59.0113 115.0008 

Quinic acid C7H12O6 192.0599 3.14 191.0562 [M-H]- 85.0272 93.0323 59.0122 

Malic acid C4H6O5 134.0186 3.68 133.0139 [M-H]- 71.0117 72.9911 115.0011 

Gluconic acid C6H12O7 196.0554 2.84 195.0503 [M-H]- 75.0074 59.0120 99.0054 

Glucaric acid C6H10O8 210.0344 3.10 209.0303 [M-H]- 85.0273 71.0116 59.0120 

Sugars 

D-(+)-Mannose C6H12O6 90.0303 2.74 89.0224 [M-H]- 59.0115 71.0114 55.0189 

Fructose C6H12O6 180.0606 3.20 179.0557 [M-H]- 59.0123 71.0109 75.0058 

Sucrose C12H22O11 342.1147 2.86 341.1069 [M-H]- 59.0121 71.0117 89.0217 

UDP-Glucose C15H24N2O17P2 566.0528 8.32 565.0472 [M-H]- 323.0260 384.9866 402.9914 

Glucose 6-phosphate C6H13O9P 260.0266 4.17 259.0200 [M-H]- 96.9670 78.9559 138.9764 

Glucose C6H12O6 180.0634 2.64 179.0559 [M-H]- 59.0115 71.0114 43.0186 

Others 

Cytidine C9H13N3O5 243.0857 2.34 244.0930 [M+H]+ 112.0514 95.0249 69.0453 

Choline C5H14NO 103.1000 2.11 104.1075 [M+H]+ 60.0819 45.0339 58.0661 

1-O-Sinapoyl beta-D-Glu C17H22O10 386.1181 18.41 385.1127 [M-H]- 205.0488 190.0293 175.0006 

N2-Acetyl-L-ornithine C7H14N2O3 174.1004 2.80 173.0924 [M-H]- 131.0796 58.0277 83.0586 

Guanosine C10H13N5O5 283.0919 6.01 284.0991 [M+H]+ 152.0564 135.0292 110.0686 

Glycerophosphocholine C8H21NO6P 257.1028 2.69 258.1104 [M+H]+ 124.9994 104.1070 86.0971 

N-Acetylornithine C7H14N2O3 174.0974 2.77 173.0924 [M-H]- 131.0796 58.0277 83.0586 

Pantothenic acid C9H17NO5 219.1109 8.07 220.1181 [M+H]+ 85.0655 85.0284 72.0450 

a Metabolites confirmed by analytical standards; Glu, glucoside; Neo, neohesperidoside; Rut, rutinoside; Rha, 

Rhamnoside; HMG, 3-hydroxy-3-methyl-glutaryl; RT, retention time. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter IX 

 

Page | 319  

 

S
u

p
p

le
m

e
n

ta
r

y
 T

a
b

le
 2

. 
A

v
er

a
g

e 
a

b
u

n
d

a
n

ce
 e

x
p

re
ss

ed
 a

s 
p

ea
k

 a
re

a
 a

n
d

 s
ta

n
d

a
rd

 d
ev

ia
ti

o
n

 (
m

ea
n

±
S

D
×

10
6
; 

n
 =

 1
2

) 
o

f 
th

e 
co

m
p

o
u

n
d

s 

id
en

ti
fi

ed
 i

n
 t

h
e 

ex
tr

a
ct

s 
fr

o
m

 P
er

si
a

n
 l

im
e 

sa
m

p
le

s 
a

t 
d

if
fe

re
n

t 
g

ro
w

th
 w

e
ek

s.
 V

a
lu

es
 w

it
h

 d
if

fe
re

n
t 

le
tt

er
 f

o
r 

th
e 

sa
m

e 
co

m
p

o
u

n
d

 (
sa

m
e 

ro
w

) 

a
re

 s
ig

n
if

ic
a

n
tl

y
 d

if
fe

re
n

t 
a

m
o

n
g

 r
ip

en
in

g
 w

ee
k

s 
(T

u
k

ey
 H

S
D

, 
p

≤
0

.0
1)

. 
 

W
-N

u
m

b
er

 i
n

d
ic

a
te

s 
n

u
m

b
er

 o
f 

g
ro

w
th

 w
ee

k
s;

 G
lu

, 
g

lu
co

si
d

e;
 N

eo
, 

n
eo

h
e

sp
er

id
o

si
d

e;
 R

u
t,

 r
u

ti
n

o
si

d
e

; 
H

M
G

, 
3

-h
y

d
ro

x
y

-3
-m

et
h

y
l-

g
lu

ta
ry

l.
 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

Page | 320 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter IX 

 

Page | 321  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

Page | 322 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Chapter X 
 

Targeted analysis of the concentration 

changes of phenolic compounds in 

Persian lime (Citrus latifolia) during 

fruit growth 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Targeted analysis of the concentration changes of 

phenolic compounds in Persian lime (Citrus 

latifolia) during fruit growth 

 

C. A. Ledesma-Escobara,b,1, F. Priego-Capotea,b,*, V. J. Robles-Olvera1, M. 

D. Luque de Castroa,b,* 

 

aDepartment of Analytical Chemistry, Annex Marie Curie Building. Campus of 

Rabanales, University of Córdoba, Córdoba, Spain 

bUniversity of Córdoba Agroalimentary Excellence Campus, ceiA3 

*Maimónides Institute of Biomedical Research (IMIBIC), Reina Sofía University 

Hospital, University of Córdoba, E-14071, Córdoba, Spain. 

1Chemical and Biochemical Engineering Department, Technological Institute of 

Veracruz, Av. Miguel Ángel de Quevedo 2779, Veracruz, Ver. 91897, México. 

 

Journal of Agricultural and Food Chemistry, 

2018, 66(8) 1813–1820. 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter X 

 

Page | 327  

 

 

Targeted analysis of the concentration changes 

of phenolic compounds in Persian lime (Citrus 

latifolia) during fruit growth 

 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote, Víctor J, Robles-Olvera 

and María D. Luque de Castro 

 

Abstract 

Citrus possess a high content of phenolic compounds; however, few studies have 

focused on the changes occurring during fruit growth. The changes in the concentration of 

20 flavonoids, 4 phenolic acids and their biosynthetic precursors phenylalanine and 

tyrosine have been evaluated during fruit maturation (14 weeks). Extracts from all samples, 

obtained by ultrasound assistance, were analyzed by liquid chromatography coupled to 

tandem mass spectrometry with a triple quad system (LC–QqQ MS/MS). In general, the 

concentration of flavanones —which represented over 70% of the studied phenols— and 

flavones increased during fruit growth, reaching their maximum concentration around 

week 12. In general, flavanols and phenolic acids exhibited their maximum concentration 

at week 5, then decreasing significantly during the rest of maturation. Phenylalanine and 

tyrosine showed a sinuous behavior during fruit growth. Partial least squares showed a 

clear differentiation among fruits belonging to different maturation stages, being coumaric 

acid derivatives the most influential variables on the projection.  

  

Keywords: Citrus fruits maturation, Persian lime, flavonoid composition, targeted 

analysis, Citrus pathway, mass spectrometry.  
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1. Introduction 

Phenols, compounds widely distributed in Citrus, have received great attention 

because of their nutritional and bioactive properties1 associated to a reduction of the risk 

for different types of cancer and cardiovascular diseases, and to antioxidant, anti-

inflammatory and radical-scavenging activities.2 These properties have promoted both the 

development of methods for their extraction from Citrus and the study of their bioactive 

properties.3 Few studies have focused on estimating the changes of given metabolites from 

Citrus during fruit growth. In this context, both sugars (°Brix) and titratable acidity (% of 

citric acid) have been the most studied, since a relationship between them is widely used as 

ripening index.4 The analysis of these metabolites in mandarins revealed that sugars 

increase during ripening, while the titratable acidity decreases.5 Additionally, the analysis 

of carotenoids in different Citrus varieties during maturation (based on the fruit color) 

revealed that the concentration of total carotenoids increases with ripening.6 Concerning 

phenolic compounds, Moulehi et al. analyzed in 2012 the differences in both total phenolic 

and flavonoids content in oranges and mandarins considering three maturation degrees: 

immature (green); semimature (yellow); and commercial mature (orange).7 The maximum 

concentration of both total phenols and flavonoids in oranges was observed in commercial 

mature fruits, while the maximum concentration of total phenols and flavonoids in 

mandarins was observed in immature and semimature samples, respectively. Untargeted 

metabolomics analysis was used by the authors of the present research to differentiate and 

characterize Persian lime samples from different ripening stages, as a function of the 

growth time (from week 1 to week 14) as maturity estimator.8 The results of this study, 

based on 423 molecular entities common to all samples, showed that the phenolic 

compounds (i.e. hesperetin, naringenin or apigenin derivatives) have a great influence on 

the discrimination of samples from different growth weeks. The general biosynthetic 

pathway of phenols begins with the conversion of either phenylalanine or tyrosine into p-

coumaric acid and subsequent reactions can transform this phenolic acid into either 

flavonoids or other phenolic acids.9 Flavonoids are the most abundant phenolic compounds 

in Citrus, being flavanones, which actually are precursors of both flavones and flavanols, 

the most abundant flavonoids subclass.10 The results obtained in our previous study and 

the lack of reports on the changes in the phenolic composition during Citrus growth have 

encouraged the targeted analysis of these classes of compounds. The present research was 

aimed at establishing similarities/dissimilarities among 26 phenolic compounds from 
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Persian lime (Citrus latifolia) sampled at eight ripening stages (from weeks 1 to 14 of 

maturation) by using liquid chromatography–tandem mass spectrometry with a triple 

quadrupole system (LC–QqQ MS/MS). Selection of the target metabolites was based on: 

(i) identification we reported previously;8 (ii) availability of commercial standards; and (iii) 

relevance of phenolic compounds in the metabolic pathway. Therefore, the behavior of 20 

flavonoids (6 flavanones, 12 flavones and 2 flavanols), 4 phenolic acids (including p-

coumaric acid) and both phenylalanine and tyrosine were studied. 

 

2. Materials and methods 

2.1 Sampling methodology 

Persian lime (Citrus latifolia) samples at different growth stages (1, 3, 5, 7, 9, 12, and 

14 weeks (named as samples W01-to-W14) were collected in Martínez de la Torre 

(Veracruz, México, geographical coordinates: 20°04′00″N, 97°03′00″O) from September 

2012 to January 2013. The experimental field had 500 mature trees (at least 4 years old) 

uniformly distributed over an area of 1250 m2 (40 m length and 31 m wide). The field was 

monitored weekly since the beginning of flowering and the branches that showed newborn 

fruits were labelled at the beginning of the fruit growth. Twelve samples were collected from 

each growth stage; those corresponding to week 14 (full mature fruits) were harvested in 

duplicate and a half of them were stored at 25 °C for 2 weeks to study the short-time storage 

behavior of mature fruits. The sampling method was based on random rectangular 

coordinates within the limits of the experimental field. A total of 96 samples were selected 

by proximity to the corresponding random coordinate. All samples were manually 

harvested; then immediately stored under liquid nitrogen to reduce possible enzymatic 

reactions and transported to the laboratory. The whole frozen fruits were individually 

grinded with a mortar and pestle under liquid nitrogen and lyophilized until constant 

weight. Once dehydrated, the samples were ground (particle diameter≤0.5 mm) and stored 

in the dark at –20 °C until use. 

2.2 Reagents 

All solvents were HPLC grade. Ethanol and formic acid were from Scharlab 

(Barcelona, Spain), and acetonitrile was from Fluka (Buches, Switzerland). Deionized 

water (18 MΩ•cm) from a Millipore Milli-Q water purification system (Bedford, MA, USA) 

http://www.linguee.es/ingles-espanol/traduccion/geographical+coordinates.html
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was used to prepare the mobile chromatographic phases and extractant mixtures. 

Analytical standards apigenin-7-glucoside, caffeic acid,  diosmetin, diosmin, eriocitrin, 

ferulic acid, hesperetin, hesperidin, homoorientin, hydroxytyrosol, luteolin, luteolin-7-

glucoside, naringenin, narirutin, neodiosmin, neohesperidina, orientin, phenylalanine, 

quercetin, tyrosine, vitexin and vitexin-2-O-rhamnoside) were purchased from Sigma–

Aldrich (Saint Louis, MO, USA), and o-coumaric acid,  p-coumaric acid, rhoifolin, rutin and 

tangeretin from Extrasynthese (Genay France). Hydroxytyrosol (5 µg/mL) was used as 

external standard.   

2.3 Metabolites extraction 

Persian lime samples (1 g dry weight each) were extracted with the help of a Branson 

(Branson, Germany) 450 digital sonifier (20 kHz, 450 W) equipped with a cylindrical 

titanium-alloy probe (12.70 mm diameter). Twenty mL of 60.3% ethanol in water was used 

as extractant, and 5 min were required for extraction with ultrasound assistance (70% 

amplitude and 0.8 s/s duty cycle). The extraction method was previously developed by the 

authors using a desirability model to maximize the concentration of phenolic compounds 

in the extracts from lemon.11 

2.4 Phenols quantitation by LC–QqQ MS/MS 

Chromatographic separation of the extract components was performed by using an 

Agilent 1200 series LC with an Inertsil ODS-2 C18 analytical column (250×4.6 mm i.d. 5 

µm particle) from GL Science (Tokyo, Japan). The chromatograph was coupled to a 6460 

Triple Quad detector equipped with a Jet Stream Technology electrospray ion (ESI) source 

from Agilent Technologies (Palo Alto, USA). The injection volume was 10 µL, and the 

mobile phases were 0.1% of formic acid in deionized water (phase A) and in acetonitrile 

(phase B) at a constant flow rate of 1 mL/min. The gradient was as follows: from initial 4% 

to 10% B in 5 min; change from 10% to 25% B in 30 min; from 25% to 100% B in 15 min 

and constant 100% B for 5 min. After analysis, the column was equilibrated to the initial 

conditions for 5 min. The ESI source operated in both positive and negative ionization 

modes under the following conditions: nebulizer gas at 45 psi, sheath gas flow and 

temperature were set at 8 mL/min and 350 °C, respectively. The temperature of the gas 

nebulizer and the capillary voltage were set at 350 °C and 3500 V, respectively. The SRM 

parameters for all analytes are listed in Supplementary Table 1. Calibration curves for each 

analyzed metabolite were developed by linear regression of the peak area obtained from 10 
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different concentrations of the corresponding analytical standard injected in triplicate. The 

mixed standard solution was diluted with methanol to yield a series of standard solutions 

at appropriate concentrations to construct the calibration curves. The limits of detection 

(LOD) and quantitation (LOQ) for each metabolite were calculated as the concentration 

providing signals three and ten times, respectively, higher than the background noise 

measured at a time close to each chromatographic signal. The precision of the method was 

evaluated by calculation of both the within-day variability and between-days variability 

expressed as relative standard deviation. For this purpose, a mixed standard solution was 

analyzed in duplicate each day, for 7 days.  

2.5 Statistical analysis 

Univariate analysis, ANOVA and Tukey (p≤0.01) tests were performed by 

Statgraphics Centurion XVII (Statpoint Technologies Inc.) Multivariate analysis, ANOVA, 

Tukey HSD (p≤0.01) and partial least squares for discriminant analysis (PLS-DA) were 

processed by the MetaboAnalyst 3.0 software (http://www.metaboanalyst.ca/). 

Additionally, KEGG PATHWAY Database (http://www.genome.jp/kegg/pathway.html) 

was consulted to support discussion on the metabolic pathways.  

 

3. Results  

Absolute quantitation requires the use of analytical standards, which limits the total 

number of quantified compounds as a function of their commercial availability. In this 

study, the targeted analysis of 20 flavonoids (6 flavanones, 12 flavones and 2 flavanols), 4 

phenolic acids and 2 amino acids in the Persian lime (Citrus latifolia) samples was carried 

out by LC–MS/MS. The method was properly validated in terms of analytical features such 

as precision and sensitivity. LODs and LOQs, listed in Supplementary Table 2, were in the 

range of pg/mL, which are considerably low for this application. Concerning the precision 

of the method, the within-day variability and between-days variability, expressed as 

relative standard deviation, for all metabolites was less than 5.4% and 7%, respectively (see 

Supplementary Table 2, while Supplementary Fig. 1 shows examples of both total ion and 

single reaction monitoring chromatograms of the main phenols at week 14). 

 

 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

Page | 332 

3.1 Changes in the concentration of flavanones during Persian lime growth 

The results showed that flavanones were the most abundant phenolic compounds 

among the studied metabolites. Depending on the growth stage, this subclass constituted 

between 69.5 and 80.5% of the total content of the quantified phenolic compounds. The 

predominance of flavanones as major phenols in Citrus was previously revised by González-

Molina et al. in 2010.12 The maximum concentration of flavanones was reached in this case 

at week 12, being hesperidin (2005±254 µg/g), narirutin (1207±315 µg/g) and eriocitrin 

(1171±392 µg/g) the most concentrated —69% or higher with respect to the total content of 

quantified phenols.  

The ANOVA and Tukey HSD (p≤0.01) tests revealed significant differences in the 

concentration of flavanones among the growth stages that increased their concentration 

gradually from the beginning to fruit maturity and reached their maximum concentration 

around week 12. In general, the highest differences were observed by comparison between 

samples W03 and W12. As an example, hesperidin, eriocitrin and narirutin yielded their 

maximum fold changes (3.4, 31.6 and 88.0, respectively) for the interval week 3–week 12. 

Fig. 1 shows the individual behavior of all quantified flavanones during Persian lime 

growth, while the changes in concentration (mean, standard deviation and significance) of 

all studied flavanones are summarized in Table 1. Chromatograms of the single reaction 

monitoring of the main flavanones at the different maturation stages can be seen in 

Supplementary Fig. 2.  

 

Fig. 1. Changes in the concentration of flavanones in the extracts from Persian lime at different 

growth weeks. *Flavonoid aglycone. 
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3.2 Changes in the concentration of flavones during Persian lime growth 

Flavones were the second most abundant subclass of the studied phenolic 

compounds, constituting between 7.8 and 17.7% of the total concentration of the measured 

phenols. Like flavanones, the studied flavones underwent significant changes (p≤0.01) in 

their concentrations during the studied weeks and showed a gradual increase through the 

growth time, reaching maximum concentration around week 12. In this study, the behavior 

of 4 apigenin derivatives, 4 luteolin derivatives, 3 diosmetin derivatives and tangeretin was 

analyzed. Diosmin (366±105 µg/g), rhoifolin (285±36 µg/g) and vitexin (237±80 µg/g) 

were the most abundant at week 12; while orientin (12.0±3.7 µg/g) was, among luteolin 

derivatives, the most concentrated at week 12. The highest fold changes in the 

concentration of diosmin (13.0), rhoifolin (54.6) and vitexin (41.2) occurred between weeks 

3 and 12. A plot of the changes in concentration of all studied flavones during fruit growth 

can be seen in Fig. 2, while all the results (mean, standard deviation and significance) for 

this subclass of flavonoids are summarized in Table 2. Chromatograms of the single 

reaction monitoring of the main flavones at the different maturation stages can be seen in 

Supplementary Fig. 3. 

 

Fig. 2. Changes in the concentration of flavones in the extracts from Persian lime at different growth 

weeks. *Flavonoid aglycone. 
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3.3 Changes in the concentration of flavonols during Persian lime growth 

Concerning flavonols, both rutin (quercetin-3-O-rutinoside) and quercetin were 

analyzed. The results of ANOVA and Tukey HSD tests (p≤0.01) showed significant changes 

of these metabolites during fruit growth and revealed that the highest concentrations 

corresponded to the first 5 weeks. Regarding rutin its maximum concentration 

corresponded to week 1 (334±59 µg/g), while that of quercetin was higher at week 3 

(0.64±0.30 µg/g). The concentration of both flavonols decreased at the end of the growth 

process. As can be seen in Table 3, the concentration of rutin was much higher than that of 

its aglycone quercetin at all studied weeks, as also happens for all aglycones and their 

corresponding glucosides. The changes in concentration of both rutin and quercetin during 

Persian lime growth can be seen in Fig. 3, while single reaction monitoring chromatograms 

of the main flavanols at the different maturation stages can be seen as Supplementary Fig. 

4. 

 

Fig. 3. Changes in the concentration of flavanols, phenolic acids and phenolic amino acids in the 

extracts from Persian lime at different growth weeks. *Flavonoid aglycone. 

 

3.4 Changes in the concentration of phenolic acids and amino acids during Persian lime 

growth 

Concerning phenolic acids, the most abundant among those under study was p-

coumaric acid. The concentration of this acid increased significantly from week 1 (9.8±2.1  
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µg/g) to week 5 (30.4±12.3 µg/g), then decreasing drastically up to week 7 (1.55±0.87 µg/g), 

and remaining without significant changes in subsequent weeks (see Supplementary Fig. 

4). On the contrary, the concentration of o-coumaric acid decreased significantly from week 

1 (2.21±0.42 µg/g) to week 5 (0.03±0.01 µg/g), being its concentration below its 

quantitation limit from week 7. The concentration of both ferulic and caffeic acids showed 

an alternating behavior during fruit growth, in such a way that their concentration was 

below their detection limits at weeks 3, 7 and 9. The average concentration of ferulic acid 

did not show significant differences at the weeks at which it was quantified; while the 

maximum concentration of caffeic acid was 1.41±0.44 µg/g at week 14. 

The quantified phenolic amino acids (phenylalanine and tyrosine) showed their 

maximun concentration in the postharvest stage (W16) when the concentration of most of 

the studied phenols decreased significantly. Considering only the growth weeks (1-to-14), a 

sinuous behavior was observed, being weeks 1 and 5 those with maxima concentration of 

them, while the lowest concentrations were found in samples from week 7 to 12 (see 

Supplementary Fig. 4). Generally, the concentration of these amino acids was in inverse 

proportion to the rest of studied phenols, mainly to flavanones.  

The heat map in Fig. 3 shows the behavior of both phenolic acids and amino acids 

during fruit growth, while all the set of quantitation results can be consulted in Table 3.    

3.5 Study of the changes in phenolic composition of persian lime during fruit growth by 

targeted analysis 

A supervised analysis by PLS-DA was used to discriminate samples from different 

growth stages. The data matrix (26×96) was constituted by the concentration of all 26 

quantified metabolites in the 96 evaluated samples. The scores plot (Fig. 4A) shows a clear 

discrimination among samples and revealed that the distance among scores in the plot is 

larger when the growth time between samples is longer, thus indicating greater differences 

between them. The two-dimensional PLS-DA explained 60.5% (Component1 = 45.4% and 

Component2 = 15.1%) of the total variability. Also, the plot of variables importance in 

projection (Fig. 4B), which summarizes the individual influence of all variables on 

discrimination, reveals that the metabolites with higher influence on samples 

differentiation were p-cumaric and o-cumaric acids (followed by rhoifolin, apigenin-7-

glucoside and narirutin), probably due to the dramatic decrease in their concentration from 

week 5 to the end of the maturation process. 
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Fig. 4. Scores (A) and variable importance projection (B) of PLS-DA comparing the samples of 

Persian lime at different growth weeks. W+number indicates the number of growth weeks. 

 

4. Discussion  

A brief review to the metabolic pathways of phenols in Citrus before analyzing the 

changes in composition of these compounds during Persian lime growth is shown in Fig. 5. 

Our results have revealed that most of the studied phenols are present from the beginning 

of fruit growth and their changes along the growth process can be helpful to show their 

bioregulation mechanisms. According to these metabolic pathways, phenylalanine is 

converted into cinnamic acid by phenylalanine ammonia lyase; and subsequent reactions 

catalyzed by either cinnamate 4-hydroxylase or cinnamate 2-hydroxylase can convert 

cinnamic acid into p-coumaric or o-coumaric acids, respectively. Also, tyrosine can be 

converted into p-coumaric acid by tyrosine ammonia lyase. Therefore, our results suggest 

a bioregulation of cinnamate 2-hydroxylase during the first 5 weeks to prioritize conversion 

of phenylalanine into p-coumaric acid, which is the intermediate for the production of most 

phenols.13 This behavior has been confirmed by analysis of the conversion ratios 

(Supplementary Fig. 5A). Additionally, the conversion ratios of both phenylalanine and 

tyrosine into p-coumaric acid suggest that, despite the differences in concentration of both 

amino acids, selectivity regulation to produce p-coumaric acid from either phenylalanine 

or tyrosine did not exist (Supplementary Fig. 4A).  
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In the case of Citrus fruits, p-coumaric acid can follow two pathways: (i) transformation 

into caffeic acid by p-coumarate 3-hydroxylase (then, this acid can be transformed into 

ferulic acid by caffeic acid 3-O-methyltransferase); (ii) conversion into p-coumaroyl-CoA 

by cinnamate 4-hydroxylase. Subsequent reactions of the p-coumaroyl-CoA with malonyl-

CoA, catalyzed by both chalcone synthase and chalcone isomerase, result in the formation 

of flavonoids. Both acids (caffeic and ferulic) were not detected at weeks 7 and 9 —which 

coincided with a significant increase in the concentration of flavanones and flavones. 

Therefore, it can be assumed that the activity of p-coumarate 3-hydroxylase could be 

blocked during these growth stages thus increasing the production of major flavonoids; 

then, the enzyme would be reactivated during the final weeks to reach the maxima 

concentration of flavonoids.  

 

 

Fig. 5. General scheme of the metabolic pathways of phenolic compounds in Citrus. PAL, 

phenylalanine ammonia-lyase; TAL, tyrosine ammonia-lyase; C4H, cinnamate 4-hydroxylase; C2H, 

cinnamate 2-hydroxylase; pC3H, p-coumarate 3-hydroxylase; Ca3M, caffeic acid 3-O-

methyltransferase; CHS, chalcone synthase; CHI, chalcone isomerase; FNS, flavone synthase; F3M, 

flavonoid 3'-monooxygenase; FNH, flavonoid 3',5'-hydroxylase; N3D, naringenin 3-dioxygenase; 

FLS, flavonol synthase; ----, multip-step reaction. 
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Regarding flavonoids, flavanones such as hesperetin, naringenin or eriodictyol 

derivatives can be converted into their respective flavones by dehydrogenation catalyzed by 

flavone synthase or into flavonols by a two-step synthesis which starts with hydroxylation 

caused by a flavonone hydroxylase, followed by dehydrogenation catalyzed by a flavonol 

synthase.9,14 Thus, naringenin is the first flavanone produced and acts as a wildcard from 

which both hesperetin, and eriodictyol derivatives can be produced. Also eriodictyol can be 

produced from the caffeoyl-CoA, thus reinforcing the theory on the reduction of caffeic 

acid.15 Subsequent reactions can convert hesperetin derivatives into diosmetin derivatives, 

and eriodictyol into either luteolin or quercetin derivatives; also, naringenin can be 

converted into apigenin derivatives. According to the obtained results, it is evident that a 

proportional conversion of flavanones into flavones occurs from weeks 7 to 12, caused by 

flavone synthase; which also suggests a decrease in the activity of flavonol synthase, which 

can explain the decreased concentration of both rutin and quercetin from week 5 to the 

final growth stage. Finally, the results obtained in the last growing weeks suggest that the 

activity of cinnamate 4-hydroxylase, responsible for the production of flavonoids, decreases 

from weeks 12 to 14, allowing the upturn of phenolic acids at the end of the maturation 

process. Additionally, the analysis of conversion ratios of narirutin (naringenin 7-O-

rutinoside) into either hesperidin (hesperetin 7-O-rutinoside) or eriocitrin (eriodictyol 7-

O-rutinoside), revealed differences in the conversion between them; thus suggesting the 

existence of a selective mechanism for the production of hesperidin (see Supplementary 

Fig. 5B).  

It is known that flavonoids are naturally synthesized by plants as response to 

physical damages, infections, stress or UV light; therefore, their composition may vary 

depending on environmental changes.16 The increase in fruit size make it more susceptible 

of suffering damages; therefore, a higher concentration of flavonoids at the final growth 

stage could be interpreted as an increase of fruit defense mechanisms. 

From the point of view of a potential industrial extraction of flavonoids —and taking 

into account that the extraction yield is higher when the fruit has been previously 

dehydrated17— the total dry mass of whole limes should be considered to calculate the 

amount of extracted phenols. In general, the maximum amount of extracted flavonoids 

would be obtained using fruits either 12 or 14 growth weeks; however, it is remarkable that 

the water content in limes at week 12 was between 10% and 15% lower than at week 14. This 

indicates that the collection of the limes at week 12 would require less energy for 
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dehydration without significant reduction of flavonoids yield. Concerning total phenolic 

acids, their maxima extraction yield was obtained at week 14. To clarify this point, 

Supplementary Table 3 shows the average yield of each metabolite under study, considering 

the average dry mass of the whole fruits at each growth stage. 

In short, targeted analysis of phenolic compounds constitutes a useful tool for 

classification of samples among Citrus varieties,18 and even among process variables such 

as different sample pretreatments or extraction methods.19 Similarly, the presented PSL–

DA reveals that the concentration of phenols can be used to discriminate different growth 

stages of Persian lime.    
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Supplementary Fig. 1. Total ion chromatogram and single reaction monitoring of the main 

phenols from Persian lime samples at week 14. 

 

 

Supplementary Fig. 2. Chromatograms of the main flavanones from Persian lime at different 

maturation stages. 
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Supplementary Fig. 3. Chromatograms of the main flavones from Persian lime at different 

maturation stages. 

 

 

 

Supplementary Fig. 4. Chromatograms of the main flavanols, p-coumaric acid and 

phenylalanine from Persian lime at different maturation stages. 
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GC–MS study of changes in compounds in 

Persian lime (Citrus latifolia) during fruit 

growth 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote, Víctor J, Robles-Olvera,  

Rosalía García-Torres, José I. Reyes De Corcuera and María D. Luque de Castro 

 

 

Abstract  

Citrus fruits possess a high content of bioactive compounds whose changes during 

fruit maturation had not been studied in depth yet. Fruits were sampled from week 1, after 

the fruit onset, to week 14. Volatile compounds isolated by headspace–solid-phase 

microextraction and polar extracts from all samples were analyzed by gas 

chromatography–mass spectrometry. The relative abundance of 107 identified metabolites 

allowed establishing differences among samples at different stages of maturation. Principal 

component analysis showed a clear discrimination among samples, and the analysis of 

variance revealed significant differences in 94 out of the 107 metabolites. Among total 

volatiles, monoterpenes increased their relative concentration from 86% to 94% during 

maturation, being d-limonene, γ-terpinene and β-pinene the most abundant; on the 

contrary, sesquiterpenes decreased from 11.5% to 2.8%, being β-bisabolene and α-

bergamotene the most concentrated. In general, sugars and carboxylic acids accumulate 

during growth, with maximum concentration during the last 3 weeks.   

 

Keywords: Citrus fruits, Fruit maturation, Persian lemon, Volatile compounds, Polar 

compounds, Headspace, Gas chromatography–mass spectrometry. 
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1. Introduction 

Citrus fruits are recognized for the refreshing scent of their essential oils and their 

high content of bioactive compounds such as vitamins, phenols, or carotenoids, which play 

a key role as nutraceuticals.1 The effect of these compounds on human health and their 

potential application in food, pharmaceutical and cosmetic industries have been widely 

discussed in the literature; however, the changes in chemical properties of citrus fruits 

during growth has not been studied in depth.  

