
 

 

UNIVERSIDAD DE MURCIA 

ESCUELA INTERNACIONAL DE DOCTORADO 

TESIS DOCTORAL 

Stability of strawberry and apple phenolics and changes in other 
metabolites after different processing techniques and storage 

conditions in industrial set-up 

 

Estabilidad de los compuestos fenólicos de fresa y manzana y 
cambios en otros metabolitos tras diferentes técnicas de procesado y 

condiciones de almacenamiento en instalaciones industriales 

 

 

Da. Gabriela Lorena Salazar Orbea 

2023 

  



 

 

  



 

 

UNIVERSIDAD DE MURCIA 

ESCUELA INTERNACIONAL DE DOCTORADO 

TESIS DOCTORAL 

Stability of strawberry and apple phenolics and changes in other 
metabolites after different processing techniques and storage 

conditions in industrial set-up 

 

Estabilidad de los compuestos fenólicos de fresa y manzana y 
cambios en otros metabolitos tras diferentes técnicas de procesado y 

condiciones de almacenamiento en instalaciones industriales 

 

Autor: Da. Gabriela Lorena Salazar Orbea 

 

Directores: Francisco A. Tomás Barberán 

Rocío García Villalba 

Luis Manuel Sánchez Siles  



 

  



 

 



 

 



 

  



 

  



 

The current doctoral thesis is presented as a compendium of publications after 

obtaining a favorable decision from the doctoral committee of the Food Technology, 

Nutrition and Bromatology program, and receiving prior authorization from the general 

doctoral committee of the University of Murcia. 

The compendium of publications comprises three papers published in journals 

indexed in Journal Citation Reports (JCR): 

1. Salazar-Orbea, G.; García-Villalba, R.; Sánchez-Siles, L. M.; Tomás-Barberán, F. 

A.; García, C. J. Untargeted Metabolomics Reveals New Markers of Food Processing 

for Strawberry and Apple Purees. Molecules 2022, 7275. 

https://doi.org/https://doi.org/10.3390/molecules27217275. 

2. Salazar-Orbea, G. L.; García-Villalba, R.; Bernal, M. J.; Hernández, A.; Tomás-

Barberán, F. A.; Sánchez-Siles, L. M. Stability of Phenolic Compounds in Apple and 

Strawberry: Effect of Different Processing Techniques in Industrial Set Up. Food 

Chem. 2023, 401 (August 2022). https://doi.org/10.1016/j.foodchem.2022.134099  

3. Salazar-Orbea, G. L.; García-Villalba, R.; Bernal, M. J.; Hernández-Jiménez, A.; 

Egea, J. A.; Tomás-Barberán, F. A.; Sánchez-Siles, L.M. Effect of Storage Conditions 

on the Stability of Polyphenols of Apple and Strawberry Purees Produced at Industrial 

Scale by Different Processing Techniques. J. Agric. Food Chem. 2023. 

https://doi.org/10.1021/acs.jafc.2c07828.s. 

 

 

 

The present research thesis has been financially supported by HERO GROUP under 

the project FOODPRINT: “Understanding and reframing minimal processing”.  



 

  



 

 

 

 

 

 

 

 

 

A mis padres, Miguel y Mercedes, 

Por creer en mí, ser mi ejemplo de superación y guías de vida 

A mis hermanos, Katherine y Anthony, 

Que a la distancia siempre están en mi vida para darme su apoyo  

  



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

To Pavel and Matias, 

you are my dream come true 

my love, my strength to make everything possible. 

 

  



 

 

  



 

Llegar hasta aquí no ha sido fácil, pero muchas personas lo han hecho posible y 

ahora se ve reflejado en la culminación de esta tesis. Hace más de cuatro años que empecé 

este viaje de la investigación, sin saber en lo que me embarcaba pero desde el inicio y cada 

día encontré ángeles en mi camino que me ayudaron a superar los obstáculos y a crecer 

tanto personal como profesionalmente. A todos ellos quiero agradecerles hoy y siempre. 