For decades, the citrus industry has estimated citrus maturity by the relationship 

between the total soluble solids (°Brix) and titratable acidity (% of citric acid), which have 

a strong influence on the taste of citrus fruits, and clearly influence their acceptance by the 

consumers.2 For this reason, the changes in both sugars and carboxylic acids contents have 

been widely studied. In general, both sugars and carboxylic acids are accumulated to reach 

the commercial maturity; then, the concentration of carboxylic acids decreases after 

commercial maturation.3  

In an attempt to develop non-invasive methods for estimating maturity, the fruit 

color, which is highly dependent on the carotenoids composition, has been proposed as an 

alternative.4 Studies on the changes of carotenoids composition and gene expression that 

lead to these changes revealed that the increase in their concentration during fruit growth 

involves color change; for example, from green to orange in the case of oranges and 

tangerines.5–8 

Regarding phenolic compounds a significant decrease in the concentration of caffeic, 

p-coumaric, ferulic and p-hydroxybenzoic acids in Ponkan (Citrus poonensis) and Huyou 

(Citrus paradisi) during maturation has been reported.8 The concentration of flavonoids 

increased gradually during grapefruit (Citrus paradisi) growth, and decreased at the end 

of the maturation, while the mRNA levels of genes encoding upstream enzymes (i.e. 

phenylalanine ammonia lyase, chalcone synthase, chalcone isomerase) were higher in 

immature fruit. Conversely, 1,2-rhamnosyltransferase, which encodes a downstream 

enzyme, had higher mRNA levels in mature grapefruits.9 Similar results on the changes of 

phenolic acids and flavonoids in Persian limes (Citrus latifolia) during maturation were 

reported by the authors in a study involving samples from week 1 (after the onset of fruit) 

to week 14 (commercial maturity). We found a significant decrease in the concentration of 

phenolic acids (benzoic, coumaric and ferulic acids derivatives) from the half of the growth 
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process (week 7) to maturity, while flavanones and flavones showed their maximum 

concentration between weeks 9 and 12, and that of flavanols close to week 5.10 

Concerning volatile compounds, recent studies have reported the suitability of 

metabolomics to differentiate citrus fruits either among varieties or at different ripening 

stages based on the changes in their free or glycosidic-bound volatile compounds.11 Also 

differences among citrus varieties in volatile profiles and the maturity stage that produces 

their maximum concentration have been reported. Thus, the maximum concentration of 

volatiles in lemons (Citrus limon) occurs at immature stage, at the semimature stage for 

mandarin (Citrus reticulate), tangerine (Citrus unshiu) and blood orange (Citrus sinensis), 

and at commercial maturity for bitter orange (Citrus aurantium), lime (Citrus 

aurantifolia) and finger citron (Citrus medica).11–14 Independently of the time for 

producing the maximum concentration of volatiles, the monoterpene fraction was the most 

concentrated subclass of volatiles in all varieties, representing, depending on the variety, 

between 55 and 94% of the total volatiles, being limonene the most concentrated (between 

32 and 81%) in all instances.  

Changes in polar compounds during Persian lime growth have recently been studied 

by the authors by both targeted10 and untargeted15 analyses, using LC–QqQ MS/MS and 

LC–QTOF MS/MS, respectively. The present research was aimed at complementing our 

previous study and expanding the knowledge on changes of metabolite abundance during 

Persian lime growth and maturation from week 1 after fruit onset to week 14. With this aim, 

the profiles of volatile and polar compounds were obtained by GC–MS combining 

headspace solid-phase microextraction (HS–SPME) and direct GC–MS analysis of 

derivatized extracts, respectively. The results of this study could also provide a 

comprehensive exploitation of the citrus by finding alternatives to fresh fruits 

commercialization, mainly in seasons with overproduction or when the quality of the fruits 

is not enough for the fresh fruit market.  

 

2. Materials and methods 

2.1 Sampling methodology 

Persian lime (Citrus latifolia) samples at different growth stages (1, 3, 5, 7, 9, 12, 

and 14 weeks —named as samples W-01 to W-14) were collected in Martínez de la Torre, 
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Veracruz, México (geographical coordinates: 20°04′00″N 97°03′00″O) from September 

2012 to January 2013. The experimental field had 254 mature trees (at least 4 years old) 

uniformly distributed in a 600 m2 plot (26 m23 m). The field was monitored weekly from 

bloom to the set of fruit. Branches that showed new-born fruits were labelled to identify the 

beginning of the fruit growth. Six samples for each study were collected at each growth 

stage between weeks 1 and 14. The sampling method was based on random rectangular 

coordinates within the limits of the experimental field. A total of 42 samples, selected by 

considering proximity to the corresponding random coordinate (Supplementary Figure 1), 

were manually harvested and immediately frozen under liquid nitrogen. The samples were 

kept in a thermal container with an excess of liquid nitrogen during the transport to the 

laboratory (2 h, approximately), then stored at –80 ºC to preserve them until use. 

2.2 Sample pretreatment 

To evaluate the composition of the volatile fraction, the whole fruits were 

individually grinded with a mortar and pestle under liquid nitrogen to protected volatile 

compounds and obtain a fine and homogeneous frozen powder of fresh lime; then, the 

samples were stored at –80 °C until use. These samples were not air-dried to prevent 

volatiles loss.16 Samples (0.1 g) were thawed at room temperature for 5 min prior to solid-

phase microextraction (SPME) equilibration phase. To evaluate the changes in extract 

composition, the limes were sliced and air-dried (45 °C, 3 m3/s) to constant weight. The 

dehydrated samples were grinded with a mortar and pestle under liquid nitrogen to obtain 

a homogeneous fine powder and stored at –20 °C until use. In this case samples were air-

dried to increase the extraction yield in solid–liquid extraction as compared with fresh 

samples.17   

2.3 Reagents 

All solvents were HPLC grade. Methanol, chloroform, n-hexane, L-threonine, 

cyclohexanone and N-methyl-trifluoroacetamide (MSTFA) were from Sigma–Aldrich 

(Saint Louis, MO, USA). 

2.4 Apparatus and instruments 

SPME was conducted by a Supelco 50/30 μm DVB/CAR/PDMS StableFlex™ fiber 

used with an SPME fiber holder (Supelco) for manual sampling of the headspace (HS) of a 

sample vial. The extraction of non-volatile compounds from Persian lime samples was 

http://www.linguee.es/ingles-espanol/traduccion/geographical+coordinates.html
http://tools.wmflabs.org/geohack/geohack.php?language=es&pagename=Mart%C3%ADnez_de_la_Torre_(municipio)&params=20.066666666667_N_-97.05_E_type:city
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performed in an ultrasonic bath (40 kHz, 30 °C; Fisher Scientific, CPXH 1800). The 

analysis of volatile compounds was carried out by a gas chromatograph (Agilent 7890B) 

coupled to a mass spectrometer (Agilent 5977A), using a Factor VF-5 ms fused silica 

capillary column (30 m× 0.25 mm I.D., 0.25 μm film thickness, Varian). Compounds in the 

derivatized extracts were analyzed by a Perkin-Elmer Clarus SQ 8 Gas 

Chromatograph/Mass Spectrometer using an Elite-5 MS (5% diphenyl/95% dimethyl poly 

siloxane) Perkin-Elmer fused capillary column (60 m×0.25 mm I.D., 0.25 μm film 

thickness). 

2.5 Headspace solid-phase microextraction  

The conditions for the SPME procedure in the HS were determined using a Box-

Behnken experimental design and the following experimental factors: equilibration 

temperature (X1; 30, 40 and 50 °C); equilibration time (X2; 20, 40 and 60 min) and 

extraction time (X3; 20, 40 and 60 min). Selection of the optimization response (Yi (x)) was 

based on the quantitative response of five of the highest chromatographic peaks obtained 

by GC–MS and distributed along the chromatogram. A desirability function approach was 

used to select the conditions that maximized the extraction yield of the five selected peaks. 

The optimized conditions were used to conduct the SPME of all samples: equilibration 

temperature, 33.7 °C; equilibration time, 38.1 min; extraction time, 60 min (see 

Supplementary Figure 2). All HS samplings were manually performed using 0.1 g of sample 

and 5 µL of a 1 ppm of cyclohexanone as internal standard (IS), placed into a 20 mL HS 

amber vial. A DVB/CAR/PDMS fiber was conditioned in the GC–MS liner prior to sample 

injection at 240 °C for 10 min to ensure the complete desorption of the target compounds.  

2.6 Solid–liquid ultrasound assisted extraction 

Persian lime extracts were obtained according to Cevallos-Cevallos et al. (2011).18 

Briefly, 20 mL of an 8:1:1 (v:v:v) methanol/water/chloroform mixture was added to 1 g of 

sample and the heterogeneous system was held for 10 min on ice in an ultrasound bath .  

2.7 HS–SPME–GC–MS analysis 

The injector temperature was fixed at 270 °C; injection was in 1/250 split mode, and 

the gas flow was set at 1 mL/min. The oven temperature was programmed as follows: initial 

temperature 40 °C held for 1 min, increased at 10 °C/min to 65 °C, then 5 °C/min to 160 
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°C, and finally 15 °C/min to 280 °C. The total analysis time was 30.5 min, and additional 

4.5 min were necessary for re-establishing and equilibrating the initial conditions.  

The single quadrupole mass spectrometer was operated in the scan mode. 

Instrumental parameters were set as follows: transfer line, source, and quad temperatures 

were kept at 250, 230, and 180 °C, respectively; electron energy was 70 eV, and data 

acquisition in an m/z range of 30 to 500.  

2.8 GC–MS analysis of the derivatized samples   

All extracts were derivatized to convert them into volatile products prior to GC–MS 

analysis. For this purpose, 25 µL of extract and 1 µL of an ethanol solution of L-threonine 

(10 ppm), used as IS, were dried under a nitrogen flow and reconstituted with 8.5 µL of 

MSTFA and 91.5 µL of hexane. Silylation was carried out for 2 h at 40 °C in darkness. The 

GC–MS analysis was performed according to the following conditions: injector 

temperature, 280 °C; injection in splitless mode; gas flow, 1 mL/min; and injection volume, 

1 µL. The oven temperature was programmed as follows: initial temperature, 70 °C; ramp, 

7 °C/min to 190 °C; ramp, 10 °C/min to 320 °C, hold for 10 min. Total analysis time was 41 

min, and additional 4 min were necessary for re-establishing the initial conditions. The 

single quadrupole mass spectrometer was operated in the scan mode, with the instrumental 

parameters set at: transfer line, source, and quad temperatures were kept at 318, 320, and 

180 °C, respectively; the electron energy was set at 70 eV, data acquisition was set in a m/z 

range of 50 to 620 and a solvent delay of 6 min. 

The stability at room temperature of the derivatization products was studied for 12 

h. For this purpose, 5 derivatized samples from the same pool, which contained aliquots of 

all studied samples, were prepared individually at the same time and placed into a sealed-

cap vial. One by one the samples were analyzed every 3 h (from 0 to 12 h) and the area of 

the 10 major peaks was normalized by the IS and used to evaluate the stability of the 

derivatization products. The relative standard deviation of all studied peaks was lower than 

1.62% (Supplementary Table 1).    

2.9 Data processing and statistical analysis 

Qualitative Analysis software (version 7.0, Agilent Technologies, Santa Clara, CA, 

USA) was used to process all data obtained by GC–MS. Treatment of raw data files started 

by deconvolution of potential molecular features (MFs) by the algorithm included in the 
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software, which considered all ions exceeding 3000 counts for the absolute area parameter. 

The NIST Mass Spectral Search Program v.11.0 (NIST, Washington, DC, USA) was used for 

spectral search (Mainlib and Replib libraries). Tentative identification was reported when 

the correlation between experimental and database spectra was above 0.65 in normal 

search mode.  

The six samples from each of the seven growth stages were considered biological 

replicates and analyzed in duplicate. The average peak areas between duplicates of all 

tentatively identified metabolites were normalized by the corresponding IS. The resulting 

matrix from the analysis of both SPME and derivatized extracts were combined to obtain 

the global dataset (42×110) used in both one-way-ANOVA and Tukey tests. For the 

multivariate analyses (ANOVA and PCA), a Z-transform was applied to the global dataset 

to correct the possible data heteroscedasticity produced by the use of different analytical 

platforms, and to make their distribution more symmetrical. Despite transformations 

having a pseudo scaling effect19, the Z-transformed matrix was scaled by an autoscaling 

method (mean-centered divided by the standard deviation of each variable) to ensure that 

all compounds would be treated equally irrespective of their intensity.  

The univariate analyses (ANOVA and Tukey test) were performed using Statgraphics 

Centurion XVI software (Stat- Point Technologies 2011, USA), while the multivariate 

analyses (MANOVA and PCA) were conducted in Mass Profiler Professional (MPP) 

software package (Version 14.5, Agilent Technologies, Santa Clara, CA, USA).   

 

3. Results and discussion  

3.1 Study of the changes in composition of Persian lime during fruit growth by untargeted 

analysis  

After processing the experimental data obtained by HS–SPME–GC–MS and by the 

GC–MS analysis of derivatized extracts (data normalization, transformation and scaling) 

the resultant matrix (107 metabolites identified in all 42 samples, 42×107) was used to 

study the main changes occurring in Persian lime composition during fruit growth. The 

multivariate ANOVA test revealed that the abundance of 93 out of the 107 metabolites was 

significantly affected during fruit growth (p≤0.01), and the pairwise comparison (Tukey, 

p≤0.01) showed evidence that the number of metabolites with significantly different 
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concentration increased when the differences in the growth time among samples were 

longer (Supplementary Figure 3). As an example of this behavior, the Tukey test revealed 

that the abundance of 42 metabolites in W-03 samples was significantly different from that 

of the W-01 samples, while the concentration of 66 metabolites in W-12 samples was 

significantly different from that in W-01samples. In general, the concentration of sugars, 

carboxylic acids and monoterpenes increased significantly during the fruit growth, while 

sesquiterpenes showed the opposite behavior. Amino acids and lipids exhibited mainly a 

bimodal behavior (this means that their concentration increased or decreased depending 

on the week). The behavior of the most abundant metabolites from the different subclasses 

during fruit growth is discussed individually below. 

To complete multivariate analysis, a PCA test was applied to compare the metabolite 

profile of the samples collected at different growth times. The PCA explained 56.58% of the 

total variability in the first two components (PC1 = 40.37% and PC2 = 16.21%); the scores 

plot (Figure 1A) shows a clear difference among samples from different growth stages, 

which is consistent with the ANOVA test. The difference among the scores in the plot is 

larger when the growth time among samples is longer. Although the results from PCA are 

often difficult to interpret beyond the formation of the clusters, it is possible to obtain 

reasonable conclusions by analyzing the metabolites distribution in the loadings plot 

(Figure 1B). Thus, the study revealed that sesquiterpenes such as humulene, caryophyllene, 

δ-elemene, β-elemene and d-germacrene had a great influence on the separation of scores 

along PC1, leading the trend to the negative side of the component; while carboxylic acids 

(itaconic, malic and citric acids) and volatile esters (geranyl acetate and nerol acetate) were 

associated to the positive side in PC1. Sugars (glucose and galactose), homosalate, ascorbic 

acid, myo-inositol and 1-pentadecanol were mainly on the negative side of PC2, while d-

limonene and other monoterpenes such as β-pinene, α-pinene, sabinene, trans-β-ocimene, 

β-myrcene, camphene and α-phellandrene had more influence on the positive side of this 

component.  

3.2 Identification of metabolites in Persian lime 

Tentative identification of the metabolites was carried out by comparison of the 

deconvoluted experimental mass spectra with those stored in the National Institute of 

Standards and Technology (NIST) database, establishing a cut of 0.65 in the correlation 

index between them. In addition to the automatic correlation index provided by the NIST 

identification software, the manual/visual recognition of common fragmentation patterns 
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for the different compound families increases the certainty in the tentative identification. 

As example, monoterpenes possess characteristic fragments with m/z 91.0, 93.1 121.1 and 

136.1, that can also be observed in the fragmentation of sesquiterpenes; however, the latter 

show also the m/z 133.1 and 161.1 fragments, useful to differentiate them. Additionally, the 

analysis of the intensity of common fragments is useful for fast differentiation of similar 

compounds, as is the case with monosaccharides and disaccharides, with characteristic m/z 

204.0, 191.0 and 216.9 fragments. Concerning hexoses, the intensity of the m/z 204.0 

fragment is higher than that of other fragments, while the most intense fragment in 

pentoses mass spectra is m/z 216.9.   

 

 

Fig. 1. Scores (A) and loadings (B) PCA plots comparing the samples of Persian lime at selected stages 

of growth. W-number indicates the number of weeks after fruit set; the loadings into the red ellipse (

) correspond to some monoterpenes; those into the blue ellipse ( ) to some 
sesquiterpenes; those into the green ellipse ( ) to some sugars, polyalcohols and ascorbic acid; 

and those into the black ellipse ( ) remark the main carboxylic acids, citric and malic acids. 

 

Based on MS information, the tentative identification of 37 metabolites (17 

monoterpenes; 11 sesquiterpenes; 5 alcohols and 5 other volatile compounds) from the HS–

SPME procedure, and 70 metabolites (18 carboxylic acids, 15 sugars, 11 amino acids, 11 

lipids and sugar alcohols, 9 phenols and 6 other compounds) from the analysis of 

derivatized extracts was carried out in all samples. The identification parameters for the 

107 tentatively identified metabolites are summarized in Supplementary Table 2. The 

changes in concentration of all identified metabolites were individually analyzed by both 

ANOVA and Tukey HSD (p≤0.01) tests. Figures 2-to-6 (heat maps) show a trend on the 

changes of all metabolites both individually and grouped into families. The significance of 

the individual changes is also shown in Supplementary Tables 3 and 4. 
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3.3 Changes in the composition of volatile compounds in Persian lime during fruit growth 

The untargeted analysis demonstrated that both monoterpenes and sesquiterpenes 

have a great influence on discrimination of samples from different growth weeks. The 

analyses of the individual changes of all identified volatile compounds revealed that, in 

general, the concentration of monoterpenes increased during the fruit growth, reaching a 

maximum at the end of the ripening process. As example, at W-01 the area of monoterpenes 

represented 86% of the total volatile compounds, being d-limonene, 52.7%; γ-terpinene, 

8.4%; β-pinene, 7.8%; α-citral, 5.7%; and o-cymene, 3.6% the five most abundant; while at 

week 14, the total area of monoterpenes increased to 94% with d-limonene, 31.7%; trans-

β-ocimene, 17.1%; γ-terpinene, 16.6%; β –pinene, 14.5% and α-citral, 4.9%. By contrast, 

sesquiterpenes showed maximum concentration during the first 3 weeks, then gradually 

decreasing along the rest of the maturation process. At W-01 sesquiterpenes represented 

11.5% of the total volatile compounds with β-bisabolene, 2.6%; caryophyllene, 2.6%; α-

bergamotene 2.1%; δ-elemene 1.2% and humulene, 0.92%; while at W-14 this subclass 

represents only 2.8% of total volatiles: β-bisabolene, 1.1%; α-bergamotene, 1.0%; 

caryophyllene, 0.3%; humulene 0.1% and cis-α-bisabolene 0.06%. The opposite behavior 

of these subclasses of volatile compounds can explain their influence on sample 

differentiation. Attention should be paid to the concentration of trans-β-ocimene that 

increased significantly (more than 20% of the total volatiles) in weeks 3, 5 and 14 (see 

Supplementary Table 2). According to Arimura, et al. (2004),20 the concentration of trans-

β-ocimene increases in response to some pathogens like spider mites. This behavior seems 

to involve a defensive mechanism induced within weeks 3, 5 and 14 (Figure 2). 

The biosynthesis of terpenoids involves the conversion of acetyl-coenzyme A into 

isopentenyl pyrophosphate (IPP), this being converted into the precursors of the 

terpenoids, either geranyl pyrophosphate (monoterpenes, C10) or farnesyl pyrophosphate 

(sesquiterpenes, C15) by the corresponding prenyltransferases21 (McGarvey & Croteau, 

1995). As mentioned above, citrus fruits contain higher concentration of monoterpenes 

than sesquiterpenes. Considering the biosynthesis of terpenoids, this behavior could be 

attributed to the simplicity of monoterpenes biosynthesis, which are constituted by 2 

molecules of IPP, while sesquiterpenes require 3 molecules. However, the proved selectivity 

for monoterpenes has not been explained in terms of metabolism. 

 



 

Chapter XI 

 

Page | 365  

3.4 Changes in the composition of sugars and carboxylic acids in Persian lime during fruit 

growth 

As mentioned above, the relationship between sugars and acidity is commonly used 

as maturity index, which has a strong influence on the taste of citrus fruits. Also, sugars and 

carboxylic acids have been used to establish a classification of citrus species and for quality 

control in processed citrus juices.22 Additionally, these subclasses of compounds can be 

involved in the same biosynthesis pathways, as is the case of galactose and mannose, which 

are the main precursors of ascorbic acid.23  

Out of 16 identified sugars 15 were monosaccharides, while sucrose was the only 

disaccharide. The concentration of sucrose was higher in W-12 samples, and the observed 

differences in its concentration along the rest of growth weeks were not significant 

according to the Tukey HSD test (p≤0.01). The most abundant monosaccharides were a 

couple of the methylated forms of pentose (methyl-α-D-glucofuranoside) and one of its 

isomers —which can be used as precursors in the synthesis of hexoses24—, followed by 

glucose, fructose, mannose and galactose. All these compounds exhibited a gradual 

increase in concentration to reach their maximum between weeks 9 and 12; then decreasing 

significantly at W-14 (Figure 3). This behavior is produced by a dilution effect by the water 

accumulation during growth; nevertheless, if the total dry mass of the entire fruit is 

considered, the maximum amounts of major sugars did not show significant differences 

during the last maturation weeks (see Supplementary Table 5).  

Among carboxylic acids, both citric and malic acids were the most abundant during 

all analyzed growth stages; at commercial maturity (W-14), they represent 55% and 40%, 

respectively, of the area of all the chromatographic peaks of the tentatively identified 

carboxylic acids. The concentration of these metabolites exhibited a gradual increase since 

week 1 to 9 and, in general, no significant changes were observed at the final stage of 

ripening. Ascorbic acid did not share this behavior because its maximum concentration was 

reached at weeks 9 and 12, and then decreased significantly at week 14 (Figure 3). Similar 

changes in the concentration of major carboxylic acids were previously reported by Cercós, 

et al. (2006).25 They suggested that the decrease in the concentration of citric acid at the 

final ripening stage can be due to sequential metabolism to isocitric acid, 2-oxoglutaric acid 

and glutamic acid. The behavior of carboxylic acids was very similar to that reported 

recently by Ledesma-Escobar et al. (2017)15 on the major phenolic compounds in Persian 
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limes, the maximum concentration of which occurs in the last 3 weeks of the maturation 

process. Taking into account that the chemical structure of some naturally occurring 

phenols could be damaged when exposed to high pH,26 the accumulation of major 

carboxylic acids at the final growth weeks could be a protective mechanism of phenols that 

are a part of the defensive mechanism of citrus fruits. Nevertheless, beyond the similar 

behavior of phenols and carboxylic acids during Persian lime growth, a direct metabolic 

relationship between them has not been found.  

 

Fig. 2. Changes in the concentration of volatile compounds from Persian lime at different growth 

weeks. The relative concentration corresponds to normalized by IS, transformed and scaled peak 

areas.  
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Fig. 3. Changes in the concentration of sugars and carboxylic acids from Persian lime at different 

growth weeks. The relative concentration corresponds to normalized by IS, transformed and scaled 

peak areas.  

 

3.5 Changes in the composition of coumarins and phenolic acids in Persian lime during 

fruit growth 

A total 9 phenols (6 coumarins and 3 phenolic acids) were tentatively identified in 

the present study. Despite flavonoids being the most abundant phenolic compounds in 

citrus,27 no metabolites from this subclass were identified in this study, probably due to 

their low volatility, even after silylation.  
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Among phenolic acids, p-coumaric acid exhibited a sinuous behavior, being 

significantly more concentrated in the samples at weeks 1, 3 and 7; cinnamic acid reached 

its maximum concentration at week 7 and remained without significant changes along the 

rest of the maturation process. Additionally, homosalate, a derivative from salicylic acid, 

showed maximum concentration at weeks 7 and 9, then decreasing significantly (Figure 4). 

All coumarins exhibited maximum concentration during the first 3 weeks, except for 

psoralen, which did not show significant differences at weeks 12 and 14 as compared to 

week 3 (see Figure 4 and Supplementary Table 3). Phenylalanine, the main precursor in 

the biosynthesis of phenolic compounds, exhibited its maximum concentration during the 

first 3 weeks, then decreasing significantly during the rest of fruit growth, with minimum 

concentration at weeks 9 and 12.  

The behavior of phenolic compounds, including flavonoids, during Persian lime 

growth was previously described by the authors based on LC–QqQ MS/MS studies.10 In 

general, the concentration of flavanones (i.e. hesperidin, neoeriocitrin or naringin) and 

flavones (i.e. rhoifolin, diosmetin-glucoside or luteolin-rutinoside) increased during fruit 

growth with a maximum concentration around week 12, while flavanols such as quercetin 

derivatives reached their maximum concentration along the first 5 weeks and then 

decreased at the end of maturation.  

The GC–MS analyses developed in this study allowed tentative identification of 

coumarins such as sphondin, psoralen, isopimpinellin and 7-nitro-3,4-benzocumarin, 

which had not been identified from the MS/MS information obtained by LC–QTOF MS/MS 

in our previous study.15 Probably the use of chloroform in the extraction step prior to GC–

MS analysis favors the extraction of this type of compounds, as does with 7-nitro-3,4-

benzocumarin, which was not found in the LC–MS/MS databases used in our previous 

study. 

3.6 Changes in the composition of amino acids in Persian lime during fruit growth 

Proline was the most abundant amino acid found in this study (see Supplementary 

Table 3), which exhibited its maximum concentration at weeks 1 and 14, and represented 

41% and 45% of the total amino acids, respectively, during these weeks. The minimum 

concentration of this amino acid was found at weeks 9 (13%) and 12 (14%), while its 

concentration varied between 22% and 27% during the rest of maturation stages. Regarding 

essential amino acids, only phenylalanine (the behavior of which was discussed in the 
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phenols section) and valine were identified in the present study. The concentration of the 

latter, which represent over 20% of the concentration of total amino acids, did not show 

significant differences during fruit growth. The same behavior was observed for serine, 

which represents between 6% and 10% of the total amino acids in all maturation stages. 

Aspartic acid exhibited a gradual increase from week 1 (0.4%) to week 12 (14%), then 

decreasing at the final ripening stage. Other amino acids such as alanine or asparagine 

describe a sinuous behavior during fruit growth. Alanine did not show significant 

differences among weeks 3, 5, 12 and 14, when its maximum concentration was reached; 

while asparagine was significantly more concentrated at weeks 1, 5 and 7, then decreasing 

at the final of the maturation process. Within the weeks of their maximum concentration, 

alanine and asparagine represented around 20% and 14%, respectively, of the total amino 

acids content. Figure 5 shows the changes in the relative concentration of amino acids 

during fruit growth.   

 

Fig. 4. Changes in the concentration of phenolic compounds from Persian lime at different growth 

weeks. The relative concentration corresponds to normalized by IS, transformed and scaled peak 

areas.  

3.7 Changes in the composition of fatty acids and sugar alcohols in Persian lime during 

fruit growth 

Six fatty acids were tentatively identified in this study, their maximum concentration 

occurring at weeks 9 and 12. Palmitic, stearic and myristic acids were the most abundant, 

followed by n-pentadecanoic, linoleic and oleic acids (Figure 6). Previous reports on fatty 

acids in citrus fruits showed a higher concentration of linoleic acid (C18:2 n-6) as compared 

to other fatty acids in citrus.28 While most studies on citrus fatty acids have been devoted 
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to the analysis of fruit seeds, in our study, the extracts were obtained using the whole fruit. 

Persian lime samples used in this study were from a seedless cultivar, which could explain 

differences in concentration of linoleic acid in the fatty acids profile as compared to reports 

from other citrus fruits. 

 

Fig. 5. Changes in the concentration of amino acids from Persian lime at different growth weeks. The 

relative concentration corresponds to normalized by IS, transformed and scaled peak areas.  

 

Sugar alcohols, chemically reduced forms of aldose or ketose sugars in which the 

aldehyde or keto group has been reduced to alcohol yielding mannitol, L-threitol and myo-

inositol, were the three most abundant. Mannitol and L-threitol exhibited a similar 

significant decrease in concentration at week 14, while the concentration of myo-inositol 

increased during fruit growth, reaching its maximum concentration at weeks 09 and 12, 

and then decreased significantly at week 14 (Figure 6). Mannitol, the most common polyol, 

has demonstrated to play a role in plant responses to pathogen attack, and also to increase 

the tolerance to salt and osmotic stress.29 The crucial role of mannitol metabolism in plant 

responses to both biotic and abiotic stresses has recently been reported.30 In a similar way, 

the increased levels of myo-inositol have been associated to plant response against bacteria 

such as Candidatus Liberbacter asiaticus, responsible for huanglongbing disease (HLB);31 

while higher concentrations of both myo-inositol and mannitol were observed in the sweet 

oranges leaves infected with HLB as compared to healthy and zinc-deficiency leaves.18 The 

suggestion that the sugar alcohols could be considered as an estimator of the fruit health is 

not corroborated by our study, which suggests that the behavior of these metabolites is not 

altered by virus during fruit development.     
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Fig. 6. Changes in the concentration of fatty acids and sugar alcohols from Persian lime at different 

growth weeks. The relative concentration corresponds to normalized by IS, transformed and scaled 

peak areas.  

 

3.8 Changes in the composition of other compounds in Persian lime during fruit growth 

In addition to the metabolites discussed above, other 6 compounds were identified 

in the derivatized extracts (see Supplementary Tables 1 and 3). Among them glycerol, a 

cryoprotector32 and a stimulant of the embryogenesis by influencing carbohydrate 

metabolism and cytoskeletal rearrangements,33 doubled its abundance from week 1 to week 

3, and decreased between weeks 7 and 9. Then, its concentration kept constant at about 10 

times lower than the maximum, achieved at W-03, while glucosamine exhibited its 

maximum concentration at week 5, with no significant changes during the remaining 

weeks.  

This study documents, for the first time, the changes in the profile of volatile 

compounds of Persian lime (Citrus latifolia) during fruit growth. These results and their 

discussion contribute to a wider knowledge of citrus fruits maturation and open the 

possibility to consider the role of these fruits as a source of by-products to allow a 

comprehensive exploitation of this crop.    
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Abbreviation used  

DVB/CAR/PDMS, divinylbenzene/carboxen/polydimethylsiloxane fibers; GC, gas 

chromatography; HS, headspace; IS, internal standard; LC, liquid chromatography; 

mRNA, ribonucleic acid messenger; MS, mass spectrometry; MSTFA, N-methyl-

trifluoroacetamide; PCA, principal component analysis; QqQ, triple quadrupole mass 

detector; QTOF, quadrupole–time of flight detector; SPME, solid–phase microextraction; 

W+number, number of growth weeks. 
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Supplementary Fig. 1. (A) The sampling planning and (B) selection criteria of the sampling 

methodology based on random rectangular coordinates. 

 

 

Supplementary Fig. 2. Response surface of the multiobjective optimization of the SPME by a 

desirability function approach. 
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Supplementary Fig. 3. Number of no significant/significant different entities among samples at 

different growth weeks 

 

 

Supplementary table 1. Study of the stability of 10 major peaks in derivatized extracts. 

Normalized area by internal standard, mean±SD and relative standard deviation (%). 

 RT(min) 0 h 3 h 6 h 9 h 12 h Mean±SD %RSD 

Peak 01 7.10 2.66 2.71 2.71 2.63 2.60 2.66±0.04 1.60 

Peak 02 13.91 2.79 2.76 2.76 2.82 2.79 2.78±0.02 0.75 

Peak 03 17.36 16.84 17.01 16.84 16.5 16.50 16.74±0.2 1.21 

Peak 04 22.41 6.96 6.82 6.82 7.10 6.82 6.9±0.11 1.61 

Peak 05 22.48 7.41 7.41 7.48 7.41 7.26 7.39±0.07 0.98 

Peak 06 22.61 18.96 19.34 18.77 18.58 19.34 19±0.3 1.60 

Peak 07 22.71 23.28 23.75 23.28 23.52 23.05 23.38±0.24 1.02 

Peak 08 23.09 9.17 8.99 8.99 9.08 9.17 9.08±0.08 0.90 

Peak 09 23.11 16.01 16.01 16.17 15.69 15.85 15.95±0.16 1.02 

Peak 10 24.01 4.60 4.50 4.64 4.50 4.55 4.56±0.05 1.18 
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Supplementary table 2. Parameters for identification of 107 Persian lime metabolites.  

Compound class/name Formula Mass RT 
(min) 

Match R. Match 

Monoterpenes 
     

α-Thujene C10H16 136.1 6.25 929 929 

α-Pinene C10H16 136.1 6.41 961 961 

Camphene C10H16 136.1 6.74 953 953 

Sabinene C10H16 136.1 7.31 942 942 

β-Pinene C10H16 136.1 7.39 935 938 

β-Myrcene C10H16 136.1 7.71 930 930 

α-Phellandrene C10H16 136.1 8.05 867 867 

α-Terpinene C10H16 136.1 8.36 904 904 

o-Cymene C10H14 134.1 8.56 949 949 

D-Limonene C10H16 136.1 8.68 959 959 

Eucalyptol C10H18O 154.1 8.74 840 840 

trans-β-Ocimene C10H16 136.1 8.88 851 851 

β-Ocimene C10H16 136.1 9.15 933 933 

γ-Terpinene C10H16 136.1 9.44 955 963 

α- Terpinolen C10H16 136.1 10.22 943 943 

β-Citral (Neral) C10H16O 152.1 14.31 965 965 

α-Citral (Geranial) C10H16O 152.1 15.10 952 952 

Sesquiterpenes 
     

δ-EIemene C15H24 204.2 16.91 932 937 

β-Elemene C15H24 204.2 18.31 930 930 

β-Bergamotene C15H24 204.2 18.88 833 847 

Caryophyllene C15H24 204.2 19.03 979 979 

α-Bergamotene C15H24 204.2 19.39 949 961 

Humulene C15H24 204.2 19.82 903 903 

D-Germacrene C15H24 204.2 20.55 893 899 

β-Selinene C15H24 204.2 20.88 777 797 

cis-α-Bisabolene C15H24 204.2 21.01 777 777 

β-Bisabolene C15H24 204.2 21.16 939 939 

γ-Elemene C15H24 204.2 22.36 900 902 

Alcohols 
     

β-Linalool C10H18O 154.1 10.51 916 916 

L-Terpinen-4-ol C10H18O 154.1 12.32 772 775 

α-Terpineol C10H18O 154.1 12.97 931 939 

cis-Geraniol C10H18O 154.1 13.97 929 929 

Other volatiles 
     

Decanal C10H20O 156.2 13.35 899 901 

Nerol acetate C12H20O2 196.1 17.54 964 952 

Geranyl acetate C12H20O2 196.1 17.98 918 917 

Hexanenitrile C6H11N 97.1 18.67 806 817 

Sugars 
     

methyl-α-DL-Lyxofuranoside (3TMS) C15H36O5Si3 380.2 19.44 686 737 

ß-L-(-)-Fucopyranose (4TMS) C18H44O5Si4 452.2 22.15 648 660 

D-(-)-Ribofuranose (4TMS) C17H42O5Si4 438.2 22.15 712 716 

Meyhyl α-D-glucofuranoside (4TMS) C19H46O6Si4 482.2 22.42 820 827 

D-Psicofuranose (5TMS) C21H52O6Si5 541.1 22.49 853 853 

Fructose (5TMS) C21H52O6Si5 541.1 22.61 866 870 
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D-(+)-Talofuranose (5TMS) C21H52O6Si5 541.1 23.06 714 714 

Meyhyl α-D-glucofuranoside (4TMS) isomer C19H46O6Si4 482.2 23.12 846 852 

Mannose (5TMS) C21H52O6Si5 541.1 23.79 880 880 

Glucose (5TMS) C21H52O6Si5 541.1 24.01 816 835 

D-(-)-Lyxofuranose (4TMS) C17H42O5Si4 438.2 24.85 779 839 

Glucose (5TMS) isom C21H52O6Si5 541.1 24.95 866 873 

D-Allofuranose (5TMS) C21H52O6Si5 541.1 25.14 713 717 

D-Galactose (4TMS) C20H48O6Si4 496.3 25.30 739 792 

Sucrose (8TMS) C36H86O11Si8 918.4 31.55 665 680 

Carboxylic acids 
     

D-(-)-Lactic acid, (2TMS) C9H22O3Si2 234.1 8.98 717 728 

Glyceric acid (3TMS) C12H30O4Si3 322.1 14.45 745 791 

Itaconic acid (2TMS) C11H22O4Si2 274.1 14.72 828 852 

2-Methylacetoacetic acid (2TMS) C11H24O3Si2 260.1 14.85 709 828 

Maleic acid (2TMS) C10H20O4Si2 260.4 15.31 689 701 

Malic acid (3TMS) isomer C13H30O5Si3 350.1 15.74 639 669 

Malic acid (3TMS) C13H30O5Si3 350.1 17.38 801 811 

2-Pyrrolidone-5-carboxylic acid (TMS) C8H15NO3Si 201.1 17.63 781 812 

L-Threonic acid (3TMS) C16H40O5Si4 424.2 18.57 653 653 

2-Ketoglutaric acid (3TMS) C14H30O5Si3 362.1 19.39 657 650 

D-Arabinonic acid-lactone (3TMS) C14H32O5Si3 364.2 21.51 638 679 

cis-Aconitic acid (3TMS) C15H30O6Si3 390.1 21.63 685 712 

L-Tartaric acid (4TMS) C16H38O6Si4 438.2 21.85 642 687 

3-Deoxy-arabino-hexonic acid-lactone (3TMS) C15H34O5Si3 378.2 23.17 711 815 

Citric acid (3TMS) C15H32O7Si3 408.1 22.05 668 674 

Citric acid (4TMS) C18H40O7Si4 480.2 22.72 651 669 

Isocitric acid lactone (2TMS) C18H34O6Si2 402.2 23.23 640 696 

L-Ascorbic acid (4TMS) C18H40O6Si4 464.2 24.56 677 685 

Amino acids 
     

Alanine (2TMS) C9H23NO2Si2 233.1 9.93 815 833 

L-Valine (2TMS)* C11H27NO2Si2 261.2 12.23 908 908 

L-Serine (2TMS) C9H23NO3Si2 249.1 13.06 645 689 

L-Proline (2TMS) C11H25NO2Si2 259.1 13.91 836 857 

L-Serine (3TMS) C12H31NO3Si3 321.2 15.04 875 878 

L-Aspartic acid (3TMS) C13H31NO4Si3 349.2 17.94 832 848 

5-Oxo-L-Proline (2TMS) C11H23NO3Si2 273.1 18.01 837 853 

6-Hydroxy-2-aminohexanoic acid (3TMS) C15H37NO3Si3 363.2 19.61 762 777 

L-Phenylalanine (2TMS)* C15H27NO2Si2 309.2 19.79 882 898 

L-Asparagine (3TMS) C13H32N2O3Si3 348.2 20.43 683 697 

L-Alanine, N-(4-ethylbenzoyl)- hexyl ester C18H27NO3 305.2 21.65 703 770 

Phenols 
     

Cinnamic acid (TMS) C12H16O2Si 220.1 7.31 633 705 

7-Nitro-3,4-benzocumarin C13H7NO4 241.0 11.44 929 950 

Homosalate (TMS) C19H30O3Si 334.2 20.99 780 797 

Herniarin (7-methoxy-Coumarin) C10H8O3 176.0 21.64 830 896 

Psoralen C11H6O3 186.0 23.27 663 789 

p-Coumaric acid (2TMS) C15H24O3Si2 308.1 24.54 634 690 

Citropten C11H10O4 206.1 25.32 813 818 

Sphondin C12H8O4 216.0 26.42 851 859 

Isopimpinellin C13H10O5 246.1 28.57 654 708 

Lipids and sugar alcohols 
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Myristic acid (TMS) C17H36O2Si 300.2 23.23 667 790 

L-Threitol (4TMS) C16H42O4Si4 410.2 23.52 646 662 

Myo-inositol (5TMS) C21H52O6Si5 540.3 23.50 652 677 

Adonitol (5TMS) C20H52O5Si5 512.3 23.69 619 629 

D-Mannitol (6TMS) C24H62O6Si6 614.3 24.31 785 785 

n-Pentadecanoic acid (TMS) C18H38O2Si 314.3 24.62 661 696 

Palmitic acid (TMS) C19H40O2Si 328.3 25.97 831 834 

Myo-inositol (6TMS) C24H60O6Si6 612.3 26.54 768 808 

Linoleic acid (TMS) C21H40O2Si 352.3 28.10 787 796 

Oleic acid (TMS) C21H42O2Si 354.3 28.17 717 724 

Stearic acid (TMS) C21H44O2Si 356.3 28.49 846 860 

Others 
     

2-Propyl-piperidine C8H17N 127.1 11.29 652 938 

Glycerol (3TMS) C12H32O3Si3 308.2 13.37 732 833 

Isopentyl benzoate C12H16O2 192.1 16.72 834 926 

Phenacyl formate C9H8O3 164.0 20.13 823 954 

1-Pentadecanol (TMS) C18H40OSi 300.3 23.42 638 735 

Glucosamine (6TMS) C24H61NO5Si6 611.3 24.95 638 657 
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Multiple analytical platforms for 

comprehensive untargeted metabolomics 

analyses: a case study 

 

Carlos A. Ledesma-Escobar, Feliciano Priego-Capote and María D. Luque de 

Castro 

 

Abstract  

Multiple analytical platforms for comprehensive untargeted metabolomics is a 

growing trend that provides a huge amount of information about the given matter under 

study. After a short overview of platforms proposed so far in clinical metabolomics, 

xenometabolomics and particularly vegetal metabolomics, a detailed example of the 

potential of these tools is reported to encourage researchers to use them. The selected 

case study developed by the authors has been the evolution of citrus fruits from onset to 

maturation, which had not been studied in depth so far. The developed study involved 

samples from 14 maturation states of the fruit (sampled at weeks 1-to-14 of the 

maturation process), which were analyzed by different analytical platforms. Extracts 

containing polar and medium-polar compounds were analyzed by liquid chromatography 

coupled to either quadrupole-time-of-flight or triple quadrupole (LC–QTOF MS/MS, LC–

QqQ MS/MS) —the latter for confirmation—, and gas chromatography–tandem mass 

spectrometry (GC–MS) —in this last case after extract derivatization. Also, the volatiles 

profile was obtained by GC–MS after sample preparation by headspace followed by solid-

phase microextraction. The untargeted analyses by principal component analysis (PCA) 

or partial least squares discriminant analysis (PLS-DA) revealed a clear difference among 

samples from different growth times based on either the total number of molecular 

entities or some groups of metabolites such as phenols or volatiles. Additionally, the 

individual behavior of the total 165 metabolites tentatively identified during fruit growth 

by the different analytical platforms were studied by ANOVA and multiple range test 
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(Tukey HSD, p≤0.01). A relationship between the changes and the citrus metabolic 

pathways was provided by the discussion of the results.   

 

 Keywords: Citrus fruits maturation, Persian lime, Mass spectrometry, Untargeted 

analysis, Metabolite identification. 

 

 

1. Introduction 

Metabolomics, as the latest of the great omics, is gaining importance among other 

older omics at the rhythm its crucial role in System Biology (more properly known at 

present as Integrative Omics) is recognized [1]. 

Untargeted, global or total metabolomics analysis is based primarily on the 

qualitative or semiquantitative analysis of the largest possible number of metabolites 

from a diversity of chemical and biological classes in a biological specimen [2]. Detection 

of the required wide range of metabolites can be done either by a single analytical 

platform or, better, by a combination of complementary platforms, mainly based on 

nuclear magnetic resonance (NMR) or mass spectrometry (MS) coupled to liquid 

chromatography (LC) or gas chromatography (GC), most times. In untargeted 

metabolomics analysis, the relative concentrations of the analyzed metabolites are usually 

calculated and their variations among different situations of the system under study are 

subjected to statistical treatments. 

Targeted metabolomics analysis is defined as a quantitative analysis 

(concentrations are determined) or semiquantitative analysis (relative signals are 

registered) of a few metabolites or substrates of metabolic reactions associated to selected 

metabolic pathways [3]. This strategy requires a previous knowledge of the metabolites 

involved in the biological process under study, which allows for the most appropriate 

analytical arrangement. A mass detector is the detector of choice —particularly a triple 

quadrupole (QqQ) because its sensitivity and selectivity coupled to a liquid 

chromatograph, most times.  
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2. Multiple platforms for untargeted metabolomics analysis 

The use of different analytical platforms in untargeted metabolomics analysis is the 

preferred option when information on a variety of metabolites is required. Thus, 

multiplatform-based metabolomics (mainly based on LC–MS and/or GC–MS, but also 

involving NMR) constitutes a powerful tool both in the clinical and vegetal fields.  

Clinical metabolomics is an area the complexity of which makes very convenient 

the use of multiple platforms to acquire an enough wide vision of metabolites 

composition, particularly in dealing with pathological samples. Such is the case with the 

GC–MS and LC–MS combined approach used to study the pathological outcomes of 

aristolochic acid (AA)-induced nephrotoxicity in rat urine. The authors used mean-

centering columnwise to remove the offsets and autoscaling (scaled to unit variance) to 

put all the measured metabolites on an equal level. That is, metabolites present at low 

concentrations are of equal importance with those present at high concentrations. 

Ultimately, the authors obtained an integrated matrix for subsequent multivariate 

statistical analysis by merging the two sets of data from the two analytical platforms. 

Then, they applied principal component analysis (PCA) to envisage the perturbation of 

the metabolic network of the AA-treated animals, and orthogonal projection to latent 

structure-discriminant analysis (OPLS-DA) on the integrated MS data to identify 

differential metabolites in the urine [4].  

Aditionally, LC–MS, GC–MS and NMR have been used in combination to analyze 

the responsiveness of metabolite profiles in the human lung to air pollution exposure 

derived from combustion of biofuels [5], or to establish a plasma metabolic fingerprints of 

breast cancer [6].   

Xenometabolomics has also taken advantage from MS-based multiplatforms 

(GC–MS and LC–MS) to investigate 64 chemicals suspected to be present in human 

blood. The authors made no special emphasis on combination of the results obtained by 

the two approaches but only on sample preparation using QuEChERS (quick easy cheap 

effective rugged and safe) [7]. 

Vegetal metabolomics has been the great beneficiary of multiple platforms, 

mainly implemented by GC–MS and LC–MS. The fact that  each platform has a specific 

performance detecting subsets of metabolites (GC–MS in combination with derivatization 

has a preference for small polar metabolites covering primary metabolism, while reversed 
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phase LC–MS covers large hydrophobic metabolites predominant in secondary 

metabolism) is of paramount importance. The data from both platforms were combined 

with a novel alignment tool MetMAX and a statistical toolbox COVAIN, then linked of 

Granger Causality with metabolic modelling. The application of the last chemometric tool 

allowed establishing significant correlations of secondary and primary metabolites, thus 

clarifying key points of regulation at the interface of primary and secondary metabolism 

[8].  

One more recent use of LC–ESI–TOF/MS and GC–APCI–TOF/MS analytical 

platforms deals with the comparison of profiles of virgin olive oils for their classification 

as a function of the olive varieties. No joint treatment of the data from the two platforms 

was performed, but only the entire profiles were investigated by PCA and PLS-DA for 

comparison, thus showing that the models based on LC–MS data provide better 

classifications [9]. 

Even more recent is the evaluation of the variability of metabolites in 21 

genetically diverse non-GM maize hybrids due to the effect of environment, genotype, 

phenotype as well as the interaction of the first two factors by using the complementary 

platforms GC–MS and LC–MS. The former revealed 166 and 137 metabolites in forage 

and grain samples, respectively, while LC–MS captured 1341 and 635 metabolites in 

forage and grain samples, respectively. Univariate and multivariate analyses —PCA, 

hierarchical cluster analysis (HCA) dendrograms and heat maps— were utilized to 

investigate the response of the maize metabolome to the environment, genotype, 

phenotype, and their interaction. Combined percentages from GC–MS and LC–MS 

datasets showed that the environment affected 36% to 84% of forage metabolites, while 

less than 7% were affected by genotype. The environment affected 12% to 90% of grain 

metabolites, whereas less than 27% were affected by genotype. Less than 10% and 11% of 

the metabolites were affected by phenotype in forage and grain, respectively [10].  

 

3. A multiple platform developed by the authors 

In the recent research from the authors, Citrus fruits belonging to the genus Citrus 

of the family Rutaceae —specifically Persian lime (Citrus latifolia)— constituted the 

samples, and their changes with the maturation time the target subject of the study. The 

research was promoted by: (i) the scan and contradictory information on this subject [11–

16]; (ii) the interest in an accurate knowledge of the Persian lime metabolites and their 

evolution during the growth with a view on a rational exploitation.  
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The attempt to provide a comprehensive knowledge on the changes in the 

composition of Persian lime (Citrus latifolia) during fruit growth, was primarily based on 

a wide and rigorous sampling from week 1, after fruit onset, to week 14 (commercial 

maturity). Polar extracts from these samples were analyzed directly by LC coupled to 

either a quadrupole time of flight mass detector (LC–QTOF MS/MS) and by GC coupled 

to a mass detector (GC–MS) —in this case after a derivatization step (silylation). 

Additionally, the profile of volatiles was obtained by GC–MS analysis of a headspace 

device (HS) sampled by solid-phase microextraction (SPME). LC–QqQ MS/MS) was used 

for targeted confirmatory analysis of given polar compounds. The results provided 

information on the behavior of a total 165 metabolites during the studied growth stages, 

which represent so far the most complete information on changes in the composition of 

citrus during maturation, using Persian lime (Citrus latifolia) as a model.   

3.1 Chemometric approaches and their application to discriminate samples from 

different growth weeks 

The interest in obtaining each time more information on the subject under study 

from the data provided by the analytical instruments has led to the development of a 

pleiad of chemometric tools for optimal exploitation of the analytical information 

provided by the present multidetectors. Multidetectors–chemometrics is the key in 

metabolomics analysis.  

Data provided by analytical equipment (raw data) can be subjected to a data-

pretreatment step to obtain clean matrices for statistical analysis. In general, raw data are 

filtered by abundance and the signals out Gaussian distribution are removed. The clean 

data matrix is normalized, transformed and scaled to ensure that all signals have the same 

weight in the statistical analysis, irrespective to their abundance [17]. Datasets from a 

targeted approach are simple and require fewer pretreatments to obtain the clean dataset; 

usually normalization by an internal standard is enough. On the contrary, simultaneous 

measure of as many metabolites as possible pursued by untargeted metabolomics 

requires an identification step of the molecular entities (after raw data pretreatments) 

provided by the MS detector to obtain intrinsic information from the samples [18]. 

Despite untargeted metabolomics can be focused most times only on the identified 

metabolites, the dataset is constituted by a combination of identified metabolites and 

unknown molecular entities. Untargeted analysis had previously been mostly devoted to 
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chemical characterization of citrus samples. Among the published studies devoted to 

chemical characterization of citrus samples, few of them used multivariate analysis to 

interpret the results, but the majority either do not mention the raw data pretreatment or 

include a very brief discussion.  

In our study, the raw data pretreatments are described and used according to the 

characteristics of each type of analysis. Therefore, the chemometric approaches to 

evaluate changes in the chemical composition of Persian limes during fruit growth 

included principal component analysis (PCA) for untargeted studies by LC–QTOF 

MS/MS and GC–MS analyses, and partial least square discriminant analysis for targeted 

analysis by LC–QqQ MS/MS when confirmation was required. In all cases, the clean data 

matrices were normalized by internal standard and, according to the type of analysis, 

different strategies to avoid bias in the final results were applied. For this reason, in LC–

QTOF MS/MS and LC–QqQ MS/MS analyses a log2 transformation was used for the data 

provided by each equipment. However, in the case of extracts analysis by GC–MS, and 

that of solid samples by GC–MS after HS–SPME, the combination of the data matrices 

obtained by the two different methods (even with different analytical equipment) to 

obtain a global data matrix required a data transformation which allowed to combine 

signals with different probability distributions. For this purpose, a Z-transform was 

applied to correct the possible data heteroscedasticity owing to the use of different 

analytical platforms, and to make their distribution symmetrical [19]. In all instances, the 

transformed matrices were scaled by an autoscaling method (mean-centered divided by 

the standard deviation of each variable) to ensure that all compounds would be treated 

equally irrespective of their peak intensity.  

PCA application to data from untargeted analyses revealed a clear discrimination 

among samples from different maturation stages, which were mainly due to the changes 

in the composition of phenols, amino acids, sugars, carboxylic acids and volatiles. 

Complementary use of PLS for data from targeted analysis of the main phenols during 

Persian lime maturation demonstrated that the changes in these compounds during 

maturation could be a useful tool for classification of samples from different growth 

weeks. The multivariate analysis used in these studies showed to be a powerful tool to 

reveal differences/similarities among samples using large data matrices (LC–QTOF 

MS/MS analysis, 96×423; combined GC–MS analyses, 42×107; and LC–QqQ MS/MS 

analysis, 26×96), which could be difficult to analyze by other statistical approaches. 
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Additionally, the behavior of all tentatively identified metabolites during Persian 

lime growth (a total of 165) was analyzed individually by ANOVA and the significance of 

their changes during maturation was evaluated by multiple range tests (Tukey HSD). This 

represents the largest number of citrus metabolites whose behavior during fruit growth 

has been ever reported. 

Once the global data matrix was obtained, the duplicates metabolites were 

discarded resulting in a clean data matrix (42×508). The multivariate ANOVA test 

revealed that the abundance of 430 out of the 508 metabolites was significantly affected 

during fruit growth (p≤0.01), and the multiple range test (Tukey, p≤0.01) showed 

evidence that the number of metabolites with significantly different concentration 

increased when the differences in the growth time among samples were longer.  

 

Fig. 1. Scores plot comparing the samples of Persian limes at different growth stages analyzed by 

multiple analytical platforms. W-number indicates the number of weeks after fruit onset. 
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To complete the multivariate analysis, an unsupervised test by PCA was applied to 

compare the metabolite profile of the samples collected at different growth times. The 

PCA explained 57.2% of the total variability (PC1 = 43.9% and PC2 = 13.3%), and the 

scores plot (see Fig. 1) shows a clear difference among samples from different growth 

stages, which is consistent with the ANOVA test. The difference among the scores in the 

plot is larger when the growth time between samples is longer. These results are in 

agreement with those obtained in the 3 studies that constitute the basis for this 

compilated discussion, which confirm the suitability of the chemometric approaches 

applied in the 3 research-works.   

3.2 Identification of metabolites in Persian lime 

Identification in untargeted studies could be a large task that requires a proper 

training of the researcher. In our studies, tentative identification of metabolites from 

Persian lime samples was carried out by comparing the information obtained by MS or 

MS/MS with databases.  

Identification based on the MS spectral information obtained by GC–MS analysis 

(from either SPME analytical samples or from derivatized extracts) requires a previous 

deconvolution step to group all the signals corresponding to a single metabolite, and the 

use of the deconvoluted MS information to find out into the National Institute of 

Standards and Technology (NIST) database. In the case of LC–QTOF MS/MS analysis —

very dependent on the ability of the analyst to interpret the different data from neutral 

mass loses, common fragments, parent ions and possible adducts— the experimental 

MS/MS information was compared with that stored in the METLIN MS/MS 

(http://metlin.scripps.edu), MassBank MS/MS (http://www.massbank.jp), and ReSpect 

MS/MS (http://spectra.psc.riken.jp) databases. A large explanation on the identification 

process for flavonoids, phenolic acids, coumarins, sugars, amino acids, carboxylic acids 

and others such as nucleosides or metabolites from vitamin B from lemon, based on 

MS/MS analysis was previously described by the authors [20]. 

From the studies, 143 metabolites were tentatively identified in polar extracts (72 

by LC–QTOF MS/MS and 70 by GC–MS), and 37 volatiles by GC–MS after HS–SPME 

sample preparation. Metabolites such as glucose, fructose, citric or malic acids were 

identified either by LC–MS or GC–MS; however, compounds such as flavonoids were 

exclusively identified by LC–MS, while lipids and sugar alcohols were identified only by 
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GC–MS. The global study reflects the importance of using multiple analytical platforms to 

enhance the information level on a given sample. In short, after duplicates removal from 

the data provided by the different analytical platforms, a total of 165 metabolites (28 

flavonoids, 7 phenolic acids, 7 coumarins, 22 carboxylic acids, 18 sugars, 19 amino acids, 

37 volatiles, 5 lipids, 6 sugar alcohols and 16 compounds from other classes) were 

identified in all maturation stages, and their behavior during fruit growth was discussed 

in our previous publications [21–22]. Additionally, the presence of 20 flavonoids, 4 

phenolic acids and both phenylalanine and tyrosine was confirmed by LC–QqQ MS/MS 

using analytical standards [23].  

3.3 Changes in the composition of phenolic compounds in Persian lime during fruit 

growth 

In the last two decades, phenols have received great attention because of their 

nutritional and bioactive properties. In citrus fruits, flavonoids, phenolic acids and 

coumarins are the most abundant. Our previous studies made evident that the suited 

methods for the analysis of these classes of compounds are based on LC with either 

molecular absorption or mass detectors [21]. As an example, the analysis by LC–QTOF 

MS/MS allowed identification of 36 phenolic compounds (28 flavonoids, 5 phenolic acids 

and 3 coumarins), while by GC–MS only 9 phenols (6 coumarins and 3 phenolic acids) 

were identified. The differences between the results from both approaches were mainly 

due to the low volatility of flavonoids, even after silylation. Additionally, methods 

involving LC can be used for direct analysis of the polar extracts, while the methods using 

GC require a derivatization step prior to injection into the analytical equipment.  

Changes in the composition of phenolic compounds during Persian lime growth 

were evaluated by both untargeted and targeted analyses using LC coupled to either 

QTOF MS/MS or QqQ MS/MS detectors, respectively. The results of these studies 

revealed that flavanones are the most abundant subclass of flavonoids, followed by 

flavones and flavanols. Regarding flavanones, hesperidin, neoeriocitrin, and naringin 

were the most abundant, while diosmin, rhoifolin, and vitexin were the most abundant of 

the flavones subclass. In general, both flavanones and flavones reached their maximum 

concentration at week 12. Conversely, flavanols exhibited their maximum during the first 

5 growth weeks, being derivatives from both quercetin and limocitrin the most abundant. 

In a similar way, phenolic acids exhibited their maximum during the early stages and the 
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concentration decreased significantly after 7 weeks (the half of the growth process). 

Concerning coumarins, citropten (methoxycoumarin) was the most abundant and 

exhibited its maximum concentration at week 12, followed by bergamottin 

(furanocoumarin), which was more abundant during the first 5 weeks. Finally, changes in 

the concentration of their biosynthetic precursors phenylalanine and tyrosine were 

evaluated. The general trend of the changes of phenolic compounds during fruit 

maturation is shown in Fig. 2.   

 

 

Fig. 2. General scheme of the changes in concentration of phenolic compounds in Persian lime 

during fruit growth. W-number indicates the number of weeks after fruit set. 

 

The discussion of the results from these studies contributes to improve the 

knowledge on the behavior of phenolic compounds during Persian lime growth and 

suggests possible enzymatic mechanisms that lead the changes. Additionally, considering 

the growing interest of these classes of compounds as food additives or nutraceuticals, 

from the industrial point of view, and in terms of both flavonoids and coumarins 

extraction, the water content in limes at week 12 was between 10% and 15% lower than at 
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week 14. It has also been demonstrated that dried samples increase the mass transfer in 

the extraction process and allow a significant increase in the concentration of extracted 

metabolites [24], which indicates that less energy is required for dehydration at week 12 

without significant reduction of extraction yield.   

3.4 Changes in the composition of sugars and carboxylic acids in Persian lime during 

fruit growth 

Sugars and carboxylic acids are strongly related to fruit taste. The relationship 

between total sugars —expressed as soluble solids (°Brix)—, and titratable acidity—

expressed as % of citric acid — has been used for decades to estimate the commercial 

maturity of citrus fruits; however, it should be noted that these measurements come from 

total methods; therefore, the individual behavior of the different sugars or carboxylic 

acids during fruit growth was not known.  

In our studies, the changes in the composition of both sugars and carboxylic acids 

were evaluated by both GC–MS and LC–QTOF MS/MS analyses. The GC–MS analysis 

after derivatization of the polar extract allowed identification of 15 sugars and 18 

carboxylic acids, while 9 carboxylic acids and 6 sugars were identified by LC–QTOF 

MS/MS. Once data duplicity was discarded, the behavior of a total of 18 sugars and 22 

carboxylic acids was analyzed. The differences in the number of identified compounds 

between methods could be due to the less information provided by the MS/MS spectral 

databases as compared to its MS counterpart. Nevertheless, the behavior of the most 

abundant sugars (viz., glucose, fructose and sucrose) and carboxylic acids (viz., citric, 

malic and ascorbic acids) was very similar in both methods.  

The results of these studies revealed that the concentration of both citric and malic 

acids increases gradually during maturation, reaching maximum concentration at week 14 

(commercial maturity). Ascorbic acid increases its concentration during fruit growth 

reaching its maximum concentration at week 12, then significantly decreasing for the rest 

of maturation (Fig. 3); thus suggesting that commercial maturity is not the best in terms 

of vitamin C content.  

Concerning sugars, monosaccharides reach their maximum concentration at week 

7 and then suffer a slight decrease during the rest of maturation. The initial decrease in 

concentration of monosaccharides, mainly fructose and glucose, coincides with a rapid 

increase in sucrose concentration, which reaches its maximum concentration at week 12 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

Page | 394 

(Fig. 3). This behavior suggests that, around week 7, a mechanism that promotes the 

production of sucrose by dimerization of fructose and glucose is activated.  

3.5 Changes in the composition of amino acids in Persian lime during fruit growth 

Amino acids are the key for both vegetal and animal kingdom as they act as cell 

signalling molecules, regulators of gene expression, protein phosphorylation, and as 

precursors in the synthesis of a large number of molecules of enormous biological 

importance [25].  

 

Fig. 3. General scheme of the changes in concentration of both carboxylic acids and sugars in 

Persian lime during fruit growth. W-number indicates the number of weeks after fruit set. 

 

In our studies, we demonstrated that amino acids can be analyzed either by GC–

MS after silylation or by LC–MS [17]. Thus, in Persian lime samples, the identification of 

11 and 14 amino acids, respectively, was carried out using the mentioned methods (a total 

of 18 amino acids discarding duplicates between methods). Derivatives from proline were 

the most abundant amino acids identified in our studies, representing around 45% of the 

total identified amino acids. Taking into account that proline has a functional role as 

structural osmoprotectant and cryoprotectant [18], it seems logical that the concentration 

of these derivatives remains almost constant during fruit growth. As regards to identified 
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essential amino acids valine, tyrosine and phenylalanine, they represent around 20% of 

the total amino acids in all maturation stages. The relative concentration of valine did not 

show significant changes during fruit development, while both tyrosine and 

phenylalanine exhibited a sinuous behavior related to the synthesis of phenolic 

compounds, as discussed above. A similar sinuous behavior was observed for alanine and 

asparagine, while aspartic acid exhibited a gradual increase during maturation. Finally, 

the abundance of serine, which represents between 6% and 10% of the total amino acids 

in all maturation stages, did not show significant changes during fruit growth.  