En primer lugar, a mis Directores de Tesis. Luisma, fuiste el primero que creyó en 

mí, en mis capacidades y me diste la oportunidad de adentrarme en este mundillo de la 

investigación. Muchas veces no entendía porque después de tantos meses de trabajo, 

cambiábamos todo y parecía que no avanzaba, pero al final el resultado era justo lo que 

queríamos. Gracias por todo tu apoyo y por enseñarme a ser crítica, tomar decisiones y 

determinar objetivos. Talvez para ti fue una tesis, pero a mí me cambiaste la vida. Rocío, 

gracias por toda tu paciencia, dedicación y esfuerzo, ha sido un privilegio trabajar a tu lado 

y aprender tanto de ti. Pachi, gracias por darme la oportunidad de trabajar en tu grupo de 

investigación “Grupo de Calidad, Seguridad y Bioactividad de alimentos derivados de 

plantas del CEBAS-CSIC” y haberme ayudado y guiado durante estos años para que este 

trabajo sea posible. 

Al Grupo Hero y a Hero España por haber financiado este proyecto, a todas las 

personas que fueron parte de este trabajo desde el inicio, en especial a María José Bernal 

por la planificación y ayuda en la ejecución de los ensayos en planta.  

A los compañeros y amigos que estuvieron presentes en algún momento e hicieron 

que cada día sea más llevadero: Alberto, Paco, Juan Antonio, María, Mira, Jisca, Mary. Y 

a mi mejor amiga, Laura Acosta, que a la distancia siempre estuvo ahí en días buenos y 

malos para escucharme en nuestras interminables platicas de todo y de nada, fuiste y eres 

mi gran apoyo y la prueba que en el mundo todavía quedan personas buenas.  

Agradecimientos sinceros y profundos desde los más hondo de mi corazón a la 

familia Tillaguango Guzmán, Nancy, Angel, Klever, Keno y Kevin que desde el primer día 

que llegué a su hogar en Murcia me abrieron los brazos y me acogieron como un miembro 

más de su familia, fueron mi soporte, mi apoyo, esa mano amiga que estuvo para sostenerme 

y darme fuerzas para seguir adelante. Gracias por todos esos domingos familiares, por los 

consejos oportunos cada uno fue muy valioso y especial. Gracias Keno, por todo el amor, 



 

por la paciencia y cada detalle que tuviste conmigo, por las lecciones de vida que me diste, 

me llevaré siempre tu frase “El no ya lo tienes”, eso que me hizo buscar y conseguir tantas 

cosas que no pensé posibles y ahora son una realidad.  

Finalmente quisiera agradecer a mis padres, Miguel y Mercedes, y hermanos, 

Katherine y Anthony, quienes siempre han creído en mí y me han apoyado durante mi etapa 

de formación, me han impulsado a ser una mejor persona cada día y a luchar por mis 

objetivos. Gracias por animarme y ser mi ejemplo de superación y enseñarme que con 

trabajo constante todo es posible. Espero que al igual que yo, vean el tiempo y la distancia 

valieron la pena.  

  



 

  



 

 

 



 

 

Table of Contents       

Summary………………………………………………………………………….. I 

Resumen……………………………………………...…………………………… V 

List of figures and tables………………………………………………………….….. XIII 

     

CHAPTER I: Introduction 1 

 1.1. Phenolic compounds: chemistry, classification and occurrence………….. 1 

  1.1.1. Flavonoids………………………………………………………..… 2 

  1.1.2. Phenolic acids…………………………………………………….... 4 

  1.1.3. Stillbenes…………………………………………………………… 5 

  1.1.4. Lignans………………………………………………………….….. 5 

 1.2. Phenolic compounds in apple and strawberry…………………………….. 5 

 1.3. Analysis of phenolic compounds……………………………………..….. 8 

 1.4. Phenolic compounds and health……………………………………..…… 10 

 1.5. Factors influencing (poly)phenols levels…………………………………. 12 

 1.6. Food processing techniques and their impact on phenolics………….…… 15 

  1.6.1. Thermal processing treatments…………………………………..… 16 

  1.6.2 Non-thermal processing treatments…………………………………. 17 

 1.7. Metabolomics as a tool to evaluate food processing……………………… 19 

CHAPTER II: Objectives…………………………………………..…………… 23 

  2.1. General Objective…………………………………………………..… 25 

  2.2. Specific Objectives………………………………………………..….. 25 

CHAPTER III: Materials and methods……………………………………..…… 27 

 3.1. Chemicals…………………………………………………………………. 29 

 3.2. Strawberry and apple samples………………..………………………...… 29 

  3.2.1. Fresh fruit samples………………………………………………….. 29 

  3.2.2. Processing techniques and conditions……………………………… 29 



 