3.6 Changes in the composition of volatile compounds in Persian lime during fruit 

growth 

Changes in the concentration of volatiles from Persian lime were evaluated by GC–

MS analysis after HS–SPME sample preparation. A total of 36 volatiles (17 

monoterpenes; 11 sesquiterpenes; 4 alcohols and 4 other volatiles) were identified in all 

maturation stages. The results of this study revealed that, in general, the concentration of 

monoterpenes increases during fruit growth, reaching a maximum at the end of the 

ripening process, being d-limonene, γ-terpinene, and β-pinene the most abundant at 

week 1, when monoterpenes represented 86% of the total volatiles, while at week 14 they 

represented 94%. By contrast, sesquiterpenes showed maximum concentration during the 

first 3 weeks (11.5% of total volatiles), then gradually decreasing along the rest of the 

maturation process (2.8% of the total volatiles at week 14), being β-bisabolene, 

caryophyllene, and α-bergamotene the most concentrated irrespective of the growth time 

(Fig. 4). Considering the biosynthesis of terpenoids, the behavior could be attributed to 

the simplicity of monoterpenes biosynthesis, which are constituted by 2 molecules of 

isopentenyl pyrophosphate (IPP), while sesquiterpenes require 3 molecules.  

Volatile compounds from citrus have been appreciated by the food industry for 

many years, thanks to their refreshing flavor and their antibacterial and insect repellent 

properties. In recent years, various studies have been devoted to embedding this class of 

compounds into microparticles or nanoparticles for use in processed food or for 

developing new packaging technologies [26]. Our study on the changes in composition of 

volatile compounds could be useful to identify the week that provides the highest amount 

of a given volatile or the best composition of the whole essential oil.   
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3.7 Changes in the composition of fatty acids and sugar alcohols in Persian lime during 

fruit growth 

The presence of fatty acids and sugar alcohols was detected only by GC–MS after 

extract derivatization. Six fatty acids were tentatively identified in this study, and, in 

general, their maximum concentration occurred at weeks 9 and 12, being palmitic, stearic 

and myristic acids the most abundant, followed by n-pentadecanoic, linoleic and oleic 

acids. Regarding sugar alcohols, mannitol, threitol and myo-inositol were the most 

abundant. In general, the concentration of sugar alcohols increased during fruit growth, 

reaching their maximum concentration at weeks 9 and 12, then decreasing significantly at 

week 14. This class of compounds plays a role in plant responses to pathogen attack [27], 

and also they increase the tolerance to salt and osmotic stress [28]. The behavior of these 

metabolites —with gradual increase along the growth weeks— suggests that the fruits 

were not altered by pathogens during fruit development.     

 

 

Fig. 4. General scheme of the changes in concentration of volatiles in Persian lime during fruit 

growth. W-number indicates the number of weeks after fruit set. 
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3.8 Changes in the composition of compounds from other classes in Persian lime during 

fruit growth 

In addition to the metabolites discussed above, a total of 16 compounds, including 

amines, nucleosides and B-complex vitamins and their metabolites, were identified by 

both LC–QTOF MS/MS and GC–MS. Choline (an essential nutrient involved in the 

biosynthesis of phospholipids, lipoproteins and the neurotransmitter acetylcholine [29]) 

was one of the most abundant amines, with a constant concentration during fruit growth. 

Nucleosides such as cytidine, adenosine and guanosine increased their concentration 

gradually to reach a maximum between weeks 5-to-7, with no significant changes during 

the remaining weeks. The concentration of pantothenic acid (vitamin B5) was 

significantly low at weeks 3 and 5 and showed no significant differences at all other 

sampling weeks. Finally, glycerol, a cryoprotector [30] and a stimulant of the 

embryogenesis by influencing carbohydrate metabolism and cytoskeletal rearrangements 

[31], doubled its abundance from week 1 to 3, and decreased between weeks 7 and 9. 

Then, its concentration kept constant at about 10 times lower than the maximum, 

achieved at week 3. 

3.9 Overall evaluation 

The different analytical approaches used in the study of the changes in the chemical 

composition of Persian limes during maturation demonstrated the suitability of both 

targeted and untargeted metabolomics for classification of samples among maturation 

stages and revealed the behavior of a large number of compounds during fruit growth. 

Additionally, the knowledge on the change of all 165 metabolites tentatively identified (26 

confirmed by analytical standards) during fruit growth, and the weeks at which their 

maximum concentration is reached, open the possibility to consider the role of this fruit 

as a source of by-products to allow a comprehensive exploitation of this crop, especially in 

seasons with overproduction.   

It is important to note that comprehensive optimal exploitation of high-added by-

products from citrus can be developed in serial stages of fruit growth. As an example, the 

flavedo (the colored outer part of the citrus peel), which contain the highest amounts of 

both essential oils and phenols, can be removed before obtaining the juice. Essential oils 

can be obtained from the flavedo by cold-press, followed by exploitation of phenolic 
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compounds by lixiviation using polar solvents; finally, the residue can be used to obtain 

bioethanol [32] or for safe ruminant feeding [33]. 

 

4. Desirable trends in the use of multiple platforms in metabolomics 

The combination of LC–MS and GC–MS platforms for metabolomics analysis of 

Persian lime leads to an enhancement effect in terms of tentative identification of 

metabolites. The chemical diversity of Persian lime composition supports the 

complementary by both separation–detection approaches, which is essential to obtain a 

comprehensive snapshot of the metabolome. 

The result of applying multiple platforms for untargeted metabolomics is the 

generation of several data sets, one per approach. Frequently, these independent data sets 

have not merged in a unique matrix because of the quantitative differences in the signal 

magnitude, characteristic of each technique, which can be a source of biases. Therefore, a 

suited data pretreatment to combining data sets is indispensable to avoid statistical 

unbalances. Furthermore, it is worth taking into account the compounds detected by 

more than one platform. Two situations can occur at this point.: 

(i) The final data set is built with identified metabolites. In this case redundant 

information can be avoided by removal of entries corresponding to dual identifications.  

(ii) The data set is generated by molecular features. This is a more complex case because 

the high probable inclusion of entities corresponding to the same metabolite in the final 

data set.  

 As the latter situation is the most common, research to solve the problem should 

be focused on: (a) to take advantage of proposed open tools such as that developed by 

Calderon-Santiago et al. (the MSCombine), developed to remove molecular features 

detected by LC–MS with electrospray ionization in the two polarity modes [34] but with 

easy adaptation to the data from multiple platforms. A similar tool would be useful to 

merge data sets provided by LC–MS and GC–MS or any other different platforms. (b) 

Combine the theoretical formula provided by high resolution mass spectrometers, the 

retention indeces and polarizability values to find correlation between the molecular 

features commonly detected by the two or more platforms. 
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La normativa vigente en la Universidad de Córdoba referente a la presentación de la 

Memoria de la Tesis Doctoral en la modalidad en la que se incluyen los artículos 

(publicados o próximos a su publicación) como tales, establece que ha de incluirse una 

discusión conjunta de los resultados. 

La investigación que recoge esta Memoria sobre la metabolómica de cítricos se ha 

dividido en tres secciones en función de los objetivos perseguidos. Así, la Sección A, 

constituida por los Capítulos del I al IV, abarca una revisión crítica y una discusión sobre 

el estado actual de los estudios sobre cítricos, con especial énfasis en: (i) pretratamiento de 

la muestra, (ii) protocolos de extracción, (iii) tipos de análisis, y (iv) usos potenciales y 

aplicaciones de los cítricos como fuente de compuestos bioactivos. Esta sección también 

incluye una extensa discusión sobre los beneficios para la salud humana que pueden 

inducir metabolitos tales como los flavonoides y las cumarinas. 

 La investigación experimental que constituye las Secciones B y C se dedica al uso 

de la metabolómica, tanto para la evaluación del efecto de las variables que afectan al 

proceso de extracción de los componentes de los cítricos mediante análisis global (también 

conocido como análisis no dirigido o untargeted analysis, en inglés), como para analizar los 

cambios en la composición de los cítricos durante la maduración, en este caso mediante 

análisis global y dirigido. La Sección B abarca la investigación sobre el efecto de las 

diferentes formas de pretratamiento de la muestra (liofilización y secado en corriente de 

aire) y de los métodos de extracción basados en el uso de energías auxiliares tales como 

ultrasonidos, microondas y líquidos sobrecalentados (US, MW y SHL, respectivamente) en 

la extracción de los componentes de los cítricos. Adicionalmente, el Capítulo VIII describe 

los aspectos claves de la identificación de metabolitos con información obtenida mediante 

MS/MS usando una plataforma LC–QTOF. Este capítulo también proporciona las claves 

para interpretar la información generada por las pérdidas de masa neutra, fragmentos 

comunes, iones precursores y posibles aductos y, por tanto, para resolver el puzzle. La 

Sección C se dedica a la investigación sobre los cambios ene la composición del limón persa 

durante su maduración (Capítulos del IX al XI) basada en análisis global mediante LC–

QTOF MS/MS, GC–MS tras una etapa de sililación y GC–MS después de la preparación de 

la muestra mediante HS–SPME, además de en análisis orientado mediante LC–QqQ 
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MS/MS. Estos estudios revelaron el comportamiento de 165 metabolitos tentativamente 

identificados (26 de ellos confirmados mediante estándares analíticos). Asimismo, se 

emplearon tratamientos quimiométricos multivariantes —PCA para análisis global y PLS-

DA para análisis dirigido—, que mostraron una discriminación clara (basada en perfiles 

metabolómicos globales o en familias concretas, tales como flavonoides o volátiles) entre 

muestras pertenecientes a diferentes etapas de maduración. 

 

Sección A. Estudios bibliográficos críticos 

 Durante el desarrollo de esta Tesis Doctoral los continuos estudios sobre la 

bibliografía existente en la materia objeto de la tesis fueron la clave para centrar la 

investigación experimental en las necesidades actuales. Se pretendió con ello elevar el 

análisis típicamente utilizado en estudios vegetales al nivel que proporciona la 

metabolómica y mejorar así las características de la investigación en productos naturales.   

 El Capítulo I de esta Memoria de Tesis Doctoral se dedica a la revisión crítica de los 

usos globales o parciales de los residuos de cítricos y sus aplicaciones potenciales como 

fuentes de compuestos bioactivos. También se discuten la composición de los principales 

metabolitos con alto valor añadido presentes en cítricos y sus posibles usos. Como se 

describe en el capítulo, la piel de los cítricos es su principal residuo, mayoritariamente 

generado en la industria de zumos, que generalmente está acoplada con otra industria 

dedicada a la obtención de los aceites esenciales presentes en este desecho (el residuo de 

esta última se utiliza generalmente como aditivo natural para piensos [1]). La forma 

tradicional de extraer los volátiles es mediante hidrodestilación o por prensado en frío de 

la piel de los cítricos, en la que el compuesto más abundante, independientemente de la 

variedad del cítrico, es el d-limoneno [2]. Durante décadas, los aceites esenciales de cítricos 

han sido muy apreciados en las industrias de alimentos (como agentes flavorizantes), 

sanitarias (como agentes antioxidantes e insecticidas), farmacéuticas (para enmascarar el 

sabor desagradable de los fármacos), de cosmética y en la agricultura, gracias a sus 

propiedades antimicrobianas e insecticidas [3,4]. A pesar de la importancia de los aceites 

esenciales de cítricos, la revisión bibliográfica muestra que muy pocos estudios se han 

dedicado a la evolución del fruto durante el crecimiento. Por esta razón, el estudio de los 

cambios que se producen desde la semana 1, cuando comienza a formarse el fruto, hasta la 
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semana 14, cuando se alcanza su madurez, es la materia que se recoge en el Capítulo IX de 

esta Memoria de Tesis Doctoral. 

 Durante las dos últimas décadas se han dedicado muchos estudios a los usos y 

propiedades de los fenoles de los cítricos, especialmente a los flavonoides, debido a que su 

consumo se ha asociado a su actividad antioxidante y antinflamatoria, así como a su 

capacidad para rebajar el riesgo de padecer diferentes tipos de cáncer y de enfermedades 

cardiovasculares [5,6]. Estas características han promovido los estudios sobre la extracción 

de estas clases de compuestos, que han dado lugar frecuentemente a discrepancias entre 

los investigadores de esta área. En un intento de explicar las similaridades /discrepancias 

entre los grupos de trabajo y llenar las lagunas existentes en los estudios sobre cítricos, se 

desarrolló una revisión crítica de los principales aspectos que debe soportar la explotación 

a gran escala de los cítricos. Esta materia, incluida en el Capítulo II de esta Memoria, reveló 

las diferencias en: (i) los tipos de muestras; (ii) los pretratamientos a los que se someten; 

(iii) los métodos de extracción y, (iv) los equipos analíticos utilizados en estos estudios. La 

ausencia de una optimización adecuada de la etapa de extracción, o la existencia de 

optimización, pero basada en una única respuesta, fueron situaciones comunes 

encontrados en la búsqueda bibliográfica. 

Los tipos de muestras usadas en los estudios realizados pueden dividirse en partes 

comestibles (zumo y pulpa) y no comestibles (piel y semillas). De ellas las más utilizadas 

han sido las no comestibles por su similitud con los residuos de las industrias de cítricos. A 

pesar de que el muestreo es una etapa crítica del proceso analítico [7], han sido pocos los 

estudios realizados sobre los criterios de selección de la muestra. En la mayoría de los casos 

los cítricos utilizados en el estudio se adquirieron en un mercado local y las muestras se 

obtuvieron simulando un proceso industrial. La ausencia de un plan de muestreo ha llevado 

a que los resultados que se obtienen puedan ser útiles para los consumidores, pero el sesgo 

en su obtención impide que se puedan aceptar como definitivos [8,9]. Solo unos pocos de 

los estudios contienen información sobre el terreno experimental en el que se controlaron 

las condiciones de crecimiento [10,11] (e.g., fechas de muestreo, localización geográfica del 

cultivo, estado de maduración o condiciones climáticas). 

Una vez seleccionadas/conseguidas las muestras, su acondicionamiento empieza 

generalmente por una etapa de deshidratación que reduce las indeseables reacciones 

enzimáticas y facilita el manejo de la muestra. Los métodos más utilizados con este fin en 

estudios de cítricos han sido la liofilización (en la que la muestra se somete a baja 
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temperatura —que protege de la degradación a los componentes termolábiles— y a alto 

vacío —que protege la muestra de la oxidación) y el secado en corriente de aire, que es más 

barato, pero que conlleva la degradación de metabolitos termolábiles o induce su oxidación. 

Parece ser que existe un consenso en la superioridad de la liofilización sobre la 

deshidratación para la obtención de compuestos bioactivos. Sin embargo, tal como se 

muestra en los Capítulos VI y VII de esta Memoria, esta asunción no siempre se cumple. 

Además, los resultados que se recogen en estos capítulos revelan que la deshidratación de 

la muestra (tanto por liofilización como por corriente de aire) incrementa la transferencia 

de masa en la subsiguiente etapa de extracción, proporcionando así extractos más 

concentrados que los obtenidos con muestras frescas. 

Considerando que la mayoría de los residuos de cítricos son sólidos, los métodos de 

extracción más utilizados están basados en lixiviación, bien mediante agitación (SE), 

extracción Soxhlet, asistida por ultrasonidos (USAE) o por microondas (MAE). La 

extracción mediante fluidos supercríticos (SFE) o mediante líquidos sobrecalentados 

(SHLE) se ha utilizado con menos frecuencia para este propósito [12]. La etapa de 

extracción es de enorme importancia en el contexto del proceso analítico, por lo que tanto 

el extractante como la técnica de extracción deben seleccionarse cuidadosamente para 

obtener resultados óptimos y sin sesgo. La bibliografía muestra las discrepancias en los 

métodos de extracción propuestos por los grupos de investigación cuando han utilizado 

energías auxiliares para mejorar esta etapa. La mayor parte de estas discrepancias se deben 

a la ausencia de una optimización previa, o a una optimización basada en una respuesta 

global. Los estudios de optimización menos recientes se basaron siempre en protocolos 

univariantes, en los que cada variable se estudió individualmente sin tener en cuenta sus 

interacciones con otras variables [13]. Actualmente se utilizan diseños univariantes y 

multivariantes para optimizar la extracción, pero basados en una única respuesta —como 

la medida de fenoles totales por el método de Folin–Ciocalteu [14]— o en un único 

compuesto aislado mediante LC [15]. Además, hay que destacar que la mayoría de los 

métodos para la extracción de componentes de cítricos se centran en los compuestos 

fenólicos. Sí existe consenso actualmente de la superioridad de los métodos de extracción 

asistidos por algún tipo de energía sobre la maceración, la extracción Soxhlet o la SE, a la 

hora de extraer componentes de material vegetal. 

 En un intento de mejorar los conocimientos existentes sobre los métodos de 

extracción basados en energía auxiliaries, el Capítulo V de esta Memoria recoge la 
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optimización de métodos basados en USAE, MAE y SHLE mediante la metodología de 

superficie de respuesta y la aproximación de función de deseabilidad, que permiten la 

optimización simultánea de respuestas múltiples. En el estudio se crearon diseños 

experimentales tipo Box-Behnken, basados en las variables características de cada método. 

La optimización de la extracción global se basó en los 10 picos más intensos del 

cromatograma obtenido mediante LC–DAD. También se llevaron a cabo extracciones 

selectivas de los flavonoides, de los ácidos carboxílicos o de los fenoles (incluyendo en este 

caso ácidos fenólicos y flavonoides). Obtenidos los valores óptimos en cada caso, se 

compararon los métodos de extracción global mediante análisis no dirigido utilizando una 

plataforma LC–QTOF MS/MS. Adicionalmente, el Capítulo VII recoge la comparación de 

los métodos desarrollados para maximizar la concentración de flavonoides en los extractos. 

Estos estudios proporcionan un nuevo enfoque de la extracción de componentes de 

productos naturales. 

  Como ya se ha mencionado, los estudios bibliográficos fueron una constante a lo 

largo del desarrollo de la Tesis. Una vez que se concluyó la investigación que recoge la 

Sección B de esta Memoria, las nuevas búsquedas bibliográficas la importancia y el análisis 

de los flavonoides y las cumarinas de los cítricos, así como sus propiedades saludables, 

dieron lugar, respectivamente, a los Capítulos III y IV, que también forman parte de la 

Sección A. En estos capítulos se discuten los principales aspectos que implica el análisis 

(diseños experimentales para la optimización, el pretratamiento de muestra, la extracción 

y los diferentes tipos de análisis instrumental), en los que se incluyen los logros propios y 

una amplia revisión de las propiedades saludables de los compuestos en estudio.  

 

Sección B. Preparación de la muestra y caracterización del limón 

Los estudios bibliográficos realizados durante el desarrollo de la Tesis revelaron 

discrepancia entre los resultados obtenidos por diferentes grupos de investigación sobre el 

efecto en los compuestos bioactivos de los cítricos del pretratamiento de la muestra y de los 

métodos de extracción basados en energías auxiliares. Algunos aspectos de la extracción 

asistida por nuevas fuentes de energía, como el efecto combinado de las principales 

variables (e.g., potencia, tiempo, mezcla extractante) no se habían estudiado en 

profundidad. Como era de esperar, las discrepancias podían adscribirse en muchos casos a 

diferencias entre los dispositivos de extracción. Sin embargo, la mayoría de las 
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discrepancias eran debidas a la ausencia de una adecuada optimización previa a la 

aplicación de protocolo de extracción. Generalmente, los investigadores adoptan métodos 

de extracción desarrollados por otros grupos, incluso cuando sus dispositivos para la 

extracción difieren de los usados en el estudio tomado como modelo. No obstante, existe 

consenso respecto a las ventajas (reducción del tiempo de extracción, menor consumo de 

energía, potencial uso de disolventes compatibles con el medioambiente, etc.) del uso de 

energías auxiliares para facilitar la extracción de los componentes de un material vegetal 

cuando se comparan con los métodos convencionales como la maceración o la SE. Los 

métodos basados en energías auxiliares más utilizados para el estudio de cítricos son USAE 

y MAE, que han demostrado proporcionar mejores resultados que, por ejemplo, SFE o 

SHLE.  

Para ampliar el conocimiento sobre el uso de la USAE, la MAE o la SHLE, se evaluó 

el efecto de las principales variables de estas técnicas en la extracción de componentes de 

los cítricos, tal como se recoge en el Capítulo V. En todos los casos se estudiaron la 

composición del extractante (% de etanol en agua) y tiempo de extracción. Además, se 

estudiaron mediante diseños Box-Behnken variables como el ciclo útil y la amplitud en el 

caso de la USAE, la potencia en la MAE y la temperatura y la presión en SHLE. Los 

resultados de estos experimentos permitieron establecer las condiciones adecuadas para 

maximizar la concentración de un único metabolito mediante una metodología de 

superficie de respuesta, o la altura de los 10 picos más intensos —correspondientes a la 

sucrosa, a 2 ácidos carboxilicos, 2 ácidos fenólicos y 5 flavonoides, distribuidos a lo largo 

del cromatograma LC–DAD mediante un diseño de función de deseabilidad. Merece 

destacarse que la versatilidad de la optimización multifactorial /multirrespuesta permite, 

en las condiciones del estudio, maximizar la concentración de los analitos y minimizar la 

concentración de compuestos indeseables de forma simultánea. Este tipo de optimización 

mejora, logicamente, la selectividad de los métodos de extracción propuestos. 

La mayor parte de los autores que trabjan en USAE para la obtención de compuestos 

bioactivos a partir de cítricos desarrollan esta etapa de preparación de la muestra utilizando 

un baño de ultrasonidos de los diseñados para limpieza de material de laboratorio, 

dispositivo omnipresente en los laboratorios analíticos. Este dispositivo presenta unas 

características indeseables desde el punto de vista analítico (viz., disminución de la 

potencia con el tiempo, ausencia de uniformidad en la transmisión de US, potencia no 

ajustable y dificultad para el mantenimiento de la temperatura en el baño) que lleva a 
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resultados poco reproducibles en la mayoría de los casos [16,17]. Por el contrario, las sondas 

de US trabajan de una forma reproducible y permiten la manipulación de parámetros como 

el ciclo útil, la amplitud y la potencia según se requiera [18]. La energía ultrasónica produce 

la rotura de las paredes celulares, lo que incrementa la difusión del extractante a través de 

la matriz de la célula y facilita la transferencia de los metabolitos del sólido al líquido [19]. 

Deben tomarse las precauciones necesarias teniendo en cuenta que los US de potencia (es 

decir, los de la zona de frecuencia de 20 a 60 kHz) pueden producir degradación de los 

compuestos bioactivos [20]. Por tanto, la optimización es un requisito para asegurar la 

idoneidad de la USAE, comprobando de la ausencia de degradación durante la etapa de 

extracción. A pesar de ello, esta comprobación no se lleva a cabo, o no con la suficiente 

profundidad, en la mayoria de los estudios. De hecho, en casi todos de los estudios 

encontrados en la bibliografía, el seguimiento de la optimización se basa en el efecto 

individual de los principales factores implicados en la USAE utilizando modelos 

univariantes [13], o en el efecto combinado de estos factores, pero usando una única 

variable como respuesta (e.g., cuantificación global de una familia específica, como fenoles 

totales por el método de Folin–Ciocalteu) [14,15]. 

En lo que se refiere al estudio sobre USAE realizado en la parte experimental de esta 

Tesis, la aplicación de un test ANOVA reveló que todos los factores (composición del 

extractante, tiempo de extracción, ciclo útil y amplitud) eran significativos en la extracción 

de los componentes de los cítricos, y que sus interacciones eran las responsables de los 

resultados finales. Como ejemplo, las mejores condiciones para extraer ácidos carboxílicos 

implican tiempo de extracción más largo (20 min), pero ciclo útil más corto (0.1 s/s) y 

menores amplitud (10%) y concentración de etanol en el extractante (40% en agua) que 

para los fenoles (5.1 min, 0.8 s/s, 70% amplitud y 59% de etanol en agua, respectivamente). 

Los análisis mediante función de deseabilidad revelaron que las mejores condiciones para 

maximizar la intensidad de los picos cromatográficos utilizados para el seguimiento del 

estudio eran: tiempo de extracción 5 min, % de etanol en agua 53%, amplitud 70% y ciclo 

útil 0.9 s/s; valores que se utilizaron para comparar el efecto de las energías auxiliares en 

la extracción global (Capítulo V). Para la extracción de la subclase de los flavonoides las 

condiciones óptimas fueron 5 min de extracción, 60% de etanol, 70% de amplitud y 0.8 s/s 

de ciclo útil, que se utilizaron para comparar el efecto de las energías auxiliares en la 

extracción de estos compuestos (Capítulo VII). Estos resultados están en consonancia con 

los reportados por Khan y col. (2010) para la extracción de naringina y hesperidina de 

naranjas utilizando una sonda ultrasónica.  
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En cuanto a los estudios previos sobre MAE–cítricos, los extractos obtenidos fueron 

más concentratods en compuestos fenólicos [21] y aceites esenciales [22] que los que 

proporcionaron los métodos convencionales. También MAE fue mejor en cuanto al ahorro 

de energía y de tiempo de extracción. Las MW penetran en la muestra y calientan 

instantáneamente los compuestos polares de la matriz, consiguiéndose así extracciones 

mucho más rápidas que con los métodos tradicionales de calentamiento, que dependen de 

la conductividad térmica de la muestra [23]. No obstante, la irradiacion con MW puede 

llevar a la degradación de los metabolitos termolábiles y también modificar las estructuras 

químicas de algunos compuestos, como los carotenoides [18]. 

De forma similar a lo discutido sobre USAE, la mayoría de los estudios sobre los 

efectos de la MAE en los metabolitos de los cítricos se han centrado en optimizar las 

condiciones para maximizar la concentración de los fenoles en los extractos (bien la 

concentración total o la de algunos de ellos) o aumentar su actividad antioxidante [21,24]. 

Sin embargo, estos estudios no han incluido la interacción de las respuestas (e.g., las 

condiciones para maximizar simultánea-mente fenoles totales y actividad antioxidante). 

Por esta razón, el Capítulo V de esta Memoria describe el estudio llevado a cabo sobre las 

condiciones más adecuadas para la extracción global de metabolitos, fenoles o ácidos 

carboxílicos mediante MAE, utilizando la optimización multiobjetivo antes comentada. El 

test ANOVA reveló que todos los factores estudiados (% de etanol en agua, tiempo de 

extracción y potencia de las MW) eran significativos. De forma similar a los efectos 

observados en USAE, la adecuada extracción de los ácidos carboxílicos requirió un menor 

contenido de extractante orgánico (39% de etanol en agua), una menor potencia de MW 

(20 W), pero tiempos de extracción más largos (20 min) que en el caso de los flavonoides 

(69% de etanol en agua, 170 W y 12 min, respectivamente). También fueron diferentes las 

condiciones para maximizar simultáneamente la concentración de los 10 metabolitos 

seleccionados: 64% de etanol en agua, 178 W y 10.8 min, respectivamente. Una vez 

establecidas las condiciones óptimas para la MAE, se obtuvieron nuevos extractos en estas 

condiciones para comparar los efectos de las energías auxiliares en la extracción global de 

los componentes de los cítricos (Capítulo V) y la de los flavonoides (Capítulo VII). 

Como final de este estudio, se investigaron las condiciones para la extracción de los 

componentes de los cítricos mediante SHLE, lo que implicó el tiempo de extracción, la 

temperatura y la composición del extractante como factores experimentales. El test ANOVA 

reveló, una vez más, que todos los factores eran significativos y una mayor estabilidad de 
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los compuestos fenólicos comparada con la de los ácidos carboxílicos. Es importante 

destacar que, a pesar de los resultados obtenidos, la SHLE no es la mejor forma de extraer 

componentes de los cítricos, ya que la combinación de alta temperatura y presión produce 

un efecto gelificante, posiblemente debido a la pectina, que se extrae con agua caliente [25]. 

Por esta razón, los resultados de los experimentos en los que se realizó la extracción durante 

más de 15 min y con 60% de agua en la mezcla extractante no pudieron estudiarse. Estos 

estudios concordaron con los llevados a cabo mediante USAE y MAE: los ácidos 

carboxílicos requirieron menor porcentaje de etanol en el extractante  y menos energía que 

los flavonoides. No obstante, considerando el efecto gelificante, los resultados se 

obtuvieron utilizando el mismo tiempo de extracción para todos los experimentos, que se 

llevaron a cabo mediante un diseño 23. Las condiciones más adecuadas para la extracción 

global de fenoles fueron 71% de etanol en agua, 135 ºC y 15 min; mientras que para la 

extracción de flavonoides fueron 73% de etanol en agua, 150 ºC y 15 min. 

Entre las inconsistencias encontradas en la bibliografía es de destacar que, en la 

mayoría de los casos, los estudios dedicados a la comparación entre métodos de extracción 

basados en energías auxiliares se desarrollaron sin una etapa adecuada de optimización de 

cada método previa al análisis. Lógicamente las comparaciones proporcionaron resultados 

sesgados a favor de los métodos cuyos valores estaban más próximos a los valores óptimos 

no conocidos. Para compensar esta laguna, en nuestros estudios sobre la comparación de 

métodos la primera etapa fue estudiar las condiciones más adecuadas para cada método, 

tal como se ha discutido antes. Después, con cada método se obtuvieron los extractos por 

triplicado para estudiar las diferencias entre ellos mediante análisis metabolómico global 

basado en LC—QTOF MS/MS. En lo que se refiere a la extracción global de compuestos 

polares (Capítulo V), una vez tratados los datos brutos proporcionados por el detector, la 

serie de datos resultante compuesta por 332 entidades moleculares se utilizó para el análsis 

estadístico multivariante. El test ANOVA reveló que 232 de las 332 entidades moleculares 

eran significativas, y las pruebas de rango multiple (Tukey HSD) pusieron de manifiesto 

que los extractos más similares eran los obtenidos mediante USAE y MAE, con 50 de las 

332 entidades que los diferenciaban entre sí de forma significativa. Por el contrario, el 

método basado en SHLE fue claramente el que proporcionó extractos más diferentes, como 

lo muestran las 210 entidades moleculares significativamente diferentes respecto a MAE y 

las 224  respecto al método basado en USAE. SE fue el método utilizado como referencia, 

que requiere tiempos más largos para alcanzar el equilibrio y proporciona menor 
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concentración en los extractos de los metabolitos estudiados que USAE y MAE. No 

obstante, cuando se compara con SHLE, SE es más adecuado para la extracción de 

componentes polares en cítricos. La aplicación de análisis no supervisado mediante PCA 

para la comparación de la composición de los extractos mostró una clara discriminación 

entre extractos. La representación de las primeras dos componentes, que explicó el 78,51% 

de la variabilidad total (PC1 64.4% y PC2 14.11%), puso de manifiesto que los extractos 

obtenidos mediante SHLE quedaban totalmente separados del resto de los extractos y que 

los obtenidos mediante USAE y MAE estaban parcialmente solapados. Estos resultados 

confirman los obtenidos mediante ANOVA. La identificación tentativa de los picos 

cromatográficos más intensos reveló que los flavonoides, los ácidos fenólicos, los ácidos 

carboxílidos y los azúcares estaban más concentrados en los extractos obtenidos mediante 

USAE y MAE; siendo estos compuestos los principales responsables de la discriminación 

de extractos. Éste es el primer estudio en el que se evalúa, mediante análisis metabolómico 

global, el efecto de las diferentes energías auxiliares. 

Desde la década de los noventa del siglo pasado se comenzó a conceder importancia 

a los flavonoides gracias a sus potenciales usos como nutracéuticos y como aditivos para 

alimentos. Los cítricos son ricos en flavonoides, lo que ha promocionado los estudios sobre 

su extracción a partir de estas fuentes. USAE y MAE han sido las técnicas más usadas para 

facilitar su separación de la matriz sólida. Sin embargo, el número de estudios para 

comparar la efectividad de estas técnicas de extracción aplicadas a cítricos ha sido muy 

escaso. En general, la efectividad de cada una de las energías auxiliares para la extracción 

de flavonoides se ha comparado con métodos convencionals como maceración o SE [15,16]: 

en todos los casos los métodos basados en energías auxiliares han proporcionado mejores 

resultados que los convencionales. Pocas veces se han comparado entre sí los resultados de 

los métodos basados en energías auxiliares y solo algunos de ellos se han desarrollado con 

optimización previa, principalmente mediante diseños univariantes [13]. Estudios 

comparativos del efecto de la USAE y la MAE en la extracción de fenoles han estado basados 

en diseños experimentales multivariantes  usando el contenido total de fenoles como única 

respuesta. Es necesario destacar, una vez más, que el método más usado y aceptado para 

estimar el contenido fenólico total es el de Folin–Ciocalteu que, de forma similar a otros 

métodos fotométricos, es no selectivo, ya que el reactivo interacciona con moléculas tales 

como azúcares, aminoácidos y ácido ascórbico, entre otras presentes en extractos de 
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plantas. Los resultados finales se afectan por estos interferentes, abundantes en los 

extractos de cítricos [27].    

Dahmoune y col. (2013) compararon el efecto de la USAE y la MAE en la extracción 

de antioxidantes de residuos de Citrus limon utilizando un diseño experimental Box-

Behnken y la concentración de fenoles totales como respuesta [14]. Los autores 

concluyeron que la MAE era mejor que la USAE y que la extracción convencional. De forma 

similar, Nayak y col. (2015) evaluaron el efecto de MAE y USAE en la extracción de fenoles 

de pieles de Citrus sinensis [24]. En este caso, los autores del estudio concluyeron que MAE 

es mejor que USAE basándose en el contenido total de fenoles en los extractos. Sin 

embargo, estos estudios revelaron que los extractos obtenidos mediante USAE eran 

mejores en cuanto a actividad antioxidante; mientras que la cuantificación individual de 

los fenoles sugirió que la adecuación de la energía auxiliar para la extracción de fenoles 

depende de cada metabolito en particular. 

Para mejorar los conocimientos sobre este tema, en la investigación recogida en esta 

Memoria se comparó el efecto de USAE, MAE, SHLE y SE en la extración de los flavonoides 

del limón (Capítulo VII). Cada extracto se obtuvo en las condiciones óptimas (descritas en 

el Capítulo V) para este tipo de compuestos, y se analizó mediante LC–QTOF MS/MS. 

Basada en la información MS/MS se llevó a cabo la identificación tentativa de 32 

flavonoides, que constituyó la serie de datos que se utilizó para el análisis estadístico 

correspondiente. Los resultados del PCA —que explicaron el  91.59% de la variabilidad total 

(PC1 = 78.20% y PC2 = 13.39%)— y los del ANOVA, revelaron que USAE y MAE fueron los 

más similares entre sí, estando la discriminación entre ambos métodos basada 

principlamente en las flavonas. En cuando a los flavonoides mayoritarios –flavanonas y 

flavonas—, el método basado en USAE demostró ser el más adecuado. No obstante, no se 

encontraron diferencias significativas entre USAE, MAE y SE para los principales 

flavanoles. De forma similar a los resultdos de la extracción global (Capítulo V) el método 

menos favorable fue el basado en SHLE. 

El efecto del pretratamiento de la muestra (la deshidratación) en la extracción de los 

componentes de los cítricos había sido pobremente estudiado. En la mayoría de los casos 

la investigación había estado restringida al efecto de la temperatura y el tiempo de 

deshidratación en el secado mediante corriente de aire [28] o en un horno [29]. En ambos 

casos, los autores de estos estudios habían concluido que las altas temperaturas promueven 

la rotura del enlace glicosídico y la liberación de la forma aglicona de los flavonoides, que 
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pueden incrementar así la actividad antioxidante de los extractos. El efecto de la 

liofilización en la extracción en comparación con la deshidratación mediante corriente de 

aire no se había estudiado, posiblemente por la aceptación generalizada de que la 

liofilización es la mejor forma de deshidratación. La ampliación de los conocimientos sobre 

este tópico —el efecto de la deshidratación por liofilización y por corriente de aire en la 

extracción de los componentes globales y de la individual de flavonoides evaluado mediante 

análisis global— se recoge en los Capítulos VI y VII de esta Memoria de Tesis.  

En lo que se refiere a la extracción global (Capítulo VI), los compuestos polares se 

obtuvieron por USAE en las condiciones óptimas y su análisis se realizó mediante LC–

QTOF MS/MS. Basada en la información MS/MS, se llevó a cabo la identificación tentativa 

de 74 metabolitos —28 flavonoides, 6 ácidos fenólicos, 7 cumarinas, 14 aminoácidos, 5 

ácidos carboxílicos, 6 azúcares y 8 compuestos pertenecientes a diferentes clases, que 

constituyó la matrix (12×74) para el análisis posterior. El test ANOVA reveló que, en 

general, los extractos obtenidos con las muestras secadas en corriente de aire eran más 

similares a los proporcionados por las muestras frescas que a los que procedentes las 

muestras liofilizadas. El PCA, que explicó el 86.2% de la variabilidad total (61.14% PC1 y 

25.06% PC2), mostró una discriminación clara entre extractos procedentes de muestras 

sometidas a diferentes pretratamientos. La interpretación de la representación de las 

variables de este análisis explicó que las diferencias las establecían los flavonoides, las 

cumarinas, los aminoácidos y los azúcares.   

En general, los resultados recogidos en el Capítulo VI muestran que los extractos 

procedentes de muestras liofilizadas contienen mayores cantidades de flavanonas y 

flavonas que los que provienen de muestras deshidratadas en corriente de aire y que los de 

muestras frescas, pero menores cantidades de flavonoles. Teniendo en cuenta la 

importancia clave de esta clase de compuestos, se decidió una evaluación más a fondo del 

efecto del pretratamiento de la muestra en la extracción de los flavonoides. Con este 

objetivo se obtuvieron nuevos extractos mediante el método de extracción selectivo 

previamente optimizado para estos compuestos. En contraste con el método de extracción 

global utilizado en el Capítulo VI, que hizo posible la identificación de 28 flavonoides, el 

método selectivo para flavonoides permitió la identificación tentativa de 32 de estos 

compuestos (9 flavanonas, 14 flavonas y 9 flavonoles), que confirmó la adecuación de estos 

métodos, tal como recoge el Capítulo VII. Independientemente del método de extracción y 

del de pretratamiento de la muestra, las flavononas (principalmente neohesperidina, 
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neoeriocitrin y naringina) es la subclase más abundante de flavonoides en cítricos, seguida 

de flavonas y flavonoles [30]. Los tests de ANOVA y de rangos múltiples (Tukey HSD) 

revelaron que los extractos procedentes de muestras liofilizadas eran los más ricos en 

neohesperidina, mientras que naringina fue más abundante en los extractos obtenidos con 

muestras secadas en corriente de aire. No se encontraron diferencias significativas entre 

los  extractos obtenidos con ambos protocolos de pretratamiento de las muestras en cuanto 

a la concentración de neoeriocitrina. 

En general, los extractos de muestras liofilizadas fueron los más abundantes en 

flavononas y los de las muestras frescas los menos abundantes en esta subclase. La subclase 

flavonas estaba constituida por derivados de luteolina, diosmina y apigenina, siendo 

luteolina-neohesperidosa, luteolina-glucosido-rutinosido, neodiosmina y rhoifolina, en 

orden decreciente, las más abundantes. Luteolina-neohesperidosa estaba 

significativamente más concentrada en los extractos obtenidos de muestras deshidratadas 

en corriente de aire, mientras el resto fue más rico en los extractos de muestras liofilizadas. 

Similar al comportamiento de las flavononas fue el de las flavonas: los extractos de 

muestras liofilizadas fueron los más ricos, seguidos por los de los obtenidos de mjuestras 

deshidratadas en corriente de aire. En cuanto a flavonoles —constituidos por derivados de 

la quercetina, limocitrina y limocitrol— el ANOVA mostró que las muestras secadas en 

corriente de aire proporcionaron extractos con cantidades significativamente más altas de 

todos los compuestos identificados en esta subclase. Finalmente, el PCA aplicado a los 

datos de la matriz de flavonoides reveló una discriminación clara entre muestras, lo que 

sugirió el uso de estos compuestos para la clasificación de las muestras en función del 

proceso tecnológico utilizado. 

También el pretratamiento de la muestra tuvo un efecto claro en la extracción de 

cumarinas si se compara con la de otros fenoles cuyo estudio se recoge en el Capítulo VI. 

En los extractos de muestras secadas en corriente de aire se identificaron 7 cumarinas 

(bergamotina, 2 derivados de la furanocoumarina, citropteno, escopoletin-rutinosido y 

otros 2 derivados de la escopoletina); en los extractos de muestras frescas se identificaron 

5 cumarinas y solo 3 (bergamotina, citropteno and escopoletina-rutinósido) en los de 

muestras liofilizadas. De las 3 cumarinas comunes a los 3 tipos de extractos, el test de 

ANOVA mostró que los extractos de muestras secadas en corriente de aire fueron 

significativamente más concentrados en citropteno y escopoletina que los obtenidos de los 

otros dos tipos de muestra; sin diferencia significativa en la concentración de bergamotina. 
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Las muestras secadas en corriente de aire fueron también mejores para la extracción de 

ácidos fenólicos, para los cuales el test ANOVA mostró una concentración 

significativamente más alta de 4 de los 6 ácidos encontrados; mientras que solo 2 de ellos 

estuvieron más concentrados en las liofilizadas.  

Este comportamiento puede explicarse por las características de cada 

pretratamiento. Debe tenerse en cuenta que la liofilización implica congelación de la 

muestra a –80 ºC, lo que causa un decrecimiento grande de la actividad enzimática desde 

el comienzo del proceso de deshidratación. Por el contrario, en el procedimiento de secado 

en corriente de aire la muestra se calienta hasta 45 ºC; condiciones que aceleran la actividad 

enzimática hasta que la actividad del agua es suficientemente baja como para que la 

biocatálisis se detenga. Finalmente, la menor concentración de fenoles obtenida en 

muestras frescas se explica por la más fácil transferencia de masa que se consigue en la 

lixiviación cuando la muestra está seca [9].  

En lo que se refiere a los aminoácidos, los mejores resultados los proporcionaron las 

muestras secadas en corriente de aire: 12 de los 14 aminoácidos tentativamente 

identificados se encontraron más concentrados en estas muestras. Solo la fenilalanina —un 

precursor en la biosíntesis de fenoles— y el triptófano no mostraron diferencias entre 

muestras procedentes de diferentes pretratamientos. 

Los azúcares y los ácidos carboxílicos son los compuestos más abundantes en cítricos 

y los responsables del sabor de estos frutos [31]. Sucrosa, fructosa y glucosa fueron los 

azúcares más abundantes de los identificados en este estudio, significativamente más 

concentrados en los extractos de muestras secadas en corriente de aire. Entre los ácidos, el 

cítrico fue el más abundante, seguido del quínico y el málico, que fueron los más 

abundantes en muestras secadas en corriente de aire. Los ácidos cítrico y málico fueron 

menos abundantes en los extractos de muestras liofilizadas (aproximadamente un 30 y un 

40%, respectivamente, menos abundantes) con respecto a los extractos de muestras 

secadas en corriente de aire.  

Los resultados de estos estudios sugieren que la principal diferencia entre extractos 

se puede atribuir al  efecto del congelamiento o del calentamiento de las muestras en el 

metabolismo de los cítricos y no solo a la termolabilidad de los compuestos. 

La caracterización química de los extractos basada en la información de la 

fragmentación MS/MS proporcionada por el equipo LC–QTOF fue también un objetivo de 
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esta sección, en la que el Capítulo VIII muestra los principales aspectos de la identificación 

tentativa mediante esta fragmentación y su discusión. Como ejemplo, una energía de 

colisión de 20 V es adecuada para observar la pérdida de masa neutra de la glucosa (Δm/z 

162.0530), de la rhamnosa (Δm/z 146.0580), de la neohesperidosa (Δm/z 308.1110), de la 

rutinosa (Δm/z 308.1110), del 3-hidroxi-3-metil-glutarilo (Δm/z 144.043) o de los grupos 

metilo (Δm/z 15.0235) e hidroxilo (Δm/z 17.0027), que son abundantes en los compuestos 

polares que existen en los cítricos. Esta energía de colisión es insuficiente para observar el 

fragmento negativo m/z 151.0021 en el modo de ionización negativo y el fragmento m/z 

153.0180 característico de la estructura flavona, para el que se requiere una energía de 

colisión de 40 V. Se incluye en el capítulo un esquema de fragmentación de los principales 

aminoácidos y los respectivos iones imonio característicos de estos compuestos, además las 

tablas, que contienen tanto los principales fragmentos como el modo de ionización más 

adecuado para los 84 metabolites tentativamente identificados. 

En el Capítulo XI se describe identificación adicional basada en la   información 

obtenida mediante GC–MS (utilizando muestras analíticas obtenidas mediante SPME o 

extractos derivatizados). El proceso requiere una etapa de deconvolución previa de todas 

las señales que corresponden a un único metabolito y el uso de la información 

deconvolucionada para la búsqueda en la base de datos del Instituto Nacional de 

Estándares y Tecnología (NIST), estableciendo un valor de corte de 0.65 en el índice de 

correlación; junto con el cual el reconocimiento manual/visual de los perfiles de 

fragmentación comunes para las diferentes familias de compuestos incrementa la 

seguridad de la identificación tentativa. Como ejemplo, los monoterpenos poseen 

fragmentos característicos con m/z 91.0, 93.1 121.1 y 136.1, que se obtienen también en la 

fragmentación de los sesquiterpenos; sin embargo, estos últimos muestran también los 

fragmentos de m/z 133.1 y 161.1, útiles para diferenciarlos de los primeros. Adicionalmente, 

el análisis de la intensidad de los fragmentos comunes es útil para una rápida diferenciación 

de compuestos similares, como es el caso de los mono y disacáridos, con fragmentos 

característicos de m/z 204.0, 191.0 y 216.9. En cuanto a las hexosas, la intensidad del 

fragmento m/z 204.0 es mayor que la de otros fragmentos, mientras que el fragmento más 

intenso en los espectros de masas de las pentosas es el m/z 216.9.   

Los resultados de estos estudios revelaron la adecuación de las plataformas LC–

QTOF MS/MS y GC–MS para la caracterización de compuestos polares, poco polares y 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

 

418 
 

volátiles de los cítricos y proporcionaron las claves para la identificación rápida de los 

metabolitos que se discute en esta Memoria de Tesis. 

 

Sección C: Evolución de los componentes del limón persa 

durante el crecimiento del fruto 

La presencia de compuestos bioactivos en cítricos ha estimulado los estudios sobre 

métodos para su extracción, pero los cambios en las propiedades de los frutos durante su 

crecimiento no habían recibido la misma atención. En la mayoría de los casos los estudios 

habían implicado solo unos pocos estados de maduración, principalmente basados en 

cambios de color y abarcando un estrecho rango del crecimiento próximo a la maduración 

aceptada comercial-mente. Durante muchos años los parámetros relacionados con la 

aceptación por los consumidores de la fruta fresca habían sido los sólidos solubles totales 

(el º Brix) y la acidez valorable (el % de ácido cítrico), que tiene una fuerte influencia en el 

sabor de los cítricos. La relación entre ellos se ha utilizado durante décadas en las industrias 

de cítricos para la estimación de la maduración [36]. Además de en el sabor, la aceptación 

por el consumidor se ha basado en la apariencia física, como el color del fruto, 

estrechamente relacionado con los cambios en la composición de carotenoides, que juegan 

un papel clave en el aspecto del fruto [38–40]. Otro factor que se ha venido teniendo en 

cuenta es el aroma del cítrico, relacionado con la composición de la fracción volátil; pero 

los cambios de estos compuestos durante el crecimiento del fruto habían sido escasamente 

estudiados. Menor atención incluso se había prestado a los cambios de otras clases de 

compuestos, tales como fenoles o aminoácidos, sin clara influencia en la aceptación por los 

consumidores.  

Por la situación descrita y en un intento de proporcionar una información amplia 

sobre los cambios en la composición del limón persa (Citrus latifolia) durante su 

crecimiento, la Sección C de esta Memoria abarca una serie de estudios realizados 

utilizando muestras obtenidas de un extenso y riguroso muestreo desde la semana 1, en el 

nacimiento del fruto, hasta la semana 14, que corresponde a la madurez comercial. Los 

compuestos polares de estas muestras se analizaron mediante las plataformas LC–QTOF 

MS/MS, LC–QqQ MS/MS y GC–MS (en este último caso después de derivatización por 

sililación). Además, se obtuvo el perfil de volátiles tras la preparación de la muestra 

mediante HS–SPME.  
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Los resultados de los análisis dirigido y global proporcionaron información del 

comportamiento de un total de 165 metabolitos durante las etapas de crecimiento 

estudiadas, que constituye hasta ahora la información más completa sobre los cambios de 

la composición del limón persa. 

El interés por conseguir cada vez más información sobre el objeto de estudio a partir 

de los datos proporcionados por la instrumentación analítica ha llevado al desarrollo de 

una pléyade de herramientas quimiométricas para la explotación óptima de la información 

analítica que ofrecen los actuales multidetectores. El binomio multidetectores–

quimiometría es la clave del análisis metabolómico. Todos los estudios contenidos en esta 

Memoria de Tesis estuvieron asistidos por un apropiado pretratamiento de los datos y por 

análisis multivariante. Se requirieron plataformas analíticas múltiples y diferentes 

estrategias para el tratamiento de los datos. Una breve descripción de las estrategias 

quimiométricas es la siguiente: 

Los datos proporcionados por la plataforma analítica (datos brutos) pueden 

someterse una etapa preliminar de tratamiento para obtener matrices limpias, aptas para 

el análisis estadístico. En general, los datos brutos se filtran en función de su abundancia y 

las señales que quedan fuera de la distribución gaussiana se eliminan. La matriz de datos 

limpia se normaliza, se transforma y se escala para asegurar que todas las variables tengan 

el mismo peso en el análisis estadístico, independientemente de su abundancia [46]. Las 

series de datos de la estrategia dirigida son simples y requieren menos preparación para 

obtener la serie de datos limpios —generalmente es suficiente con la normalización 

mediante un estándar interno. Por el contrario, la metabolómica global pretende la medida 

simultánea en una muestra biológica de tantos metabolitos como sea posible. En la mayor 

parte de los casos, las entidades moleculares (después del pretratamiento de los datos 

brutos) proporcionadas por el detector de masas son desconocidas en estos estudios y 

requieren una etapa de identificación para obtener información intrínseca de las muestras 

[47]. El análisis global metabolómico puede centrarse solo en los metabolitos identificados, 

pero en la mayor parte de los casos la serie de datos está constituida por una combinación 

de metabolitos identificados y entidades moleculares desconocidas. Éste ha sido el tipo de 

análisis más utilizado en la caracterización de muestras de cítricos. Entre los estudios 

publicados hasta ahora, pocos han utilizado análisis multivariante para la interpretación 

de los resultados, de los cuales la mayor parte no menciona el tratamiento realizado con los 

datos brutos o incluye una muy breve discusión de este aspecto. 
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En nuestros estudios los pretratamientos se han descrito detalladamente y se han 

usado según las características de cada tipo de análisis. Las aproximaciones 

quimiométricas usadas para evaluar los cambios en la composición química del limón persa 

durante su crecimiento incluyeron PCA para análisis globales mediante las plataformas 

LC–QTOF MS/MS y GC–MS y PLS-DA para análisis dirigido mediante LC–QqQ MS/MS. 

En todos los casos, las matrices de datos limpios se normalizaron mediante estándares 

internos y, de acuerdo con el tipo de análisis, se aplicaron diferentes estrategias para obviar 

los sesgos en los resultados finales. Por esta razón, en los análisis mediante LC–QTOF 

MS/MS (Capítulos del V al IX) y mediante LC–QqQ MS/MS (Capítulo X) se utilizó una 

transformación del tipo Log2 para los datos proporcionados. Por el contrario, en el caso del 

análisis de los extractos mediante GC–MS y en el de las muestras sólidas mediante GC–MS 

después de la etapa HS–SPME (Capítulo XI), la combinación de las dos matrices de datos 

obtenidas por los dos métodos (incluso con diferente plataforma analítica) para obtener 

una matriz de datos global requirió transformación de los datos para combinar señales con 

diferente probabilidad de distribución. Con este propósito, se aplicó una transformada Z 

para corregir una posible heteroscedasticidad causada por el uso de diferentes plataformas 

analíticas y para hacer su distribución más simétrica [48]. En todos los casos las matrices 

transformadas se escalaron mediante un método de autoescalado (media centrada dividida 

por la desviación estándar de cada variable) para asegurar que todos los compuestos se 

trataban de la misma forma, independientemente de la intensidad de su señal. 

Los análisis globales mediante PCA mostraron una discriminación clara entre 

muestras pertenecientes a diferentes estados de maduración, que fue principalmente 

debida a cambios en la composición de fenoles, aminoácidos, azúcares, ácidos carboxílicos 

y volátiles. De forma similar, el PLS usado en análisis dirigido a los principales fenoles del 

limón persa demostró que los cambios de estos compuestos durante la maduración del 

fruto pueden ser una herramienta útil para la clasificación de las muestras 

correspondientes a diferentes semanas de crecimiento. El análisis multivariante aplicado 

en estos estudios demostró ser un arma poderosa para revelar la diferencia/similaridad 

entre muestras utilizando grandes matrices de datos (análisis mediante LC–QTOF MS/MS, 

96 muestras×423 variables; análisis combinados GC–MS, 42×107; y análisis mediante LC–

QqQ MS/MS, 26×96), difíciles de analizar por otros métodos estadísticos. 

Se estudió además el comportamiento individual de los 165 metabolitos identificados 

durante el crecimiento del limón persa utilizando el test ANOVA, y la significancia de los 
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cambios se evaluó mediante tests de rango múltiple (Tukey HSD), lo que representa la 

información más amplia obtenida hasta la fecha sobre el comportamiento del mayor 

número de metabolitos de cítricos abarcado durante el crecimiento del fruto. 

Teniendo en cuenta el proceso de identificación que se discute en la Sección B de esta 

Memoria, se identificaron tentativamente 143 metabolitos en los extractos polares (72 

mediante LC–QTOF MS/MS y 70 mediante GC–MS) y 37 volátiles utilizando GC–MS 

después de la preparación de la muestra por HS–SPME. Metabolitos tales como glucosa, 

fructosa y los ácidos cítrico y málico se identificaron mediante LC–MS o GC–MS, mientras 

los lípidos y los alcoholes de azúcares se identificaron solo mediante GC–MS. El estudio 

completo pone de manifiesto la importancia de utilizar plataformas analíticas múltiples 

para aumentar la información sobre una muestra dada. En resumen, después de eliminar 

los duplicados proporcionados por los diferentes métodos analíticos se identificó un total 

de 165 metabolitos (28 flavonoides, 7 ácidos fenólicos, 7 cumarinas, 22 ácidos carboxílicos, 

18 azúcares, 19 aminoácidos, 37 volátiles, 5 lípidos, 6 alcoholes de azúcares y 16 compuestos 

pertenecientes a otras clases) considerando las muestras obtenidas de todas las etapas de 

maduración. La discusión sobre el comportamiento de estos compuestos aparece detallada 

en los Capítulos IX y XI [50-51]. Además, la presencia de 20 flavonoides, 4 ácidos fenólicos 

y los aminoácidos fenilalanina y tirosina se confirmó por LC–QqQ MS/MS utilizando 

estándares analíticos [52].  

Cambios en la composición de los compuestos fenólicos en limón persa durante el 

crecimiento del fruto 

 Los flavonoides, los ácidos fenólicos y las cumarinas son los compuestos fenólicos 

más abundantes en limón persa. Nuestros estudios pusieron de manifiesto que los métodos 

de análisis más apropiados para estas clases de compuestos son los que utilizan LC para su 

separación, con detección por de espectrometría de absorción molecular o, muy 

preferiblemente, de masas [50]. Como ejemplo, el análisis mediante LC–QTOF MS/MS 

permitió la identificación de 36 compuestos fenólicos (28 flavonoides, 5 ácidos fenólicos y 

3 cumarinas), mientras que por GC–MS se identificaron solo 9 fenoles (6 cumarinas y 3 

ácidos fenólicos). La diferencia entre los resultados que proporcionan las dos plataformas 

analíticas puede adscribirse a la baja volatilidad de los flavonoides, incluso como productos 

de la sililación. Además, los métodos que implican separación mediante LC pueden 
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utilizarse para el análisis directo de los extractos polares, mientras que los basados en GC 

requieren una etapa de derivatización previa a la inyección en la plataforma analítica. 

 Los cambios en la composición de los compuestos fenólicos durante la maduración 

del limón persa se evaluaron mediante análisis global y dirigido utilizando detectores QTOF 

MS/MS y QqQ MS/MS, respectivamente. Los resultados de estos estudios mostraron que 

las flavononas son la subclase de flavonoides más abundante, seguida de flavonas y 

flavanoles. Con relación a las primeras, la hesperidina, la neoeriocitrina y la naringina 

fueron las más abundantes, mientras que en el caso de las flavonas lo fueron la diosmina, 

la rhoifolina y la vitexina. En general las dos subclases (flavanonas y flavonas) alcanzaron 

su máxima concentración en la semana 12. Por el contrario, los flavanoles exhibieron su 

máximo durante las primeras 5 semanas, siendo los derivados de la quercitina y de la 

limocitrina los más abundantes. De forma similar, los ácidos fenólicos mostraron su 

máximo durante las etapas tempranas y la concentración decreció de forma significativa 

después de la semana 7 (hacia la mitad del proceso de crecimiento). Respecto a las 

cumarinas, el citropteno (la metoxicumarina) fue la más abundante, con un máximo en su 

concentración en la semana 12; seguido por la bergamotina (la furanocumarina), que fue 

más abundante durante las primeras 5 semanas. Finalmente, también se evaluaron los 

cambios en la concentración de sus precursores biosintéticos: la fenilalanina y la tirosina. 

Teniendo en cuenta el enorme interés en estas clases de compuestos como aditivos 

o nutracéuticos, es de destacar que el contenido en agua de los limones en la semana 12 es 

entre el 10 y el 15% más bajo que en la semana 14; lo que desde el punto de vista industrial 

de la extracción de flavonoides y cumarinas es un aspecto a tener muy en cuenta. 

Considerando que el secado de las muestras incrementa la transferencia de masa durante 

el proceso de extracción con un aumento significativo en la concentración de los 

metabolitos extraídos [53], queda claro que se requiere menos energía para la 

deshidratación del fruto en la semana 12, sin disminución apreciable del rendimiento de la 

extracción. 

Cambios en la composición de los azúcares y los ácidos carboxílicos en el limón persa 

durante el crecimiento del fruto 

Los cambios en la composición de los azúcares y los ácidos carboxílicos se evaluaron 

mediante GC–MS y LC–QTOF MS/MS. El análisis mediante GC–MS de los extractos 

polares tras la etapa de derivatización posibilitó la identificación de 15 azúcares y 18 ácidos 
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carboxílicos; mientras que por LC–QTOF MS/MS se identificaron solo 6 azúcares y 9 ácidos 

carboxílicos. Una vez eliminada la duplicidad, se estudió el comportamiento de los 18 

azúcares y 22 ácidos carboxílicos resultantes. La diferencia en el número de compuestos 

identificados mediante las dos plataformas analíticas puede deberse a la menor 

información analítica que proporciona la base de datos de espectros de MS/MS cuando se 

compara con la de su homóloga de MS. No obstante, el comportamiento de los más 

importantes, tanto azúcares (es decir, glucosa, fructosa y sucrosa) como  ácidos carboxílicos 

(es decir, los ácidos cítrico, málico y ascórbico) fue muy similar en las dos plataformas. 

Los resultados de estos estudios revelaron que la concentración de los ácidos cítrico 

y málico se incrementó gradualmente durante la maduración, alcanzando el máximo en la 

semana 14 (maduración comercial). El ácido ascórbico también aumentó su concentración, 

que alcanzó su máximo en la semana 12, decreciendo después de forma significativa; 

comportamiento que sugiere que la madurez comercial no es la óptima en términos de 

concentración de vitamina C.  

En cuanto a los azúcares, los monosacáridos alcanzaron su máxima concentración 

en la semana 7, a partir de la cual experimentaron una ligera disminución durante el resto 

de la maduración. La disminución, principalmente de fructosa y glucosa, coincidió con un 

aumento rápido de la concentración de sucrosa, que alcanzó su máximo en la semana 12. 

Este comportamiento sugiere que en el entorno de la semana 7 se activa un mecanismo que 

promueve la producción de sucrosa por dimerización de glucosa y fructosa.   

Cambios en la composición de los aminoácidos en el limón persa durante el crecimiento 

del fruto 

 Los aminoácidos se pueden analizar tanto por GC–MS como por LC–MS [17]. 

Mediante estas plataformas analíticas se logró la identificación de 11 y 14 aminoácidos, 

respectivamente, presentes en limón persa (un total de 18 aminoácidos después de eliminar 

los duplicados). Los derivados de la prolina fueron los aminoácidos más abundantes que se 

identificaron en nuestros estudios, representando en torno al 45% del total de los 

aminoácidos identificados. Teniendo en cuenta que la prolina tiene un papel funcional 

como osmoprotectora y crioprotectora [18], parece lógico que la concentración de sus 

derivados permanezca casi constante durante el crecimiento del fruto. Con respecto a los 

aminoácidos esenciales identificados, valina, tirosina y fenilalanina representaron 

alrededor del 20% del total de aminoácidos en todos los estados de maduración. La 
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concentración relativa de valina no cambió apreciablemente durante el desarrollo del fruto, 

mientras que las de tirosina y fenilalanina tuvieron un comportamiento sinuoso, 

relacionado con la síntesis de compuestos fenólicos, como se ha discutido anteriormente. 

Un comportamiento sinuoso semejante fue el de la alanina y la asparagina; mientras que el 

ácido aspártico mostró un aumento gradual durante la maduración. Finalmente, la 

abundancia de serina, que representa entre el 6 y el 10% del total de aminoácidos en todas 

las etapas de la maduración, no cambió de forma significativa durante el crecimiento. 

Cambios en la composición de compuestos volátiles en el limón persa durante el 

crecimiento del fruto 

Los cambios de la concentración de volátiles en el limón persa se evaluaron por GC–

MS después de la preparación de la muestra mediante HS–SPME. Un total de 36 volátiles 

(17 monoterpenos; 11 sesquiterpenos; 4 alcoholes y otros 4 volátiles) se identificaron en las 

muestras de las diferentes etapas de maduración. Los resultados del estudio muestran que, 

en general, la concentración de monoterpenos aumentó con el crecimiento del fruto, 

alcanzando el máximo al final del proceso de maduración: d-limoneno, γ-terpineno, and β-

pineno fueron los más abundantes en la semana 1; los monoterpenos representaron el 86% 

del total de volátiles; mientras que en la semana 14 representaron el 94%. Por el contrario, 

los sesquiterpenos mostraron su máxima concentración durante las primeras 3 semanas 

(11.5% del total de volátiles); decreciendo gradualmente a lo largo del resto del proceso de 

maduración hasta un 2.8% del total de volátiles en la semana 14. β-Bisaboleno, cariofileno 

y α-bergamoteno fueron los más concentrados, independientemente de la etapa del 

crecimiento. Si se considera la biosíntesis de los terpenoides, el comportamiento detectado 

se puede atribuir a la simplicidad de este proceso, ya que están constituidos por 2 moléculas 

de pirofosfato de isopentenilo (IPP), mientras que los sesquiterpenos requieren 3 

moléculas. 