  3.2.3. Storage conditions………………………………………………….. 31 

 3.3. Extraction and analysis of phenolic compounds………………………….. 32 

 3.4. Extraction and analysis of proanthocyanidins…………………………….. 35 

 3.5. Analysis of global metabolic profile by UPLC-ESI-QTOF MS………….. 36 

 3.6. Color measurements………………………………………………………. 37 

 3.7. Sensory analysis………………………………………………………...… 38 

 3.8. Statistical analysis……………………………………………………….... 38 

CHAPTER IV: Stability of phenolic compounds in apple and strawberry: Effect 
of different processing techniques in industrial set up…………………………… 43 

CHAPTER V: Effect of storage conditions on the stability of polyphenols of 
apple and strawberry samples produced at industrial scale by different processing 
techniques…………………………………………………………………………. 47 

CHAPTER VI: Untargeted metabolomics reveals new markers of food 
processing for strawberry and apple purees………………………………………. 51 

CHAPTER VII: Discussion…………………………………………………….. 55 

CHAPTER VIII:  Conclusions…………………………………………………... 61 

References………………………………………………………………………… 65 
 

  



Summary 

I 

Summary  

(Poly)phenols are important bioactive compounds with potential beneficial effects on human 

health, these are commonly found in fruits and vegetables. This research was focused on the 

(poly)phenols of apple (Malus domestica) and strawberry (Fragaria x ananassa) as these are 

two of the fruits more consumed worldwide, both fresh and processed (juices, jams, purees, 

smoothies, dried). Although the consumers increasingly look for less processed products, 

fruit products need to be offered and available in the market all year long. Therefore, fruit 

processing is essential to extend their shelf life, together with guaranteeing their nutritional 

and bioactive content while maintaining their sensory characteristics. Overall, there is a 

considerable variability among the (poly)phenols, which depends firstly on the matrix, the 

part of the fruit (e.g., flesh, peel, achenes) and the inherent fruit characteristics (e.g., origin, 

variety, ripeness degree). However, the different technologies for fruit processing and the 

storage conditions also play a role in the changes of the (poly)phenols concentration and 

sensory characteristics of the final product. Simultaneously, the processing technologies and 

conditions also influence the metabolic profile of both fruits.  

The objectives of the present Thesis were to determine to what extent different processing 

technologies, freezing, thermal treatments, and high-pressure processing, tested at an 

industrial scale and storage conditions, -20, 4 and 24 ºC for twelve months, affect the 

(poly)phenols, color and sensory attributes in the selected strawberry and apple products. As 

well as, to determine how the fruit processing influenced the metabolic profile and identify 

possible markers that help assess the degree of processing in these products. All this in order 

to potentially facilitate the use of customized processing and storage conditions to limit the 

degradation of (poly)phenols while maintaining the best quality and organoleptic 

characteristics.  

For achieving the separation, identification and quantification of the different (poly)phenols 

compounds characteristics to each fruit, the samples were extracted and analyzed by specific 

chromatographic methods and conditions. In addition, a non-targeted metabolomics 

approach based on UPLC-ESI-QTOF-MS was performed for the identification of  processing 

markers. Methods and specific conditions are detailed in CHAPTER III.
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The results reached from this Thesis and included in the CHAPTERS IV, V and VI concluded 

that : 

1. In strawberries, mild and standard thermal treatments showed similar patterns for most 

phenolic groups; an increase in proanthocyanidins, no change in ellagic acid conjugates, and 

a major decrease in flavonols and anthocyanins. Nevertheless, the process to obtain 

strawberry concentrate, vacuum concentration, had a detrimental effect on all the 

compounds. On the other hand, the storage conditions had a stronger detrimental impact on 

the phenolic compound levels, as well as on color and sensory attributes than the processing 

techniques. 