Los compuestos volátiles de los cítricos han sido siempre apreciados por su aroma 

refrescante y sus propiedades antibacterianas y repelentes de insectos. Recientemente se 

han realizado estudios para embeber esta clase de compuestos en micro y en nanopartículas 

para su uso en alimentos procesados o para el desarrollo de nuevas tecnologías de envasado 

[55]. El presente estudio sobre los cambios en la composición de compuestos volátiles 

puede ser de utilidad para identificar la semana del proceso que proporciona la mayor 

cantidad de un determinado volátil o la mejor composición global de un aceite esencial. 
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Cambios en la composición de ácidos grasos y alcoholes de azúcares en el limón persa 

durante el crecimiento del fruto. 

La presencia de ácidos grasos y de alcoholes de azúcares en el limón persa se detectó 

mediante GC–MS tras la derivatización de los extractos. Seis ácidos grasos se identificaron 

tentativamente en este estudio y, en general, su máxima concentración se alcanzó en las 

semanas 9 y 12, siendo los ácidos palmítico, esteárico y mirístico los más abundantes, 

seguidos del n-pentadecanoico, linoleico y oleico. Respecto a los alcoholes de azúcares, el 

manitol, L-treitol y el mio-inositol fueron los más abundantes. En general la concentración 

de estos alcoholes se incrementó a lo largo del crecimiento del fruto, alcanzando su máximo 

en las semanas 9 y 12 y decreciendo de forma significativa hasta la semana 14. Esta clase de 

compuestos juega un papel clave en la respuesta de las plantas a los ataques por patógenos 

[56] e incrementan su tolerancia a la sal y al estrés osmótico [57]. El comportamiento de 

estos metabolitos —con un incremento gradual a lo largo de las semanas de crecimiento— 

sugiere que los frutos no se afectaron por patógenos durante el desarrollo del fruto. 

Cambios en la composición de compuestos pertenecientes a otras clases durante el 

crecimiento del limón persa 

 Además de los metabolitos discutidos anteriormente, se identificaron en limón 

mediante las plataformas analíticas LC–QTOF MS/MS y GC–MS un total de 16 compuestos 

(incluyendo aminas, nucleósidos y vitaminas del complejo B y sus metabolitos). La colina 

(un nutriente esencial implicado en la biosíntesis de fosfolípidos, lipoproteínas y del 

neurotransmisor acetilcolina [58]) fue una de las aminas más abundantes, con una 

concentración constante durante el crecimiento del fruto. Nucleósidos tales como la 

citidina, la adenosina y la guanosina incrementaron su concentración de forma gradual 

hasta alcanzar un máximo entre las semanas 5 y 7, sin cambios significativos durante las 

restantes semanas. La concentración de ácido pantonénico (vitamina B5) disminuyó de 

forma significativa en las semanas 3 y 5 y no mostró diferencias significativas en los 

muestreos realizados en otras semanas. Finalmente, el glicerol —un crioprotector y 

estimulante de la embriogénesis por su influencia en el metabolismo de los carbohidratos 

y los reajustes citoesqueléticos [60]— dobló su concentración de la semana 1 a la 3 y 

decreció entre las semanas 7 y 9. A partir de la última se mantuvo constante a una 

concentración 10 veces más baja que la máxima, correspondiente a la semana 3. 
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Las diferentes plataformas analíticas utilizadas en el estudio de los cambios de la 

composición química del limón persa durante su maduración demostraron su capacidad 

para el análisis metabolómico, tanto global como dirigido, en la clasificación y la selección 

de los estados de maduración. Además, la información sobre los cambios de los 165 

metabolitos tentativamente identificados (26 de ellos confirmados mediante estándares 

analíticos) durante el crecimiento del fruto, y la(s) semana(s) a la(s) que se consigue la 

máxima concentración de cada uno de ellos, abre un abanico de posibilidades a este fruto 

como una fuente de subproductos para una amplia explotación de este tipo de cosecha, 

especialmente en años de sobreproducción.  
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The present rules in the University of Córdoba concerning the model of Thesis-Book 

in the format in which the articles as such (either published or close to be published) are in 

the book, make mandatory to include a joint discussion of the obtained results.    

 The research in this Thesis-Book based on the metabolomics of citrus has been 

divided into three sections as a function of the pursued objectives. Thus, Section A, 

constituted by Chapters I-to-IV, is a critical review and discussion on the state-of-art of the 

citrus studies, with special emphasis on: (i) sample pretreatments, (ii) extraction protocols, 

(iii) types of analyses and, (iv) potential uses and applications of citrus as a source of natural 

bioactive compounds. Also, a large discussion on the benefits for human health that could 

be induced by some metabolites such as flavonoids and coumarins is a part of this section.  

The experimental research that constitutes Sections B and C deals with the use of 

metabolomics either to evaluate the effect of the process variables in the extraction of citrus 

components by untargeted analysis or to analyze the changes in the composition of citrus 

during maturation by both targeted and untargeted analyses. Thus, Section B 

encompasses the research on the effect of both sample pretreatments (lyophilization and 

air-dried) and extraction methods based on auxiliary energies such as ultrasound, 

microwaves and superheated liquids (US, MW and SHL, respectively) on the extraction of 

citrus components (Chapters V-to-VII). Additionally, Chapter VIII describes the key 

aspects on identification of metabolites using MS/MS information obtained by LC–QTOF. 

This chapter also provides the clues to interpret the different data from neutral mass losses, 

common fragments, parent ions, and possible adducts, thus to solve the puzzle. Section C 

is devoted to the research on the changes in the composition of Persian limes during fruit 

maturation (Chapters IX-to-XI) based on both untargeted analyses by LC–QTOF MS/MS, 

GC–MS after silylation and GC–MS after HS–SPME, and targeted analyses by LC–QqQ 

MS/MS. These studies revealed the behavior of 165 tentatively identified metabolites (26 

of them confirmed by analytical standards). In addition, the multivariate chemometric 

treatments employed —PCA for untargeted analysis and PLS-DA for targeted analysis— 

showed a clear discrimination among samples from different maturation stages, based on 

either global metabolomic profiles or on single classes such as flavonoids or volatiles. 
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Section A. Critical bibliographical studies 

During the development of this PhD Thesis, bibliographical studies were a 

continuous and key task to focus the research on the current needs of the given area. The 

basis to both upgrade the typical analysis used in vegetal studies to those based on 

metabolomics, and improve some features on the research of natural products was thus 

established.  

Chapter I of this Thesis-Book is devoted to critical reviewing the overall or partial 

uses of citrus residues and their potential applications as a source of bioactive compounds. 

The composition of the main high-added value metabolites present in citrus and their 

possible uses are also discussed. As described in this chapter, the citrus peel is the main 

residue, mostly generated in the citrus juice industry usually coupled to a factory devoted 

to obtaining the essential oils present in this waste, and the residue is commonly used as 

natural feed additive for animals [1]. The traditional way to extract these volatiles is either 

hydrodistillation or cold-pressing of citrus peels, being d-limonene the most abundant 

compound irrespective of the citrus variety [2]. For decades, citrus essential oils have been 

very appreciated for food (as flavor agents), sanitary (as antioxidant and germicide agents), 

pharmaceutical (to mask the unpleasant taste of drugs), agricultural and cosmetic 

industries, thanks to their strong and pleasant odor, and their antimicrobial and insect 

repellent properties [3,4]. Despite the importance of citrus essential oils, the bibliographic 

review shows that only a few studies on them have been focused on their changes during 

fruit maturation. For this reason, the study of the changes of volatile compounds during 

Persian lime maturation (from week 1, after fruit onset, to week 14, when the commercial 

maturity is reached) was the matter of Chapter IX of this Thesis-Book.   

In the last two decades, many studies on the uses and properties of phenols from 

citrus, especially flavonoids, have been developed because the consumption of them has 

been associated to their antioxidant and anti-inflammatory activity and to lowering the risk 

for different types of cancer and cardiovascular diseases [5,6]. Their characteristics have 

promoted a wide number of studies on the extraction of these classes of compounds; 

however, discrepancies among researchers is a very frequent issue. In an attempt to explain 

the similarities/discrepancies among different research groups and fill the gaps in citrus 

studies, a critical review on the main aspects involved in the comprehensive exploitation of 

citrus fruits was developed. This research item, included in Chapter II of this Thesis-Book, 



 

Discussion of the results 

 

433 

revealed the differences in: (i) types of samples; (ii) sample pretreatments; (iii) extraction 

methods; and (iv) analytical equipment used in these studies. In addition, the lack of proper 

optimization of the extraction step, or optimization based on a single response were 

commonly found in this bibliographic search.  

The types of samples used in the studies, as found in the bibliography, can be divided 

into edible (juice and pulp) and non-edible (peel and seeds) parts; being the latter the most 

used because their similarity to the residues of the citrus industry. Despite sampling is a 

critical step in the analytical process [7], very few studies report the criteria for sample 

selection. In most cases, the citrus fruits were purchased in local markets and the samples 

were obtained by simulating an industrial process. The lack of sampling plan leads to 

results which could provide final information useful to consumers, but the biased results 

actually prevent from generalizing the results [8,9]. Only few studies report the use of 

experimental fields where the growing conditions of fruit trees were controlled and the 

required information (e.g., sampling dates, geographic location of crop fields, ripening 

stage or climatic conditions) was provided [10,11].  

Once the samples were selected/obtained, their conditioning usually begins by a 

dehydration step that reduces the undesirable enzymatic reactions and facilitates sample 

handling. For this purpose, the most used methods in citrus studies have been both 

lyophilization (in which the sample is subjected to low temperature ─which protects 

thermolabile compounds from degradation─ and high vacuum ─which protects the 

sample from oxidation), and air-drying, which is cheaper but can lead to degradation of 

thermolabile metabolites and/or induce oxidation of some of them. A consensus on the 

superiority of lyophilization over dehydration to obtain bioactive compounds seems to 

exist; however, as shown in Chapters VI and VII of this Thesis-Book, this assumption is not 

always true. Additionally, the results presented in these chapters reveal that sample 

dehydration (either by lyophilization or air-drying) increases mass transfer in the 

subsequent extraction step, thus providing extracts more concentrated than those obtained 

from fresh samples.  

Considering that the majority of the residues from citrus are solids, the most used 

extraction methods are based on solid–liquid extraction (more properly known as leaching 

or lixiviation), such as shaking extraction (SE), Soxhlet extraction, US-assisted extraction 

(USAE), and MW-assisted extraction (MAE). Supercritical fluid extraction (SFE) or 

superheated liquid extraction (SHLE) have been less used for this purpose [12]. The 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

 

434 
 

extraction step is of paramount importance in the context of the analytical process; 

therefore, the extractant and extraction technique must be carefully chosen to obtain 

unbiased and optimum results. The bibliography shows the discrepancies on the extraction 

methods among research groups around the world when auxiliary energies were used for 

improving the step. Most of the discrepancies could be owing to either the lack of previous 

optimization or optimization based on a global response. The old optimization studies were 

always developed by univariate protocols, in which each variable is individually studied, 

without taking into account its interactions with other variables [13]. Presently, both 

univariate studies and multivariate experimental designs are used to optimize the 

extraction, but based on either a single response such as total phenols by the Folin–

Ciocalteu method [14] or on a single compound isolated by liquid chromatography [15]. 

Additionally, it should be noted that most methods for extraction of citrus components are 

focused on phenolic compounds. Nevertheless, a general consensus exists at present on the 

superiority of extraction methods assisted by some type of energy over maceration, Soxhlet 

or SE, to obtain components from natural raw materials.  

In an attempt to improve the knowledge on the optimization of extraction methods 

based on auxiliary energies, Chapter V of this Thesis-Book was devoted to optimizing 

USAE, MAE and SHLE by surface response methodology and desirability function 

approach, which allows the simultaneous optimization of multiple responses. In our study, 

an experimental design by Box-Behnken, based on their characteristic variables, was 

created for each method. Optimization of the global extraction was based on the 10 most 

intense peaks in the LC–DAD chromatogram. Also, selective optimizations for the 

extraction of either flavonoids, carboxylic acids or phenols (phenolic acids and flavonoids) 

were developed. Once the optimum values were obtained, comparison among extraction 

methods for global extraction was carried out by untargeted analysis based on the LC–

QTOF MS/MS platform. Additionally, the study in Chapter VII was devoted to the 

comparison of the developed methods, but now based on the suited conditions to maximize 

the concentration of flavonoids in the extracts. These studies constitute a new vision on the 

extraction of components from natural sources. 

As mentioned above, the bibliographical studies were a constant during the 

development of the Thesis. Once the research in Section B of these Thesis-Book was 

concluded, new bibliographic searches on both the relevance and analysis of citrus 

flavonoids, and the citrus coumarins and their healthy properties were developed and 
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included in Section A as Chapters III and IV, respectively. In these chapters, the main 

aspects involved in the analysis (experimental designs for optimization, sample 

pretreatment, extraction, and different types of instrumental analysis) are discussed, 

including discussion of our own findings, and a wide discussion on the healthy properties 

of the target compounds.   

 

Section B. Sample preparation and characterization of lemon  

The bibliographic studies carried out during the development of this Thesis revealed 

discrepancies among the results obtained by different research groups on the effect of both 

sample pretreatment and the extraction methods based on auxiliary energies to obtain 

bioactive compounds from citrus. In addition, some aspects involved in extraction assisted 

by given energies, such as the combined effect of the main factors (e.g., power, time, 

extractant mixture) had not been studied in depth. As expected, some of the discrepancies 

can be ascribed to differences among extraction devices. However, most of them could be 

owing to the lack of proper optimization prior to apply the extraction protocol. Commonly, 

researchers adopt extraction methods developed by other groups, even when their 

extraction devices differ from those used in the study taken as a model. Nevertheless, a 

consensus exists on the advantages (shortening of the extraction time, less energy 

consumption, possible use of eco-friendly solvents, etc.) of using auxiliary energies to 

facilitate extraction of  components from natural sources, as compared to conventional 

methods such as maceration or SE. The most used methods based on auxiliary energies in 

citrus studies are USAE and MAE, which have proved to provide better results than other 

such as SFE or SHLE.  

To improve the knowledge on the use of USAE, MAE or SHLE, evaluation of the 

effect of the main variables of these techniques on the extraction of citrus components was 

the subject of the research in Chapter V. In all instances both the composition of the 

extractant (% of ethanol in water) and extraction time were studied. In addition, variables 

such as duty cycle and amplitude in USAE, power in MAE, and  temperature–pressure in 

SHLE were studied using Box-Behnken multivariate experimental designs in duplicate. 

The results of these experiments allowed finding out the suited conditions to maximize 

either, the concentration of a single metabolite by surface response methodology,  or the 

height of the 10 most intense peaks —corresponding to sucrose, 2 carboxylic acids, 2 
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phenolic acids and 5 flavonoids, distributed along the LC—DAD chromatogram— by a 

desirability function approach. It is work to noting, that the versatility of the 

multifactorial/multiresponse optimization allows, under the studied conditions, 

maximizing the concentration of the target metabolites and minimizing the concentration 

of undesirable components simultaneously. This type of optimization improves the 

selectivity of the extraction methods as a result.   

Most of the authors working in USAE to obtain bioactive compounds from citrus 

fruits  implement this sample preparation step by an ultrasonic cleaning bath, omnipresent 

in analytical laboratories. However, this device poses undesirable characteristics (viz., 

decline of power with time, lack of uniformity in the transmission of US, no adjustable 

power and difficulty to maintain the temperature in the bath) that lead, most times, to low 

reproducible results [16,17]. On the contrary, ultrasonic probes work in a reproducible 

manner and allow manipulation as required of parameters such as duty cycle, amplitude or 

power [18]. US energy produces a breaking of the cell wall that increases the diffusion of 

the extractant through the cell matrix and facilitates the transfer of the metabolites from 

the solid to the liquid phase [19]. Caution is required as high US-power (frequency between 

20 and 60 kHz) can lead to degradation of bioactive compounds [20]. Therefore, 

optimization is a key requisite to ensure the suitability of USAE by checking the absence of 

degradation during the extraction step. Nevertheless, checking no degradation effects of 

US is ignored or studied but not in depth in most cases. In fact, most studies optimized 

USAE of citrus components by either, monitoring the individual effect of the main factors 

involved in USAE using univariate models [13] or the combined effect of these factors, but 

using a single variable as response (e.g., global quantitation of a specific family such as total 

phenols by the Folin–Ciocalteu method) [14,15]. 

Concerning the USAE study developed by the PhD student, an ANOVA test revealed 

that all factors (extractant composition, extraction time, duty cycle and amplitude) are 

significant in the extraction of citrus components, and their interactions are responsible for 

the final results. As an example, the suited conditions to extract carboxylic acids involve 

longer extraction time (20 min), but shorter duty cycle (0.1 s/s), lower amplitude (10%) 

and concentration of ethanol in the extractant (40% in water) than for phenols (5.1 min, 

0.8 s/s, 70% amplitude, and 59% ethanol in water, respectively). The analyses by a 

desirability function approach revealed that the suited conditions to maximize the peak 

intensity of all 10 compounds used for monitoring the study were: extraction time 5 min, 
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% of ethanol in water 53%, amplitude 70%, and duty cycle, 0.9 s/s. These values were used 

to compare the effect of auxiliary energies on the global extraction (Chapter V); while for 

flavonoids the optimum conditions were: 5 min extraction, 60% ethanol; 70% amplitude, 

and 0.8 s/s duty cycle; conditions that were adopted to compare the effect of auxiliary 

energies on the extraction of these compounds (Chapter VII). Our results obtained under 

the suited conditions for the extraction of flavonoids subclass are in agreement with those 

reported by Khan, et al. (2010), for the extraction of naringin and hesperidin from oranges, 

using an ultrasonic probe [15].  

Concerning previous studies on MAE–citrus, the obtained extracts were more 

concentrated in phenolic compounds [21] and essential oils [22] than those provided by 

conventional methods. Also MAE was better in terms of energy saving and extraction time. 

MW penetrate the sample and heat instantaneously individual polar components in the 

matrix, thus achieving extractions much faster than traditional heating methods that 

depend on the thermal conductivity of the sample [23]. Nevertheless, MW irradiation can 

lead to degradation of thermolabile metabolites and also modify the chemical structures of 

some compounds like carotenoids [18].  

Similarly to the use of USAE, most studies on the effect of MAE on citrus metabolites 

have been focused on optimizing the conditions for either maximizing phenols 

concentration (either total concentration or that of a few of them) or increasing the 

antioxidant activity of the extracts [21,24]. However, these studies did not include the 

interaction of the responses (e.g., the conditions to maximize simultaneously total phenols 

and antioxidant activity). For this reason, Chapter V of this Thesis-Book describes the study 

to find out the suited conditions for extraction of either global metabolites, phenols or 

carboxylic acids by MAE, following the multiobjective optimization approach described 

above. The ANOVA test revealed that all studied factors (% of ethanol in water, extraction 

time and MW power) were significant. Similarly to the effects observed by USAE, the suited 

extraction of carboxylic acids required both less content of organic extractant (39% of 

ethanol in water) and MW power (20 W) but longer extraction time (20 min) than 

flavonoids (69% of ethanol in water, 170 W and 12 min). Also, the suited conditions to 

simultaneously maximize the  concentration of the 10 selected metabolites were: 64% of 

ethanol in water and 178 W, for 10.8 min. Once the suited conditions for MAE were 

established, new extracts under these conditions were obtained to compare the effect of 
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auxiliary energies on the extraction of both global citrus components (Chapter V) and 

flavonoids (Chapter VII).     

Finally, the suited conditions for extraction of citrus components based on SHLE 

were investigated involving the extraction time, temperature and composition of the 

extractant as experimental factors. The ANOVA test revealed that all factors are significant 

and once again, the results indicate a higher stability of phenolic compounds than 

carboxylic acids. It is worth noting that, despite the obtained results, SHLE is not the best 

way to extract compounds from citrus as the combination of high temperature and pressure 

produces a gelling effect, maybe owing to pectin, which is extracted by hot water [25]. For 

this reason, experiments using more than 15 min of extraction time and 60% of water in 

the extractant mixture could not be studied. Nevertheless, the results in this case were in 

agreement with those obtained by both USAE and MAE: carboxylic acids required both less 

percent of ethanol and less energy than flavonoids. However, considering the gelling-effect, 

the results were obtained using the same extraction time for all experiments carried out by 

a full factorial 23 design. The suited conditions for global extraction of phenols were 71% of 

ethanol in water, 135 °C and 15 min; while for the extraction of flavonoids, 73% of ethanol 

in water, 150°C and 15 min were required.  

Among the inconsistencies found in the literature, it is remarkable that, in most 

cases, studies devoted to comparisons among extraction methods based on auxiliary 

energies were developed without a proper optimization step of each method prior to 

analysis. These comparisons, obviously, led to biased results in favor of the method whose 

conditions are closer to the optimum. To overcome this gap, in our studies on comparison 

of the extraction methods, the first step was to find out the suited conditions for each 

method (discussed above); then, extracts were obtained in triplicate under the conditions 

optimized by USAE, MAE and SHLE to analyze the differences among them based on 

untargeted metabolomics by LC—QTOF MS/MS. Concerning global extraction of polar 

compounds (Chapter V),  once the raw data provided by the mass detector were treated, 

the resultant data set formed by 332 molecular entities was used in the multivariate 

statistical analysis. The ANOVA test revealed that 232 out of 332 molecular entities were 

significant, and also the pairwise mean comparison (Tukey HSD) revealed that the most 

similar extracts were provided by USAE—MAE, with 50 out of 332 molecular entities 

significantly differencing them. On the contrary, SHLE was clearly the method that 

provided more different extracts, as shown by the 210 entities significantly different from 
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MAE and showing the highest difference with USAE with 224 entities significantly 

different. SE was used as the reference method, regarding USAE and MAE: SE requires 

more time to reach the equilibrium of the extraction and also provides a lower extracts 

concentration of the studied metabolites; however, as compared with SHLE, SE is more 

suitable for the extraction of polar components from citrus. Additionally, an unsupervised 

analysis by PCA was applied to compare the composition of the extracts provided by the 

different methods. The results of the analysis revealed a clear discrimination among 

extracts. The scores plot, which explained 78.51% of the total variability (PC1 64.4% and 

PC2 14.11%), showed that the SHLE extracts are totally separated from the rest, and USAE 

and MAE show a partial overlapping. These results confirm those obtained by ANOVA. The 

identification of the most intense chromatographic peaks revealed that flavonoids, phenolic 

acids, carboxylic acids and sugars were more concentrated in extracts obtained by USAE 

and MAE, and the main responsible for discrimination among extracts. The lowest 

abundance of metabolites in the extracts obtained by SHLE can be owing to either the 

interference of pectin or its degradation by high temperature; irrespective of this, SHLE 

showed to be unfavorable to extract metabolites from citrus. This study is the first that 

evaluates the effect of the different auxiliary energies based on untargeted analysis.  

Since the nineties of the twenty century, flavonoids started to reach importance 

thanks to their potential uses as nutraceuticals and food additives. Citrus fruits are rich in 

flavonoids, thus promoting a large number of studies on their extraction from them. USAE 

and MAE have been the most used auxiliary energies to facilitate removal; however, a scant 

number of studies on the comparison among the extraction methods has been developed. 

In this sense, the effectiveness of the auxiliary energies on the extraction of flavonoids has 

been compared with conventional methods such as maceration or SE [15,26]: in all 

instances, the methods based on the use of auxiliary energies have demonstrated to provide 

better results than conventional methods.  Few studies have compared the performance of 

the auxiliary energies, and a scant number of them have been developed using an 

optimization step prior to extraction, mainly by univariate designs [13]. Comparative 

studies of the effect of USAE and MAE on the extraction of phenols have been developed 

based on multivariate experimental designs, using the total content of phenols as a single 

response. It should be mentioned that the most used and accepted method to estimate the 

total phenolic content is the Folin–Ciocalteu method, which —similarly to other 

photometric methods— is nonspecific as the reagent interacts with other molecules such as 

sugars, amino acids and ascorbic acid, among others, present in plant extracts, thus 
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affecting the final results [27]. Considering that citrus fruits possess a high concentration 

of these polar interferents, the estimated results for total phenols based on the Folin–

Ciocalteu method could not be due only to the phenols in the extract.   

Dahmoune et al. (2013) compared the effect of USAE and MAE on the extraction of 

antioxidants from Citrus limon residues by Box-Behnken experimental design using total 

phenols as the response [14]. The conclusion of this study indicated that MAE was better 

than both USAE and conventional extraction. Similarly, Nayak et al. (2015) evaluate the 

effect of MAE and USAE on the extraction of phenols from Citrus sinensis peels. In this 

case, the authors optimized MAE by a surface response method and reused the USAE 

protocol previously developed by their research group [24]. The authors of this study 

concluded that MAE was better than USAE, based on total phenols in the extracts. 

However, their results revealed that the USAE extracts were better in terms of antioxidant 

activity, and also the quantitation of individual phenols suggested that the suitability of the 

auxiliary energy for phenols extraction is dependent on the target metabolite.  

To improve the knowledge on this topic, we compare the effect of USAE, MAE, SHLE 

and SE on the extraction of flavonoids from lemon (Chapter VII). Each extract was obtained 

at the suited conditions (described in Chapter V) for this class of compounds, and analyzed 

by LC–QTOF MS/MS. Based on the MS/MS information the tentative identification of 32 

flavonoids, which constituted the data set used for the corresponding statistical analysis, 

was carried out. The results from both PCA —which explains 91.59% (PC1 = 78.20% and 

PC2 = 13.39%) of the total variability— and ANOVA revealed that  USAE and MAE were 

the most similar to each other, being the discrimination between them caused mainly by 

flavones. Concerning major flavonoids —flavanones and flavones—, USAE showed to be 

more suitable; nevertheless, no significant differences among USAE, MAE and SE were 

observed in the case of the main flavanols. Similarly to the results obtained in the global 

extraction (Chapter V), the less favorable method was that based on SHLE.  

The effect of sample pretreatment (dehydration) on the extraction of citrus 

components had been understudied. In most cases, the research had been restricted to the 

effect of temperature and dehydration time on air-drying [28] or on an oven [29]. In both 

cases, the authors concluded that high temperatures promote the cleavage of the glycosidic 

bond and release of the aglycone form of the flavonoids, which can increase the antioxidant 

activity of the extracts. However, the effect of lyophilization on extraction in comparison 

with air-drying methods had not been studied, maybe because the common assumption 
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that lyophilization is the best method for sample dehydration. To improve the knowledge 

on this topic, the effect of lyophilization and air-drying methods on the extraction of both 

global components and flavonoids from lemon were evaluate by untargeted analysis, as 

shown in Chapters VI and VII of this Thesis-Book. 

Concerning global extraction (Chapter VI), polar extracts were obtained by USAE 

under the suited conditions and analyzed by LC–QTOF MS/MS. Based on the obtained 

MS/MS information, tentative identification of 74 metabolites —28 flavonoids, 6 phenolic 

acids, 7 coumarins, 14 amino acids, 5 carboxylic acids, 6 sugars and other 8 compounds 

from different classes, which constituted the 12×74 matrix for analysis— was achieved. The 

ANOVA test revealed that, in general, extracts from air-dried samples were more similar to 

those obtained from fresh samples than extracts from lyophilized samples. In addition, the 

PCA, which explained 86.2% (61.14% PC1 and 25.06% PC2) of the total variability, showed 

a clear discrimination among extracts from different sample pretreatments. The 

interpretation of the loadings plot of this analysis can explain  that these differences are 

caused mainly by the different concentrations in flavonoids, coumarins, amino acids and 

sugars.  

In general terms, the results in Chapter VI revealed that the extracts from lyophilized 

samples contained higher amounts of flavanones and flavones than both air-dried and fresh 

samples, but lower amounts of flavanols. Taking into account the importance of these 

subclasses of compounds, an in depth evaluation of the effect of sample pretreatment on 

flavonoids extraction was planned. With this aim, new extracts were obtained according to 

the selective method previously developed to increase the concentration of flavonoids in 

the extract. In contrast to the method for global extraction used in Chapter VI, which 

allowed the identification of 28 flavonoids, the selective method for flavonoids allowed 

obtaining 32 flavonoids (9 flavanones, 14 flavones and 9 flavanols), which also confirms the 

suitability of the developed extraction methods, as shown in Chapter VII. Independendly 

of  the extraction and/or sample pretreatment methods, flavanones (mainly neohesperidin, 

neoeriocitrin and naringin) is the most abundant subclass of flavonoids in citrus, followed 

by flavones and flavanols [30]. The ANOVA and multiple ranges (Tukey HSD) tests 

revealed that extracts from lyophilized samples were the richest in neohesperidin, while 

naringin was most abundant in extracts from air-dried samples. No significant differences 

between lyophilization and air-drying samples were observed in the concentration of 

neoeriocitrin in the extracts. In general, the extracts from lyophilized samples contained 
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the highest abundance in flavanones; on the contrary, the extracts from fresh samples 

contained the lowest abundance of this subclass. The flavones subclass was constituted by 

luteolin, diosmin and apigenin derivatives, being luteolin-neohesperidose, luteolin-

glucoside-rutinoside, neodiosmin and rhoifolin, in decreasing order, the most abundant. 

Luteolin-neohesperidose was significantly more concentrated in extracts from air-dried 

samples, while the others were more abundant in the extracts from lyophilized samples. 

Similar to the behavior of flavanones, flavones in the extracts from lyophilized samples 

were richer, followed by air-dried samples. Concerning flavanols, constituted by quercetin, 

limocitrin and limocitrol derivatives, the ANOVA revealed that air-dried samples provided 

extracts with significantly higher amounts of all identified compounds of this subclass. 

Finally, the PCA applied to the flavonoids data matrix revealed a clear discrimination 

among samples, which suggested the use of these compounds for samples classification 

according to technological processing.  

A clear effect of sample pretreatment on the extraction of coumarins as compared 

with other phenols studied in Chapter VI was revealed. In the extracts from air-dried 

samples 7 coumarins (bergamottin, two other furanocoumarin derivatives, citropten, 

scopoletin-rutinoside and two other scopoletin derivatives) were identified; in extracts 

from fresh samples 5 coumarins, and only 3 coumarins (bergamottin, citropten and 

scopoletin-rutinoside) were identified in extracts from lyophilized samples. Regarding to 

the three coumarins common to all extracts, the ANOVA test showed that the extracts from 

air-dried samples were significantly more concentrated in citropten and scopoletin than in 

those from lyophilized and fresh samples; and no significant differences among sample 

pretreatments were observed in the concentration of bergamottin. Air-dried samples were 

also better for the extraction of phenolic acids, for which the ANOVA test showed a 

significantly greater concentration of 4 out of 6 of these acids, while only two of them were 

significantly more concentrated in lyophilized samples.  

This behavior can be explained by both the characteristics of each sample 

pretreatment and the phenols pathways. It should be noted that lyophilization involved 

sample freezing at –80 °C, thus causing a significant decrease in the enzymatic activity from 

the beginning of the dehydration process. On the contrary, in the air-drying procedure, the 

sample is heated up to 45 °C, conditions that accelerate the enzymatic activity until the 

water activity is low enough to stop biocatalysis. Finally, the lowest concentration of 
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phenols yielded by fresh samples is explained by the easier mass transfer in solid–liquid 

extraction of dried materials [9]. 

Concerning amino acids, the best results were achieved by air-dried samples: 12 out 

of 14 identified amino acids were significantly more concentrated in the extracts from these 

samples. Only phenylalanine —a precursor in phenols biosynthesis—, and tryptophan did 

not show significant differences among pretreatments.   

Sugars and carboxylic acids are among the most abundant compounds in citrus 

fruits, being highly responsible for fruits taste [31]. Sucrose, fructose and glucose were the 

most abundant sugars identified in this study, significantly more concentrated in extracts 

from lyophilized samples. On the other hand, citric acid was the most abundant carboxylic 

acid, followed by quinic and malic acids, which were significantly more abundant in 

extracts from air-dried samples. Citric and malic acids showed the lowest abundance in 

extracts from lyophilized samples (approximately 30 and 40%, respectively, less abundant) 

as compared to extracts from air-dried samples. 