2. In apples, mild treatments and high-pressure processing had similar effects in all 

phenolic groups, with increases in dihydrochalcones, hydroxycinnamics, and 

proanthocyanidins and decreases in flavonols. However, the standard thermal treatment 

increased dihydrochalcones and even flavonols concentrations. Thus it can be said that the 

initial processing techniques exerted a greater influence than storage conditions. 

3. In general, proanthocyanidins were the major phenolic group and the most stable 

during storage, while anthocyanins were the group most affected by both processing and 

storage.  

4. Overall, the storage at -20 and 4 ºC barely affected the phenolic level and the quality 

characteristics during storage. Nevertheless, storage at 24 ºC highly degraded the 

polyphenolic content and the quality and sensory attributes in strawberry, although not that 

drastic in apple products. 

5. Through a non-targeted metabolomics approach, seven metabolites were identified and 

proposed as potentially powerful markers to evaluate the processing degree of strawberry 

and apple puree products.  

6. Pyroglutamic acid, and 2-hydroxy- 5-methoxy benzoic acid were identified as 

upregulated markers, whereas pteroyl- D-glutamic acid, and 2-hydroxybenzoic acid β-D-

glucoside were identified as down regulated markers of thermal processing in strawberry 

products. 

7. Dihydroxycinnamic acid glucuronide, caffeic acid, and lysoPE(18:3(9Z,12Z,15Z)/0:0) 

were identified as upregulated markers, showing an increasing trend correlated with thermal 

processing in apple products.
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8. The selection of the right variety together with both processing technology and 

conditions should be customized accordingly by industries, to preserve or even increase the 

(poly)phenol content in the final product as close as possible to that of fresh fruit.  

9. The use of these markers may potentially help to objectively measure the degree of 

food processing and help to clarify the controversial narrative on ultra-processed foods. 
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Resumen 

Los (poli)fenoles son importantes compuestos bioactivos con posibles efectos beneficiosos 

para la salud humana, y se encuentran habitualmente en frutas y verduras. Esta investigación 

se centró en los (poli)fenoles de la manzana (Malus domestica) y la fresa (Fragaria x 

ananassa), ya que son dos de las frutas más consumidas en todo el mundo, tanto frescas como 

procesadas (zumos, mermeladas, purés, batidos). Aunque los consumidores buscan cada vez 

más productos menos procesados, los productos de fruta deben ofrecerse y estar disponibles 

en el mercado durante todo el año. Por lo tanto, el procesado de la fruta es esencial para 

prolongar su vida útil, además de garantizar su contenido nutricional y bioactivo manteniendo 

sus características sensoriales. En general, existe una variación considerable en la 

concentración de (poli)fenoles, que depende en primer lugar de la matriz, la parte de la fruta 

(ej. pulpa, piel, aquenios) y las características inherentes de la fruta (ej. origen, variedad, 

grado de madurez). Sin embargo, las diferentes tecnologías de procesado de la fruta y las 

condiciones de almacenamiento también influyen en los cambios de la concentración de 

(poli)fenoles y en las características sensoriales del producto final. Simultáneamente, las 

tecnologías y condiciones de procesado también influyen en el perfil metabólico de ambas 

frutas. Por lo que es importante determinar cómo éstos factores intervienen en la variación 

de los compuestos biactivos y en las características sensoriales del producto.  

Los objetivos de la presente Tesis fueron determinar en qué medida las diferentes tecnologías 

de procesado, congelación, tratamientos térmicos y procesado por alta presión, ensayadas a 

escala industrial y condiciones de almacenamiento, -20, 4 y 24 ºC durante doce meses, 

afectan a los (poli)fenoles, color y atributos sensoriales en los productos seleccionados de 

fresa y manzana. Así como, determinar cómo influyó el procesado de la fruta en el perfil 

metabólico e identificar posibles marcadores de procesado térmico que ayuden a evaluar el 

grado de procesado en estos productos. Todo esto con el fin de potencialmente facilitar el 

uso de condiciones de procesado y almacenamiento personalizadas para limitar la 

degradación de los (poli)fenoles manteniendo la mejor calidad y características 

organolépticas.  