The results of these studies suggest that the main differences among extracts could 

be attributed to the effect of freezing or heating of the samples on the citrus metabolism, 

and not only to thermolability of the compounds. 

The chemical characterization of the extracts based on MS/MS information provided 

by LC–QTOF was also an objective of this section. Chapter VIII of this Thesis-Book shows 

the main aspects involved in the identification of metabolites based on MS/MS 

fragmentation and discusses the effect of collision energy. As an example,  20 V of collision 

energy is suited to observe the characteristic neutral mass loss corresponding to glucose 

(Δm/z 162.0530), rhamnose (Δm/z 146.0580), neohesperidose (Δm/z 308.1110), rutinose 

(Δm/z 308.1110), 3-hydroxy-3-methyl-glutaryl (Δm/z 144.043) or methyl (Δm/z 15.0235) 

and hydroxyl (Δm/z 17.0027) groups, which are abundant in the polar compounds present 

in citrus. However, this energy is unsufficient to observe the characteristic m/z 151.0021 

fragment in the negative ionization mode and an m/z 153.0180 fragment in the positive 

mode, which is representative of the flavone structure, for which 40 V of collision energy 

was required. Additionally, a scheme containing the fragmentation of the main amino acids 

and their respective immonium ions, characteristic of these compounds, and tables 

containing both the main fragments and the suited ionization mode of all 84 metabolites 

tentatively identified were also included in the chapter.  
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Aditionally, identification based on the information obtained by GC–MS (either 

using SPME analytical samples or derivatized extracts) was described in Chapter XI. This 

process requires a previous deconvolution step to group all the signals corresponding to a 

single metabolite, and uses the deconvoluted experimental MS information to find out into 

the National Institute of Standards and Technology (NIST) database, establishing a cut of 

0.65 in the correlation index between them. In addition to the automatic correlation index 

provided by the NIST identification software, the manual/visual recognition of common 

fragmentation patterns from the different compound families increases the certainty in the 

tentative identification. As example, monoterpenes possess characteristic fragments with 

m/z 91.0, 93.1 121.1 and 136.1 that can also be observed in the fragmentation of 

sesquiterpenes; however, the latter show also the m/z 133.1 and 161.1 fragments, useful to 

differentiate them from the former. Besides, the analysis of the intensity of common 

fragments is useful for fast differentiation of similar compounds, as is the case with 

monosaccharides and disaccharides, with characteristic m/z 204.0, 191.0 and 216.9 

fragments. Concerning hexoses, the intensity of the m/z 204.0 fragment is higher than that 

of other fragments, while the most intense fragment in pentoses mass spectra is m/z 216.9.   

The results of these studies revealed the suitability of both LC–QTOF MS/MS and 

GC–MS for characterization of polar/low-polar compounds and volatiles from citrus and 

provided the clues for rapid identification of the metabolites discussed in this Thesis-Book.  

 

Section C: Evolution of Persian lime components during fruit 

growth 

The presence of bioactive compounds in citrus have promoted a number of studies 

on methods for their extraction; however, the changes in chemical properties of citrus fruits 

during growth had not been studied in depth. In most cases, the studies had involved only 

a few maturation stages, mainly based on color changes or a narrow range of growth time 

close to the commercial maturity. For many years, the compounds related to consumer 

acceptance of the fresh fruits have been total soluble solids (°Brix) and titratable acidity (% 

of citric acid), which have a strong influence on the taste of citrus fruits. The relationship 

between them have been used for decades as maturity estimator by the citrus industry [36]. 

In addition to the fruit taste, the consumer's acceptance has been based on the physical 

appearance; thus, the fruit color, strongly related to the changes in carotenoids 



 

Discussion of the results 

 

445 

composition, plays a key role in fruit aspect [38–40]. Another factor taken into account was 

the citrus scent, related to the composition of the volatile fraction; however, the changes of 

these compounds during fruit growth had been also scantly studied.  Less attention had 

been paid to changes of other class of compounds with no clear influence on consumer’s 

acceptance such as phenols or amino acids.  

For these reasons, in an attempt to provide a comprehensive knowledge on the 

changes in the composition of Persian lime (Citrus latifolia) during fruit growth, Section C 

of this Thesis-Book encompasses a series of studies using samples from a wide and rigorous 

sampling from week 1, after fruit onset, to week 14 (commercial maturity). Polar extracts 

from these samples were analyzed directly by LC–QTOF MS/MS, by LC–QqQ MS/MS, and 

by GC–MS —in this case after a derivatization step (silylation). Additionally, the profile of 

volatiles was obtained by GC–MS analysis of a headspace device (HS) sampled by solid-

phase microextraction (SPME).  

The results of both targeted and untargeted analyses provided information on the 

behavior of a total 165 metabolites during the studied growth stages, which represent so far 

the most complete information on changes in the composition of citrus during maturation, 

using Persian lime as a model.  

 The interest in obtaining each time more information on the subject under study 

from the data provided by the analytical instruments has led to the development of a pleiad 

of chemometric tools for optimal exploitation of the analytical information provided by the 

present multidetectors. Multidetectors–chemometrics is the key in metabolomics analysis. 

All studies in this Thesis-Book were assisted by proper data pretreatment and multivariate 

analysis; however, multiple analytical platforms were required for obtaining data from the 

samples, and different strategies were used for data treatment. A brief discussion of the 

chemometric strategies applied is below.  

The data provided by the given analytical platform (raw data) can be subjected to a 

data-treatment step to obtain clean matrices for statistical analysis. In general, the raw data 

are filtered by abundance and the signals out Gaussian distribution are removed. The clean 

data matrix is normalized, transformed and scaled to ensure that all signals have the same 

weight in the statistical analysis, irrespective to their abundance [46]. The datasets in a 

targeted approach are simple and require few pretreatments to obtain the clean dataset —

usually normalization by an internal standard is enough. On the contrary, untargeted 
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metabolomics aims to the simultaneous measure of as many metabolites as possible in a 

biological specimen. Most times, the molecular entities (after raw data pretreatments) 

provided by the MS detector are unknown in these studies and require an identification 

step to obtain intrinsic information from the samples [47]. Untargeted metabolomics can 

be focused only on the identified metabolites, but most times, the dataset is constituted by 

a combination of identified metabolites and unknown molecular entities. Untargeted 

analysis had been mostly devoted to chemical characterization of citrus samples. Among 

the studies published so far, few of them used multivariate analysis to interpret the results, 

but the majority either do not mention the raw data pretreatment or include a very brief 

discussion about this subject.  

In our studies, the raw data pretreatments were described and used according to the 

characteristics of each type of analysis. The chemometric approaches used to evaluate 

changes in the chemical composition of Persian limes during fruit growth included PCA for 

untargeted studies by LC–QTOF MS/MS and GC–MS platforms, and PLS-DA for targeted 

analysis by LC–QqQ MS/MS. In all cases, the clean data matrices were normalized by 

internal standards and, according to the type of analysis, different strategies to overcome 

bias in the final results were applied. For this reason, in LC–QTOF MS/MS (Chapters V-to-

IX) and LC–QqQ MS/MS (Chapter X) analyses, a Log2 transformation was used for the 

data provided by each analytical platform. However, in the case of  extracts analysis by  GC–

MS,  and that of solid samples by GC–MS after HS–SPME (Chapter XI), the combination 

of the data matrices obtained by the two different methods (even by different analytical 

equipment) to obtain a global data matrix required data transformation, which allowed 

combining signals with different distribution probability. For this purpose, a Z-transform 

was applied to correct the possible data heteroscedasticity owing to the use of different 

analytical platforms, and to make their distribution more symmetrical [48]. In all 

instances, the transformed matrices were scaled by an autoscaling method (mean-centered 

divided by the standard deviation of each variable) to ensure that all compounds would be 

treated equally irrespective of the intensity of their signals.  

The untargeted analyses by PCA revealed a clear discrimination among samples from 

different maturation stages, which were mainly due to changes in the composition of 

phenols, amino acids, sugars, carboxylic acids and volatiles. Similarly, the PLS used in 

targeted analysis of the main phenols in Persian lime demonstrated that the changes in 

these compounds during maturation could be a useful tool for classification of samples 
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from different growth weeks. The multivariate analysis used in these studies showed to be 

a powerful tool to reveal differences/similarities among samples using large data matrices 

(LC–QTOF MS/MS analysis, 96×423; combined GC–MS analyses, 42×107; and LC–QqQ 

MS/MS analysis, 26×96), which could be difficult to analyze by other statistical aprroaches. 

Additionally, the behavior of all 165 identified metabolites during Persian lime 

growth was analyzed individually by ANOVA and the significance of their changes during 

maturation was evaluated by multiple range tests (Tukey HSD). This represents the largest 

number of citrus metabolites whose behavior during fruit growth has been ever reported. 

The identification process was discussed in Section B of this Thesis-Book, and taking 

into account considerations from previous studies, 143 metabolites were tentatively 

identified in polar extracts (72 by LC–QTOF MS/MS and 70 by GC–MS), and 37 volatiles 

by GC–MS after HS–SPME sample preparation. Metabolites such as glucose, fructose, 

citric or malic acids were identified either by LC–MS or GC–MS; however, compounds such 

as flavonoids were exclusively identified by LC–MS, while lipids and sugar alcohols were 

identified only by GC–MS. The global study reflects the importance of using multiple 

analytical platforms to enhance the information level on a given sample. In short, after 

removal of duplicates from the different analytical methods, a total of 165 metabolites (28 

flavonoids, 7 phenolic acids, 7 coumarins, 22 carboxylic acids, 18 sugars, 19 amino acids, 

37 volatiles, 5 lipids, 6 sugar alcohols and 16 compounds belonging to other classes) from 

samples of all maturation stages were identified, and their behavior during fruit growth 

discussed [50-51]. Additionally, the presence of 20 flavonoids, 4 phenolic acids and both 

phenylalanine and tyrosine was confirmed by LC–QqQ MS/MS using analytical standards 

[52].  

Changes in the composition of phenolic compounds in Persian lime during fruit growth  

Flavonoids, phenolic acids and coumarins are the most abundant compounds in 

Persian lime. Our studies revealed that the suited methods for the analysis of these classes 

of compounds are based on LC with either molecular absorption or, preferably mass 

detectors [50]. As an example, the analysis by LC–QTOF MS/MS allowed identification of 

36 phenolic compounds (28 flavonoids, 5 phenolic acids and 3 coumarins), while by GC–

MS only 9 phenols (6 coumarins and 3 phenolic acids) were identified. The differences 

between the results from both analytical platforms can be ascribed to the low volatility of 

flavonoids, even after silylation. Besides, methods with LC separation can be used for direct 
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analysis of the polar extracts, while those based on GC separation require a derivatization 

step prior to injection into the analytical platform.  

Changes in the composition of phenolic compounds during Persian lime growth were 

evaluated by both untargeted and targeted analysis using LC coupled to either QTOF 

MS/MS and QqQ MS/MS detectors, respectively. The results of these studies revealed that 

flavanones are the most abundant subclass of flavonoids, followed by flavones and 

flavanols. Regarding flavanones, hesperidin, neoeriocitrin, and naringin were the most 

abundant, while the most abundant of the flavones subclass were diosmin, rhoifolin, and 

vitexin. In general, both subclasses (flavanones and flavones) reached their maximum 

concentration at week 12. Conversely, flavanols exhibited their maximum during the first 5 

growth weeks, being derivatives from quercetin and limocitrin the most abundant. In a 

similar way, phenolic acids exhibited their maximum during the early stages and the 

concentration decreased significantly after 7 weeks (the half of the growth process). 

Concerning coumarins, citropten (methoxycoumarin) was the most abundant and 

exhibited its maximum concentration at week 12, followed by bergamottin 

(furanocoumarin), which was more abundant during the first 5 weeks. Finally, changes in 

the concentration of their biosynthetic precursors ─phenylalanine and tyrosine─ were 

evaluated.   

Considering the interest of this class of compounds as food additives or 

nutraceuticals, it is remarkable that the water content in limes at week 12 was between 10 

and 15% lower than at week 14; which is of industrial interest with a view on the extraction 

of both flavonoids and coumarins. It has been demonstrated that dried samples increase 

the mass transfer in the extraction process with a significant improvement in the 

concentration of extracted metabolites [53], which indicates that less energy is required for 

dehydration at week 12 without significant reduction of extraction yield.   

Changes in the composition of sugars and carboxylic acids in Persian lime during fruit 

growth 

Changes in the composition of both sugars and carboxylic acids were evaluated by 

both GC–MS and LC–QTOF MS/MS. The GC–MS analysis after derivatization of the polar 

extracts allowed identification of 15 sugars and 18 carboxylic acids, while 6 sugars and 9 

carboxylic acids were identified by LC–QTOF MS/MS . Once data duplicity was discarded, 

the behavior of a total of 18 sugars and 22 carboxylic acids was analyzed. The difference in 
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the number of identified compounds by the two analytical platforms could be due to the 

less information provided by the MS/MS spectral databases as compared to its MS 

counterpart. Nevertheless, the behavior of the most abundant sugars (viz., glucose, fructose 

and sucrose) and carboxylic acids (viz., citric, malic and ascorbic acids) was very similar by 

the two platforms.  

The results of these studies revealed that the concentration of both citric and malic 

acids increased gradually during maturation, reaching maximum concentration at week 14 

(commercial maturity). Ascorbic acid increased its concentration during fruit growth 

reaching its maximum concentration at week 12, then significantly decreasing for the rest 

of maturation; thus suggesting that commercial maturity is not the best in terms of vitamin 

C content.  

Concerning sugars, monosaccharides reached their maximum concentration at week 

7 and then suffered a slight decrease during the rest of maturation. The decrease in the 

concentration of monosaccharides, mainly fructose and glucose, coincided with a rapid 

increment in the concentration of sucrose, which reached its maximum concentration at 

week 12. This behavior suggested that, around week 7, a mechanism that promoted the 

production of sucrose by dimerization of fructose and glucose was activated.  

Changes in the composition of amino acids in Persian lime during fruit growth 

Amino acids can be analyzed either by GC–MS after silylation or by LC–MS [17]. 

Identification of 11 and 14 amino acids in Persian lime samples was carried out using the 

two analytical platforms (a total of 18 amino acids after discarding duplicates between 

methods). Derivatives from proline were the most abundant amino acids identified in our 

studies, representing around 45% of the total identified amino acids. Taking into account 

that proline has a functional role as structural osmoprotector and cryoprotector [18], it 

seems logical that the concentration of its derivatives remains almost constant during fruit 

growth. As regards to identified essential amino acids valine, tyrosine and phenylalanine 

represent around 20% of the total amino acids in all maturation stages. The relative 

concentration of valine did not change significantly during fruit development, while both 

tyrosine and phenylalanine exhibited a sinuous behavior related to the synthesis of 

phenolic compounds, as discussed above. A similar sinuous behavior was observed for 

alanine and asparagine, while aspartic acid exhibited a gradual increase during maturation. 
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Finally, the abundance of serine, which represents between 6% and 10% of the total amino 

acids in all maturation stages, did not show significant changes during fruit growth.  

Changes in the composition of volatile compounds in Persian lime during fruit growth 

Changes in the concentration of volatiles in Persian lime were evaluated by GC–MS 

analysis after HS–SPME sample preparation. A total of 36 volatiles (17 monoterpenes; 11 

sesquiterpenes; 4 alcohols and 4 other volatiles) were identified in all maturation stages. 

The results of this study revealed that, in general, the concentration of monoterpenes 

increased during fruit growth, reaching a maximum at the end of the ripening process. 

Monoterpenes represented 86% of the total volatiles at week 1, being d-limonene, γ-

terpinene, and β-pinene the most abundant; while at week 14 represented 94%. By contrast, 

sesquiterpenes showed maximum concentration during the first 3 weeks (11.5% of total 

volatiles), then gradually decreasing along the rest of the maturation process (2.8% of total 

volatiles at week 14), being β-bisabolene, caryophyllene, and α-bergamotene the most 

concentrated, irrespective of the growth time. Considering the biosynthesis of terpenoids, 

the behavior could be attributed to the simplicity of monoterpenes biosynthesis, which are 

constituted by 2 molecules of isopentenyl pyrophosphate (IPP), while sesquiterpenes 

require 3 molecules.  

Volatile compounds from citrus have been appreciated by the food industry for 

centuries thanks to their refreshing flavor and their antibacterial and insects repellent 

properties. In recent years, various studies have been devoted to embedding this class of 

compounds into micro- or nanoparticles for use in processed food or for developing new 

packaging technologies [55]. Our study on the changes in composition of volatile 

compounds could be useful to identify the week that provides the highest amount of a given 

volatile or the best composition of the whole essential oil.   

Changes in the composition of fatty acids and sugar alcohols in Persian lime during fruit 

growth 

The presence of fatty acids and sugar alcohols in Persian lime was detected only by 

GC–MS after extracts derivatization. Six fatty acids were tentatively identified in this study, 

and, in general, their maximum concentration occurred at weeks 9 and 12, being palmitic, 

stearic and myristic acids the most abundant, followed by n-pentadecanoic, linoleic and 

oleic acids. Regarding sugar alcohols, mannitol, L-threitol and myo-inositol were the most 
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abundant. In general, the concentration of sugar alcohols increased during fruit growth, 

reaching their maximum concentration at weeks 9 and 12, then decreasing significantly at 

week 14. This class of compounds plays a key role in plant responses to pathogen attack 

[56], and also they increase the tolerance to salt and osmotic stress [57]. The behavior of 

these metabolites —with gradual increase along the growth weeks— suggests that the fruits 

were not affected by pathogens during fruit development.     

Changes in the composition of compounds from other classes in Persian lime during fruit 

growth 

In addition to the metabolites discussed above, a total of 16 compounds (including 

amines, nucleosides and vitamins of the B complex and their metabolites) were identified 

by both LC–QTOF MS/MS and GC–MS. Choline (an essential nutrient involved in the 

biosynthesis of phospholipids, lipoproteins and the neurotransmitter acetylcholine [58]) 

was one of the most abundant amines, with a constant concentration during fruit growth. 

Nucleosides such as cytidine, adenosine and guanosine increased their concentration 

gradually to reach a maximum between weeks 5-to-7, with no significant changes during 

the remaining weeks. The concentration of pantothenic acid (vitamin B5) was significantly 

lowered at weeks 3 and 5, and showed no significant differences at all other sampling 

weeks. Finally, glycerol, a cryoprotector [59] and a stimulant of the embryogenesis by 

influencing carbohydrate metabolism and cytoskeletal rearrangements [60], doubled its 

abundance from week 1 to 3, and decreased between weeks 7 and 9. Then, its concentration 

kept constant at about 10 times lower than the maximum, achieved at week 3. 

The different analytical platforms used in the study of the changes in chemical 

composition of Persian lime during maturation demonstrated the suitability of both 

targeted and untargeted metabolomics for classification and subsequent selection of 

maturation stages, and revealed the behavior of a large number of compounds during fruit 

growth. Additionally, the knowledge on the change of all 165 metabolites tentatively 

identified (26 confirmed by analytical standards) during fruit growth, and the weeks at 

which their maximum concentration was reached, open a fan of possibilities of this fruit as 

a source of by-products for a comprehensive exploitation of this crop, especially in years 

with overproduction.   
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Una búsqueda bibliográfica en profundidad hizo posible la evaluación crítica de la 

situación tanto de los pretratamientos de la muestra como de los métodos de extracción 

para la obtención de compuestos bioactivos de los cítricos, mostrando sus deficiencias y 

proporcionando pautas para plantear la investigación sobre estos frutos a través de la 

metabolómica. Los estudios bibliográficos también revelaron los efectos beneficiosos de 

algunos compuestos bioactivos de los cítricos, tales como flavonoides o cumarinas, así 

como de sus potenciales usos como nutracéuticos.  

La investigación experimental contenida en esta Memoria de Tesis se centró en el 

uso del análisis metabolómico, tanto global como dirigido, para los estudios de cítricos 

mediante LC o GC acopladas a espectrometría de masas. La diversidad de los estudios 

realizados incluye tanto el efecto del pretratamiento de la muestra como el de los métodos 

de extracción para la separación eficaz de componentes del limón, además del estudio de 

los cambios en los perfiles de los metabolitos del limón persa durante el crecimiento del 

fruto. Se demostró de esta forma la adecuación del análisis metabolómico para estudios 

vegetales. 

Las conclusiones más destacables de la investigación sobre el efecto de las energías 

auxiliares en la extracción de los componentes del limón utilizando análisis metabolómico 

global se resumen en los siguientes puntos:  

 Basada en tratamientos quimiométricos (PCA y ANOVA) se puso de manifiesto 

una discriminación clara entre métodos de extracción, especialmente causada por 

la diferente facilidad para separar flavonoides, azúcares y ácidos carboxílicos de 

las muestras. 

 Considerando los compuestos bioactivos polares, la USAE proporcionó el mejor 

método en términos de tiempo de extracción y concentración de metabolitos en 

los extractos. Como ejemplo, el tiempo óptimo para la extracción de flavonoides 

mediante USAE fue de 5 min, mientras que para la MAE se requirieron 10 min. 

Además, la USAE proporcionó los extractos con la mayor concentración de estos 

metabolitos. 



Metabolómica global y orientada de cítricos mediante técnicas 

cromatográficas–espectrometría de masas 

 

Page | 458 

 La SHLE demostró ser poco favorable para la extracción de metabolitos de 

cítricos debido a la interferencia de la pectina o a su degradación a alta 

temperatura.  

 

Con respecto al efecto del pretratamiento de la muestra en la extracción de los 

metabolitos en cítricos, el análisis global permitió establecer las siguientes conclusiones: 

  El análisis no supervisado mediante PCA reveló una discriminación clara entre 

muestras que habían estado sometidas a diferentes pretratamientos. Los 

flavonoides, las cumarinas, los aminoácidos y los azúcares fueron los principales 

responsables de las diferencias. 

 Con respecto a los flavonoides se observó un efecto muy claro: los extractos 

obtenidos con muestras liofilizadas contenían una mayor concentración de 

flavononas, pero más baja de flavonoles en comparación con los extractos 

procedentes de muestras secadas en corriente de aire. Las diferencias más claras 

entre pretratamientos de muestra se observaron en la extracción de cumarinas: 

se identificaron 7 cumarinas en los extractos de muestras secadas en corriente de 

aire y solo 3 en los de muestras liofilizadas. 

 A pesar de la creencia común de que el mejor modo de deshidratación de 

muestras es la liofilización, la elección de esta etapa es muy dependiente del 

objetivo del estudio y de los metabolitos en cuestión. 

 

La Sección C de esta Memoria de Tesis recoge los resultados de los estudios sobre los 

cambios de concentración de los metabolitos del limón persa durante el crecimiento del 

fruto, que se realizaron mediante ambos tipos de análisis, global y dirigido. Los hallazgos 

más destacables de estos estudios son los siguientes: 

 Se identificaron tentativamente mediante la información proporcionada por 

diferentes plataformas analíticas un total de 165 metabolitos (28 flavonoides, 

7 ácidos fenólicos, 7 cumarinas, 22 ácidos carboxílicos, 18 azúcares, 19 

aminoácidos, 37 volatiles, 5 lípidos, 6 alcoholes de azúcares y 16 compuestos 

pertenecientes a otras clases). La presencia de 26 de estos metabolitos se 

confirmó mediante estándares analíticos. Además, el comportamiento 

durante el crecimiento del fruto de todos los metabolitos tentativamente 
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identificados se analizó mediante los tests de ANOVA y de rango múltiple 

(Tukey HSD) para evaluar la significancia de los cambios observados; 

poniendo así de manifiesto la semana que proporcionó la máxima 

concentración de cada metabolito. 

 El análisis no supervisado mediante PCA reveló una clara discriminación 

entre estados de maduración, principalmente debida a los cambios de 

concentración de fenoles, aminoácidos, azúcares, ácidos carboxílicos y 

volátiles. El análisis supervisado mediante PLS-DA mostró que los cambios 

en la concentración de los principales fenoles pueden utilizarse para 

diferenciar muestras correspondientes a diferentes semanas de crecimiento 

del cítrico.  

 Se comprobó la adecuación de la transformación Z para combinar matrices 

de datos de diferentes plataformas analíticas —que permite corregir la 

posible heteroscedasticidad causada por el uso de diferentes plataformas 

analíticas de GC–MS, consiguiendo una distribución más simétrica. 

 Finalmente, la información obtenida sobre la etapa de maduración que 

porporciona las mayores cantidades de metabolitos con alto valor añadido 

aumenta las posibilidades del uso de los cítricos como fuentes de 

bioproductos para una amplia explotación de las cosechas, especialmente en 

los años de sobreproducción. Un ejemplo de la utilidad de la información 

conseguida son los flavonoides. Esta subclase alcanza su máxima 

concentración en la semana 12 de la maduración, cuando el fruto posee entre 

10 y 15% menos agua que en la semana 14, que corresponde a la madurez 

comercial. La recolección del fruto en la semana 12 requiere menos energía 

para la deshidratación sin disminución significativa del rendimiento en 

flavonoides.  
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An in-depth bibliographic search allowed a critical evaluation of the state-of-the-art 

of both sample pretreatments and extraction methods to obtain bioactive compounds from 

citrus fruits, showing their deficiencies and providing guidelines to plan the research on 

these fruits through metabolomics. Also, the bibliographical studies revealed the beneficial 

effects of some bioactive compounds from citrus, such as flavonoids or coumarins, as well 

as their potential uses as nutraceuticals.  

The experimental research in this Thesis-Book was focused on the use of both 

targeted and untargeted metabolomics analysis for citrus studies, based on either LC or GC 

coupled to mass spectrometry. The diversity of the developed studies includes the effect of 

both sample pretreatment and extraction methods on the efficient removal of lemon 

components, and the study of the changes in the metabolite profiles of Persian limes during 

fruit growth. The versatility and suitability of metabolomics analysis for vegetal studies was 

thus demonstrated.  

The most outstanding conclusions from the research devoted to studying the effect 

of auxiliary energies on the extraction of components from lemon by untargeted analysis 

can be summarized in the following points: 

 Based on PCA and ANOVA, a clear discrimination among extraction methods was 

observed, mainly due to their different availability to remove flavonoids, sugars 

and carboxylic acids from the target samples.  

 Considering polar bioactive compounds USAE was the suited method in terms of 

extraction time and concentration of metabolites in the extracts. As an example, 

the optimum time for the extraction of flavonoids by USAE was 5 min, while MAE 

required 10 min. USAE also provided the extracts with the highest concentration 

of these metabolites.  

 SHLE showed to be unfavorable to extract metabolites from citrus because of 

either the interference from pectin or its degradation at high temperature.  

 

Concerning the effect of sample pretreatment on the extraction of metabolites from 

citrus, untargeted analysis allowed reaching the following conclusions: 
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 Discriminant analysis by PCA revealed a clear discrimination among samples 

subjected to different pretreatments. Flavonoids, coumarins, amino acids and 

sugars were the main responsible of the differences.  

 Concerning flavonoids, a clear effect was observed. Extracts from lyophilized 

samples showed a greater concentration of flavanones and flavones but lower of 

flavanols in comparison with extracts from air-dried samples. The most evident 

differences among pretreatments were observed for cumarins extraction: 7 

coumarins were identified in extracts from air-dried samples, while only 3 were 

found in extracts from lyophilized samples.   

 Despite the common assumption that lyophilization is the best method for sample 

dehydration, our studies revealed that the suitability of sample pretreatment is 

highly dependent on both the aim of the study and the targeted compounds.   

 

Section C of this Thesis-Book was devoted to obtaining information on the changes 

in the concentration of metabolites from Persian lime during fruit growth by both 

untargeted and targeted analysis. The most remarkable findings of these studies are the 

following: 

 A total of 165 metabolites (28 flavonoids, 7 phenolic acids, 7 coumarins, 22 

carboxylic acids, 18 sugars, 19 amino acids, 37 volatiles, 5 lipids, 6 sugar 

alcohols, and 16 compounds pertaining to other classes) were tentatively 

identified (26 confirmed by analytical standards) using the information 

provided by different analytical platforms. Also, the behavior of all them 

during fruit growth was analyzed by ANOVA and multiple range tests (Tukey 

HSD) to evaluate the significance of the observed changes. Thus, the 

maturation week which provided the maximum amount of each metabolite 

was revealed.  

 Unsupervised analysis by PCA revealed a clear discrimination among 

maturation stages, mainly due to the changes in the concentration of 

phenols, amino acids, sugars, carboxylic acids and volatiles. Similarly, 

supervised analysis by PLS-DA revealed that the changes in the 

concentration of the main phenols can be used to differentiate samples from 

different growth weeks. 
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 The suitability of Z-transformation to combine data matrices from different 

analytical platforms —which allowed correcting the possible data 

heteroscedasticity owing to the use of different GC–MS analytical platforms, 

making their distribution more symmetrical— was proved.    

 Finally, the knowledge on the maturation stage which provides the higher 

amounts of high-added value metabolites open the possibility to consider 

the role of citrus as a source of by-products for comprehensive exploitation 

of this crop, especially in seasons with overproduction. As an example, most 

flavonoids reached their maximum concentration at week 12, when the fruit 

has between 10 and 15% less water than at week 14 (commercial maturity), 

thus indicating that the collection of the fruit at week 12 would require less 

energy for dehydration without significant reduction of flavonoid yield. 
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Neutraceutical and Supplementary Compounds 

from Residues/Wastes of the Key 

Mediterranean Agrofood Industry (Olive 

Trees/Olive Oil and Vineyards/Wine) 

 

Carlos A. Ledesma-Escobar and María D. Luque de Castro 

 

Abstract 

The Mediterranean diet is considered as Humanity Heritage, mainly thanks to the 

properties of olive oil and red wine as the basis of this diet. Therefore, residues and wastes 

from their production also contain the compounds that endow both elaborated products 

with their uncommon properties. The extracts from residues and wastes from olive oil and 

red wine production have demonstrated their healthy and nutraceutical properties, 

recognized by international organisms as the European Food Safety Authority (EFSA). The 

properties of oleuropein, hydroxytyrosol, oleocanthal, etc., in the case of extracts from olive 

oil wastes, and resveratrol and other polyphenols, in the case of red wines, are critically 

discussed in this chapter in the light of the data in the literature and the experience of the 

authors. 

 

Keywords: Mediterranean diet, olive oil, red wine, oleuropein, hydroxytyrosol, 

resveratrol, nutraceuticals, supplemented food 
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1. Introduction 

The Mediterranean countries are the worldwide producers of olive oil and wine [1]. 

In addition to the overall economic importance for the region of these products, they are 

the main contributors to the consideration by UNESCO of the Mediterranean diet a 

heritage of humanity in 2013 [2]. The low incidence of coronary heart disease in 

Mediterranean countries are attributed to the Mediterranean diet, characterized by high 

consumption of vegetables and fruits, small portions of meat and, mainly, by the frequent 

consumption of olive oil and wine. The potential link between red wine consumption and 

healthy heart has intended to explain the ‘‘French paradox”, which refers to the finding that 

people in France suffer from a relatively low incidence of coronary heart disease, despite 

their diet is rich in saturated fats [3]. Olive oil, wine and residues from their industrial 

production are rich in phenols that have demonstrated multiple beneficial effects on human 

health. In the case of olive oil, the mainly bioactive compound is oleuropein. The two-phase 

olive oil extraction system provides higher content of phenols as compared to the three-

phase system. On the other hand, the most studied bioactive compound from wine is 

resveratrol. The properties of different bioactive compounds present in the Mediterranean 

agrofood industry (olive oil and wine), and their nutraceutical applications are discussed in 

this chapter.    

 

2. Olive trees and olive oil 

2.1 Generalities on olive trees and olive oil production 

The Mediterranean countries are the first worldwide producers of olives, they have 

a harvested area of 9 million of hectares and produce around 15 million of tons per year 

(Table 1) [1]. Olive fruits have a high content of polyunsaturated fatty acids and phenols, 

reason why olive oil is considered the edible oil with better nutritional properties. Over 95% 

of the world’s olive oil is produced in the Mediterranean basin, being Spain, Italy and 

Greece the producers of around 70% of olive oil in this region [4]. This oil has for many years 

been a part of the Mediterranean diet, famous by low incidence of atherosclerosis, certain 

cancers, and cardiovascular and neurodegenerative diseases. Some of the healthy 

properties of the Mediterranean diet have been strongly associated to olive oil consumption 

[5]. This is the reason why the consumption of this oil has increased over the world about 

40% in the last decade, trend that is growing at present [6]. Both the excellent nutritional 
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properties of olive oil and its healthy properties are worldly accepted and start to be 

recognized by official organisms [7]. 

Table 1. Total production of olive drupes and olive oil in Mediterranean countries[1]. 

Mediterranean country 
Olive drupes 

Olive oil production 
(tonnes) 

Production 
(tonnes) 

Harvested area 
(Ha) 

Spain 3 626 600 2 300 000 992 000 
Italy 2 992 330 1 056 005 570 000 
Greece 2 100 000 900 000 351 800 
Turkey 1 820 000 805 500 206 300 
Syrian Arab Republic 1 095 043 700 000 200 000 
Tunisia 963 000 1 800 000 192 600 
Morocco 1 315 794 968 123 130 000 
Algeria 39 3840 328 884 32 000 
Libya 139 091 216 013 15 000 
Israel 63 000 33 700 12 300 
Lebanon 90 307 56 529 11 300 
Egypt 465 000 55 000 8 800 
France 27 969 17 055 3 600 
Cyprus 14 865 10 852 2 400 
Albania 12 5000 48 000 800 
Croatia 50 900 19 000 600 
Slovenia 2 000 1 000 600 
Montenegro 2 888 2 350 187 
Malta 8 8 3 
Bosnia and Herzegovina 160 110 (*) 
Total Mediterranean production 15 287 795 9 318 129 2 730 290 

(*) datum not provided by FAO 

 

There are two main, valued edible oils that result from the fruit of the olive tree 

(Oleaeuropaea L.) using only mechanical process: extra virgin olive oil (EVOO), and virgin 

olive oil (VOO). They consist of 98% of saponifiable compounds (triacylglycerols, 

diacylglycerols, monoacylglycerols and free fatty acids), and 2% of unsaponifiable or minor 

fraction (aliphatic and triterpenic alcohols, sterols, hydrocarbons, volatile compounds, and 

antioxidants like carotenes, tocopherols, and phenols) [8]. The main difference between 

EVOO and VOO is lower acidity of the former (EVOO ≤ 0.8% and VOO ≤ 2.0 % of acidity, 

expressed as oleic acid equivalent). Olive oil quality can be influenced by factors such as 

cultivar, environment and agronomic practices that affect the fruit physiology, whereas 

processing and storage conditions alter oil composition [9]. 
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2.2 Main residues/wastes from olive tree/olive oil production 

The different methods to obtain VOO generate different types of residues. The 

overall mechanical process to extract VOO includes three steps: i) crushing of the fruit to 

obtain a homogenous paste; ii) malaxation to increase the percentage of free oil and help 

small oil droplets to coalesce and agglomerate thus facilitating separation of the oil and 

water phases and; iii) separation of the oily phase by pressing (discontinuous process) or 

centrifugation (continuous process), as shows Fig. 1. 

 

Fig. 1. Main processes for olive oil extraction. 

There are two main processes to obtain VOO that differ in the number of disposable 

phases accompanying to the oily phase: (i) the three-phase system by which the VOO is 

separated from the other phases by decantation after addition of water. This process 

produces a solid residue, known as “orujo” or olive cake, containing the olive pulp, skin, 

stones and small amounts of water and oil; and a liquid residue, known as “alpechin” or 

olive mill wastewater (OMWW), which is the residual water after oil decantation [10, 11]. (ii) 

The two-phase system separates the olive paste into olive oil and a single semisolid 

byproduct known as “alperujo” or two-phase olive mill waste (TPOMW), and requires small 

amounts of water for phases separation. This residue is a combination of olive cake and 

OMWW, which can be reprocessed to further extract the remaining oil by either solvent 

extraction or a second centrifugation [12]. 
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The large amounts of residues from the olive oil industry represent a serious 

environmental problem, mainly in the Mediterranean region as they are produced in short 

periods of time and must be properly disposed of to avoid environmental risks. However, 

these residues contain several compounds potentially beneficial to human health that can 

be exploited, helping to reduce the pollution caused by the residues and allowing a 

comprehensive exploitation of the olive tree.  

Olive tree leaves constitute a waste associated to production of olive oil, but also it 

results from pruning during the spring–summer time. This residue has been less 

appreciated than those mentioned above, but also contains high-valued phytochemicals 

which could be exploited. 

Research projects for exploitation of these and other agrofood residues have been 

and are supported by the European Union (EU) that has open a call for proposal known as 

Waste 7, under the umbrella of the overall Horizon 2020 program [13]. 

 

2.3 Main compounds in residues/wastes from olive tree/olive oil production: chemical 

and healthy properties 

The residues from the olive oil industry contain large quantities of bioactive 

compounds that can be exploited for pharmaceuticals production, as food supplements or 

as cosmetics additives, among others. The main bioactive compounds in these residues are 

phenols (Table 2); minor constituents of VOO, usually within the range 0.5–1.0 g/kg oil, 

but strongly dependent on factors such as maturation index, genetics, geographical origin, 

climatic conditions, agronomical and technological factors [14]. On the other hand, most 

phenols in olives remain in the waste from oil extraction; the highest concentration of them 

are in the OMWW (6.3–54.5 g/kg), followed by the TPOMW (4.0–24.3 g/kg) [6]. Generally 

speaking, the beneficial properties of VOO for human health are attributed to phenols, 

mainly to oleuropein and its derivatives. 

Oleuropein is the major bioactive compound in olive tree, and its concentration 

declines with the physiological development of fruit [15]. The molecule consists of three 

structural subunits: a hydroxytyrosol (4-(2-hydroxyethyl)benzene-1,2-diol), a secoiridoid 

called elenolic acid, and a molecule of glucose (Fig. 2) [16]. Oleuropein possesses beneficial 

effects on human health, thanks to its antiatherogenic, anticancer, anti-inflammatory and 
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antimicrobial properties, although its better known beneficial effect is on cardiovascular 

diseases. “Olive oil phenols contribute to the protection of blood lipids from oxidative 

stress” constitutes an authorized health claim in the EU based on studies on humans that 

have shown significant reduction of the levels of oxidized low-density lipoprotein in plasma 

after VOO consumption [17]. Also, the inclusion of oleuropein in the standard diet reduces 

plasma levels of total cholesterol and increases the ability of low-density lipoprotein to 

resist oxidation in rabbits [18]. A significant protection against oxidative myocardial injury 

was observed in rat hearts pretreated with oleuropein (0.02 g/kg of tissue wet weight, a 

dose comparable to the average daily intake of phenols from olive oil in the Mediterranean 

diet) [19]. Recent studies have shown that the phenolic fraction extracted from olive tree 

leaves, which contains significant amounts of oleuropein (up to 23 g/kg), can prevent 

lipoprotein oxidation; thus playing a key role as dietary supplement [20, 21].  

Table 2. Main bioactive compounds in olive oil residues/wastes. 

Compound Alpechin Alperujo Leaves Reference 

Oleuropein    [20, 70, 71] 

Tyrosol    [20, 70, 71] 

Hydroxytyrosol    [20, 70, 71] 

p-Coumaric acid    [70, 71] 

Vanillic acid    [20, 70, 71] 

Ferulic acid    [20, 70, 71] 

Caffeic acid    [70, 71] 

Elenoic acid    [20] 

Oleanolic acid    [20] 

Maslinic acid    [20] 

1-Hydroxypinoresinol    [20] 

Catechin    [20] 

Vainillin    [20] 

Apigenin    [20, 31] 

Luteolin    [20, 31] 

Rutin    [20] 

Diosmetin    [20] 

Taxifolin    [20] 

Quercetin    [20] 

3,4,DHPEA-EDA (1)    [20, 31] 

p-HPEA-EDA (2)    [20, 31] 

p-HPEA-FA (3)    [20, 31] 

Oleocanthal    [25] 
(1) Decarboxymethyl elenolic acid linked to hydroxytyrosol. 
(2) Dialdehydic form of decarboxymethyl elenolic acid linked to tyrosol. 
(3) Aglycon of the dialdehydic form of ligstroside. 
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Effects similar to those of oleuropein are attributed to its hydrolysis product 

hydrohytyrosol that improves cardiac and tumoral diseases, protects against 

atherosclerosis and prevents diabetic neuropathies [22]. This oleuropein metabolite has 

shown to prevent bone loss in an experimental model of osteoporosis (OVX mice), thus 

suggesting that olive phenols may be a useful tool to prevent and treat osteoporosis [23]. In 

addition, hydroxytirosol has proved its effective contribution to normalize obesity, 

diabetes, dyslipidemia, inflammation, fatty liver, and insulin resistance induced by high-

fat-diet feeding in rats; therefore, the finding points out the use of hydroxytyrosol to 

prevent and treat the metabolic syndrome [24].  

 

Fig. 2. Chemical structures of oleuropein and its derivatives. 

On the other hand, the antimicrobial activity of oleuropein and hydroxytyrosol has 

been tested in vitro for some bacterial strain which were causal agents of intestinal and 

respiratory tract infection in humans [25]. The information thus obtained indicates that olive 

oil wastes might be considered a potential source of antimicrobial agents for treatment of 

intestinal or respiratory tract infections and suggests that dietary intake of these 

compounds reduces the risk of bacterial infection, particularly in the intestinal tract. 

Oleocanthal is another olive phenol the concentration of which in oil decreases with 

fruit maturation (from 12 g/kg when it proceeds from early harvested olives to 0.15 g/kg in 

that from late harvested fruit) and decreases in alperujo from 0.13 g/kg to 0.06 g/kg for the 
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same harvest times. Therefore, olive pomace is a valuable source of oleocanthal, 

particularly when from early harvest [26], but whose stability is a factor to be taken into 

account as its concentration is reduced up to 37% upon extended storage. Nevertheless, a 

significant pharmacologic capacity has been demonstrated after 10-month storage [27]. 

Regarding properties, oleocanthal has demonstrated its anti-inflammatory capacity with a 

like ibuprofen activity, but without the undesirable side effects of the latter [28]. Studies 

related to the action of oleocanthal on inflammatory states have proved this phenol as a 

potent inhibitor of pro-inflammatory mediators, thus confirming its potent role for future 

treatment of arthritis and other inflammatory diseases [29]. In addition, oleocanthal is 

capable of altering the oligomerization state of primary neurotoxin in Alzheimer's disease 

(amyloid-β), while protecting neurons from the synaptopathological effects of these 

oligomers. Therefore, it is a potential compound for therapeutic drugs against this disease 

[30]. 

In short, the properties of minor bioactive compounds present in olive oil residues 

are associated mainly to antioxidant activity, radical scavenging potential, cardioprotective, 

anti-inflammatory and anticancer effects of phenols. 

 

2.4 Present exploitation of the bioactive compounds from olive tree/olive oil production 

Nowadays, extracts from olive oil residues are used for different applications, mainly 

as nutraceuticals, food supplements and cosmetics additives. Olive phenols possess high 

antioxidant and free radical scavenging powers, which have led to use olive leaf extracts as 

a natural source of antioxidants to improve the quality and stability of refined edible oils 

[20, 31]. The capacity of hydroxytyrosol to inhibit lipid oxidation has taken advantage for 

potential functional frankfurters, formulated with a healthier oil combination (as animal 

fat replacer), showing a non-significant difference as compared with synthetic antioxidants 

(BHA/BHT), during chilling storage [32]. Besides, oleuropein has been used as an active 

ingredient in milk and yogurt preparations to develop functional dairy products [33]. The 

cosmetics industry takes also profit from this raw material to extract phenols for 

enrichment of its products [34]. Most olive phenols extracts in the market (both liquid and 

solid extracts) come from olive leaves [35]. 
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3. Generalities on vineyards and wine production 

Winemaking is a key economic activity in Mediterranean countries that devote about 

3.4 million hectares to grape harvest, and annually produce around 28 million tonnes of 

grapes and 15 million tons of wine (Table 3) [1]. 

Table 3. Total production of grapes and wine in Mediterranean countries[1]. 

Mediterranean country 

Grapes 
Total wine 
production 

(tonnes) 

Production 
(tonnes) 

Harvested 
area (Ha) 

France 6 588 904 764 124 6 533 646 

Italy 7 115 500 725 353 4 673 400 

Spain 5 809 315 963 095 3 339 700 

Greece 856 600 103 200 295 000 

Croatia 204 373 32 485 48 875 

Algeria 402 592 72 042 47 500 

Morocco 381 861 44 905 33 300 

Turkey 4 296 351 472 545 29 000 

Slovenia 121 396 16 352 24 000 

Tunisia 114 000 29 471 23 200 

Albania 195 200 9 077 18 000 

Montenegro 32 815 9 000 15 000 

Lebanon 89 000 10 000 14 200 

Cyprus 24 656 8 336 12 000 

Israel 89 476 7 890 5 000 

Egypt 1 320 801 64 835 4 400 

Bosnia and Herzegovina 21 601 5 100 3 354 

Malta 4 478 1 600 2 450 

Syrian Arab Republic 337 961 46 295 72 

Libya 35 115 8 350  (*) 

Total Mediterranean production 28 041 995 3 394 055 15 122 097 

(*)Datum no provided by FAO 

 

The grape (Vitisvinifera) is the raw material for winemaking. Wine is a beverage 

produced by fermentation of grape juice by yeasts, mainly Saccharomyces cerevisiae, 

which convert simple sugars to ethanol and carbon dioxide. The alcoholic medium that 
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results from fermentation contains 12–15% ethanol, percentage above which the yeast 

cannot survive [36].  

The winemaking process (Fig. 3) begins with grape harvest. The selected grapes are 

washed to remove leaves and other undesirable material. The fruit is then crushed or 

pressed to release the juice and begin the maceration process that facilitates extraction of 

nutrients, flavorants, and other constituents from the pulp, skins, and seeds. Maceration of 

white wines is kept to a minimum and seldom lasts more than a few hours; step that is 

prolonged for red wines, and occurs simultaneously with alcoholic fermentation. Rosé 

wines are typically made from red grapes exposed to a short prefermentative maceration. 

Fermentation may start spontaneously, caused by endemic yeasts in grapes; however, the 

standard practice is to inoculate the juice or must with a yeast strain of known 

characteristics. Yeasts not only produce ethanol, but also generate the general bouquet and 

flavor attributes that typify wines. Changes in aroma and development of an aged bouquet 

may begin during maturation.  

 

Fig. 3. Mail processes for wine production. 



 

Annex I 

 

Page | 483  

Most of the residues generated in a winery (80–85%) are organic. The grape pomace, 

produced during grape press, is constituted by skin and seeds. The rest of residues are lees, 

which are generated in the fermentation and clarification processes; stalks, branches and 

leaves of the grapevine, and wastewater sludge from wastewater treatment [37]. 

 

3.1 Main residues/wastes from vineyards and wine production 

For many years, the grape seeds, grape skin and stalks have been considered the 

typical residues from winemaking, partial or fully exploited for different applications. 

However, other residues associated with wine production, such as lees from wine or vine 

shoots and senescent leaves from vineyards, have remained unexploited.  

Grape seeds are a waste generated both in wineries and grape juice industries. This 

residue contains mainly lipids, proteins and carbohydrates. The lipid fraction of grape 

seeds (Table 4) has a high commercial value, only partially exploited so far. Grape seed oil 

is gaining popularity as a culinary oil that has been studied as a possible source of special 

lipids [38]. The main characteristic of this oil is its high content in unsaturated fatty acids 

such as linoleic acid (72–76%, w/w); an acid associated to promotion of cardiovascular 

health by down regulation of low-density lipoprotein cholesterol and clearance 

enhancement [39]. In addition, grape seed oil contains tocopherols, also of interest because 

of their antioxidant properties [40]. 

Grape skins are major components of wine pomace. Most studies have dealt with 

extraction of different classes of compounds such as anthocyanins, hydroxycinnamic acids, 

flavanols, and flavonol glycosides, and very few with the assessment of basic 

macromolecular components of this residue [41, 42]. 

Stalks, the main solid waste from winemaking, constitute the skeleton of the grape 

bunch and consist of lignified tissues. Grape stalk could be an interesting raw material for 

industrial bioconversion processes given that it has a high content of biomolecules such as 

lignin, cellulose, and hemicellulose [43], whose applications are being strongly supported by 

the U.S. Government [44]. Stalks also contain high amounts of condensed tannins 

(proanthocyanidins), which are chemically reactive molecules able to react with 

electrophilic and nucleophilic reagents, with proteins or to produce auto condensation 
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reactions. Condensed polyphenols could also potentially be converted to priced chemicals 

and other materials [45].  

Table 4. Fatty acid composition of grape seed oil [38]. 

Fatty acid 
Abbreviated 

formula 
Oil contents 

(%, v/w dry basis) 
Myristic C14:0 0.06 - 0.16 

Palmitic C16:0 6.17 - 8.5 

Palmitoleic C16:1 0.13  - 0.24 

Margaric C17:0 0.07 - 0.14 

Margaroleic C17:1 0.0 - 0.04 

Stearic C18:0 4.09 - 5.91 

Oleic C 18:1n9c 13.7 - 20.8 

trans-Oleic C 18:1n9t 0.0 - 0.16 

Linoleic C18:2cc 63.0 - 73.1 

trans-Linoleic C18:2t 0.0 - 0.16 

Linolenic C18:3 0.36 - 0.51 

Arachidic C20:0 0.18 - 0.27 

Gadoleic C 20:1n9 0.11 - 0.22 

Eicosadienoic C20:2n6 0.0 - 0.05 

Behenic C22:0 0.0 - 0.09 

Oleic/Linoleic 18:1/18:2 0.22 - 0.01 

 

Wine lees —the solid residue remaining at the bottom of reservoirs after wine 

fermentation— have received less attention than other wine residues. Despite their variable 

composition, wine lees are mainly composed by microorganisms (particularly yeasts) and, 

in a less proportion, by tartaric acid and inorganic matter. Wine less from red wine 

production possess an intense red color that suggests they could have an added value as 

source of colorants [46, 47]. 

Vine shoots are the branches of the grape bushes. Most research about vine shoots 

exploitation has been focused on production of paper pulp, ethanol, lactic acid, methanol, 

fuels, biomass, biosurfactants, and activated carbon for wine treatment, extraction of 

volatile compounds and phenols [48]. The composition of vine shoots is characterized by a 

lignin content around 20% (dry weight), which can be hydrolyzed to release phenols such 

as low molecular mass alcohols, aldehydes, ketones or acids; thus making vine shoots a 

source for phenols production [49]. But this raw material can also be a source of 

nanocellulose [44]. 

Leaves constitute a residue to which scant attention has so far been paid; however, 

vine leaves posse large amounts of compounds such as anthocyanins and flavonols that 
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make leaves an attractive residue to obtain natural bioactive compounds or as a source of 

natural colorants, highly demanded at present [50]. 

 

3.2 Main compounds in residues/wastes from vineyards and wine production: chemical 

and healthy properties 

The main bioactive compounds in residues from vineyards and wine production are 

phenols (Table 5). Although there is a large number of bioactive compounds in grapes, 

resveratrol (3,5,4’-trihydroxy-trans-stilbene) has in recent years received much attention 

for the scientific community, maybe because it has been considered by many people the 

answer to the “French paradox” [51]. 

Resveratrol (Fig. 4) is mainly produced by grapes and its highest concentration is in 

the skin (0.05–0.1 g/kg); it is also the major bioactive compound in red wine (0.1–14 mg/L) 

[52]. This bioactive compound is present in red wine but is virtually absent from white wine 

because the skins, seeds and stems are in contact with the liquid during fermentation of red 

wine but not in the case of white wine. As with other phenols, it has been reported that 

resveratrol has beneficial effects on cardiovascular disease, diabetes, obesity and some 

neurodegenerative diseases like Alzheimer’s and Parkinson’s [53].  

 

Fig. 4. Chemical structure of resveratrol. 

Several studies have shown that resveratrol can protect against different 

cardiovascular diseases like atherosclerosis, hypertension, ischemia/reperfusion injury 

and angiogenesis [52]. Also this compound seems to lower blood glucose and protect 

pancreatic cells from oxidative damage, suggesting that it can be a possible therapeutic 

agent against long-term diabetic complications [54, 55]. Furthermore, resveratrol decreases 
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intrahepatic lipid content, triglycerides, and inflammation markers; therefore, it could help 

in the treatment of metabolic syndrome [51]. 

Table 5. Bioactive compounds in vineyards and wine production residues [40, 41, 47, 48].  

Phenol compound Formula 
Grape skin 

Seeds Vine-shoots Lees 
Red White 

Epicatechin C15H14O6 √  √   
Catechin C15H14O6   √ √  
Epicatechin-o-gallate C22H18O10 √ √ √   
Epigallocatechin C15H14O7 √ √ √   
Gallocatechin-o-gallate C22H18O11  √ √   
Procyanidin B2 C30H26O12 √  √   
Malvidin 3-o-glucoside C23H25ClO12   √  √ 
Myricetin C15H10O8  √ √  √ 
Isorhamnetin C15H12O7   √   
Kaempferol C15H10O6   √   
Quercetin C15H10O7 √ √ √  √ 
Myricetin-3-o-glucoside C21H20O3 √ √ √   
Quercetin-3-o-glucoside C21H20O12  √ √  √ 
Astilbin C23H22O33 √  √   
Caffeic acid C9H8O4 √ √ √  √ 
o-Coumaric acid C9H8O3 √ √ √ √ √ 
Ferulic acid C10H10O4 √ √ √ √  
Gallic acid C7H6O5 √ √ √ √  
4-Hydroxybenzoic acid C7H6O3 √ √ √ √  
Protocatechuic acid C7H6O4 √ √ √ √  
trans-Resveratrol C14H12O3 √ √ √   
Astringinin C14H12O4  √ √   
Piceid C20H22O8 √  √   
trans-Pterostilbene C16H16O3 √  √   
5-Acetoxymethylfurfural C8H8O4  √ √   
2-Furancarboxylic acid ethyl esther C7H8O3  √ √   
Ethyl ferulate C12H14ClO4 √ √ √   
Ethyl protocatechuate C9H10O4 √ √ √   
Pyrocatechol C6H6O2 √ √ √ √  
Pyrogallol C6H6O3 √ √ √ √  
4-Methylpyrocatechol C7H8O2 √ √ √   
4-Vinylguaiacol C9H10O2 √ √ √   
2-Phenylacetaldehyde C8H8O √ √ √   
4-Hydroxybenzaldehyde C7H6O2 √ √ √   
Coniferaldehyde C10H10O3 √ √ √ √  
p-Hydroxybenzalacetone C10H10O2  √ √   
Vanillin C8H8O3 √ √ √ √  
5-Hydroxymethylfurfural C6H6O3    √  
4-Ethoxyphenol C8H10O2  √ √   
Guaiacol C7H8O2    √  
Vanillic acid C8H8O4    √  
Syringic acid C9H10O5    √  
Sinapic acid C11H12O5    √  
Acetovanillone C9H10O3    √  
Sinapaldehyde C11H12O4    √  

 

On the other hand, there are evidences that resveratrol has a chemoprotective effect 

against colon [53, 56] and breast cancers  [57, 58]. Also, resveratrol has gained importance as a 
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naturally available medicine for the prevention of inflammatory and neurodegenerative 

diseases: it prevents the induced damage by herbicides on the hippocampal neurons [59], 

and its interaction with hippocampal neurotropic factor suggests its potential usefulness 

for treatment of resistant depression [60]. 

Although in vivo and in vitro studies with resveratrol have shown its beneficial 

effects, a debate exists about whether resveratrol is the main responsible for the beneficial 

effects shown by the moderate consumption of red wine or grapes. Some studies suggest 

that the presence of other bioactive compounds in wine with highest antioxidant or radical 

scavenging capacity, such as quercetin or the anthocyanins, would have more influence on 

health than resveratrol, despite they are present at lower concentrations [61, 62]. Even so, 

studies about synergistic or antagonistic effects of the bioactive compounds from red wine 

or its residues are virtually non-existent. A few studies about the effect of flavonoid–

flavonoid interaction have demonstrated that flavonoids present in a mixture can interact, 

and the interactions can affect the total antioxidant capacity of a solution. These synergistic 

and antagonistic effects between flavonoids may explain the results obtained when 

measuring the antioxidant effects of whole food extracts, such as red wine [63]. The effect of 

the interaction between resveratrol and other bioactive compounds present in wine, such 

as flavonoids, has not been studied, despite elucidation of this interaction could help to 

resolve the “French paradox” and reassess red wine as a functional food. 

 

3.4 Present exploitation of the bioactive compounds from residues/wastes from vineyards 

and wine production 

Nowadays, it is possible to find in the market a number of resveratrol-based dietary 

supplements, either in pills, liquids and even soft chews [64, 65]. Also, in the cosmetics 

industry, a wide range of products such as lipstick, cheek stains and skin creams use 

resveratrol as a main active compound [66, 67]. 

Anthocyanins are used as natural colorants in foods and beverages industries, 

especially those rich in carbohydrates or gelatin [68]. Besides being natural colorants, which 

can be used to replace synthetic colorants, anthocyanins have antioxidant properties that 

can help in the conservation of food and provide beneficial effects to the consumers’ health 

[69, 70]. 
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On the other hand, leaves from Vitisvinifrea L. have received a dissimilar attention 

as a function of their age. Some high-standing cosmetics include in their composition 

extracts from vine leaf grapes, with the subsequent damage to the plant. Green adult leaves 

(both fresh and in brine) are used as food in countries as Greece and Turquey [71]. Also, 

extracts from fresh leaves —which are rich in flavonols, mainly quercetin and kaempherol; 

and anthocyanins, mainly cyanidin, petunidin, peonidin and malvidin—may be used to 

enrich grape seed oil, thus improving its stability and functional properties [50, 72]. Senescent 

leaves are an ignored raw material, despite this state endows leaves with color from yellow 

to brown, with intermediate redish and redish–brown tonalities, depending on the cultivar. 

This wide range of color demonstrated an also wide range of colorants that, taking into 

account the traditional culinary use of leaves, can enter the food market without the need 

for obtaining the GRAS (Generally Recognized as Save) status.  

 

4. Trends 

There are at present few large-scale applications for the residues from olive oil and 

wine industries. Main applications are as inedible colorants, as wool colorants, and few of 

them are as cosmetics ingredients. However, the large amount of bioactive compounds they 

contain make these residues an attractive alternative for massive exploitation in functional 

foods, cosmetics and pharmaceuticals. The large amount of residues/wastes generated by 

the wine and olive oil industries, mostly in the Mediterranean basin, makes them a viable 

source of these compounds and also help to reduce the environmental pollution generated 

by these industries. For optimal exploitation of these residues/wastes implementation of 

better extraction and purification processes of bioactive compounds are mandatory. Owing 

to the seasonal overloading of these industries, faster extraction processes should be 

developed; first at a laboratory scale; then to be adapted to a pilot plant, and finally to 

industrial plants. 

Most studies concerning their use as food additives, as substitutes of synthetic 

preservatives and stabilizers, have been focused on the stability of the foods; however, the 

bioavailability of the foods after consumption has been poorly studied. In this respect, 

studies on the health and well-being of people ingesting these foods could increase the 

interest in the use of these compounds and their acceptance by the consumers. 
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Annex II. Research article that has resulted from 
the collaboration with members of other groups 
in the Department of Analytical Chemistry. 

 

Sent for publication to Chemical Engineering Journal 
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Annex III. Supervision of the Master’s Thesis of 

Verónica Cuéllar Sánchez (Effect of the extraction 

method on the metabolite profile and anti-radical 

activity of tissue extracts from different avocado 

varieties), defended in the Technological Institute of 

Veracruz, Mexico. The supervision was carried out 

during 2016, year that the PhD student had to stay in his 

country for bureaucratic reasons, and also during the 

first semester of 2017, when the Master’ student made a 

6 month stay in the lab of the FQM-227 group. 
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Annex IV: Co-direction of the Final Degree 

Project (TFG) of Ángela Ayllón González 

(Comparative study of the antioxidant capacity 

and other healthy properties of the extracts from 

wastes from the vine and olive tree and their 

products), developed in the UCO, during the 

2017–18 academic year, presently in 

development. 
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Annex V: Co-direction of two doctoral thesis in México, 

Technological Institute of Veracruz, of the PhD’s 

students María del Carmen Moctezuma Sánchez 

(Lipidomic profile of mesocarp and cellular fractions of 

avocado (Persea Americana) during the physiological 

and edible maturation), and Karla Gabriela Álvarez 

Villagómez (Metabolomic analysis during the 

fermentation of the cocoa bean, Theobroma cacao L., 

with a defined inoculum). 
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Annex VI: Mexican doctoral thesis 

(Metabolomics as a tool to study citrus), 

presented and defended in Mexico in 2016. 
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Annex VII: Oral and poster communications in 

two national analytical meetings. 
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Annex VIII: Award “Rodolfo Quintero Ramírez” 

for the best doctoral thesis in Food Sciences in 

2016, awarded by the Unity of Research and 

Development on Foods, Technological Institute 

of Veracruz (April 2017).  
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Annex IX: Obtaining the National Researcher 

level 1 (Mexico, September 2017). 
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Abbreviations 

ABTS, 2, 2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) free radical-

scavenging assay; ACN, acetonitrile; ANOVA, analysis of variance; AOP, 

advanced oxidation process; BOD, biochemical oxygen demand; C2H, cinnamate 

2-hydroxylase; C4H, cinnamate 4-hydroxylase; Ca3M, caffeic acid 3-O-

methyltransferase; CHI, chalcone isomerase; CHS, chalcone synthase; COD, 

chemical oxygen demand; CR, citrus residue; CUPRAC, cupric reducing 

antioxidant capacity assay; DAD, diode array detector; DPPH, 2, 2-diphenyl-1-

picrylhydrazyl free radical-scavenging assay; ESI, electrospray ionization source; 

EVOO, extra virgin olive oil; F3M, flavonoid 3'-monooxygenase; FID, flame 

ionization detector; FLS, flavonol synthase;  FNH, flavonoid 3',5'-hydroxylase; 

FNS, flavone synthase; FRAP, ferric reducing antioxidant power assay; GC, gas 

chromatography; Glu, glucoside; HMG, 3-hydroxy-3-methyl-glutaryl; HS, 

headspace; IT, ion trap; LC, liquid chromatography; LLE, liquid–liquid 

extraction; LOD, limit of detection; LOQ, limit of quantitation; MAE, microwave-

assisted extraction; MS, mass spectrometry; MW, microwaves; N3D, naringenin 

3-dioxygenase; Neo, neohesperidoside; OMWW, olive mill waste water; PAL, 

phenylalanine ammonia-lyase; pC3H, p-coumarate 3-hydroxylase; PCA, 

principal component analysis; PLS-DA, partial least square-discriminat analysis; 

QqQ, triple quadrupole mass detector; QTOF, quadrupole–time of flight 

detector; RT, retention time; Rut, rutinoside; SE, shaking extraction method; 

SFE, supercritical fluid extraction; SHLE, superheated liquid extraction; SPE, 

solid-phase extraction; SPME, solid-phase microextraction; TAL, tyrosine 

ammonia-lyase; TPOMW, two-phase olive mill waste; US, ultrasound; USAE, 

ultrasound-assisted extraction; UV, ultraviolet; Vis, visible; VOO, virgin olive oil; 

W+number, number of growth weeks. 

 



 

 

 