Como se mencionó anteriormente, en este trabajo fresa (Fragaria x ananassa) cv. Primoris y 

manzana (Malus domestica) cv. Golden Delicious provenientes de Huelva y Zaragoza 
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respectivamente, fueron procesadas mediante diferentes técnicas y condiciones industriales, 

y almacenadas a -20, 4 y 24 ºC por doce meses. Este trabajo incluye dos estudios, que 

analizan las técnicas de procesamiento y almacenamiento de la siguiente manera:  

Estudio 1, fresas congeladas individualmente (IQF) y purés de fresa obtenidos por trituración 

en frío sin tratamiento térmico (NT); trituración en frío + tratamiento térmico suave (MT); 

trituración en caliente + tratamiento térmico estándar (ST); y tratamiento térmico estándar + 

concentración al vacío (VC). Las fresas IQF se obtuvieron retirando el cáliz de la fruta, 

seguida de pre-enfriamiento y congelación en dos etapas, primero a -16 ◦C/8 min y 

finalmente a -26 ◦C/ 8 min. Para obtener los purés de fresa, se utilizaron dos técnicas de 

extracción: trituración en frío y la trituración térmica estándar. El puré obtenido por 

trituración en frío y desaireación se dividió en dos partes: una sin tratamiento térmico (NT), 

y la otra se sometió a un tratamiento térmico suave (MT) a 90 ◦C/ 30 seg. Mientras que para 

obtener el puré por trituración térmica (ST), las fresas enteras se precalentaron (92 ◦C/ 4 min) 

y después se trituraron, posteriormente, el puré caliente se sometió a una desaireación térmica 

(92 ◦C/ 2 min) seguida de una pasteurización a 90 ◦C durante 30 s. Por último, para producir 

el puré concentrado al vacío, se utilizó como base el puré ST y se sometió a una concentración 

al vacío (VC) (0,3-0,4 Bar) a 83 ◦C durante 3,5 h. 

Estudio 2, purés de manzana obtenidos mediante trituración en frío con inactivación 

enzimática + procesado por altas presiones (HPP); trituración en frío + tratamiento térmico 

suave (MT); y trituración en caliente + tratamiento térmico estándar (ST); purés de manzana 

reprocesados térmicamente (RP) (90 °C/11 min) de las muestras MT y ST (RP.MT y RP.ST). 

En el caso de la manzana, los purés fueron obtenidos el proceso de trituración en frío se inició 

con manzanas enteras, que se trituraron directamente sin temperatura, separando en esta fase 

la piel y las semillas. El puré obtenido tras la trituración se desaireó en frío y se desactivó 

térmicamente (92 ◦C/ 2 min). A continuación, el puré se dividió en dos partes: una se envasó 

y se trató con altas presiónes (HPP) (6 bares, 4 ◦C/ 1 min), mientras que la otra parte se 

desaireó en caliente y se pasteurizó (99 ◦C/ 1 min), obteniéndose un puré ligeramente tratado 

(MT). Para obtener el puré mediante tratamiento térmico estándar (ST), las manzanas se 

trocearon, se precalentaron a 92 ◦C durante 5 min y se trituraron en caliente, refinándose 

finalmente separando la piel y las semillas del puré. El puré obtenido se desaireó en caliente 
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y se pasteurizó (99 ◦C/ 1 min). Muestras de puré de manzana MT y ST almacenadas a 24 ◦C 

durante seis meses se reprocesaron con tratamiento térmico (90 ◦C/11 min), obteniéndose 

purés de manzana reprocesados (RP.MT y RP.ST). 

Los purés de fresa y manzana procesados se envasaron asépticamente en bolsas asépticas de 

doble membrana de baja permeabilidad (<0,02 cc/m2/día) [membrana exterior, PE/Met 

PET/PE de 102 μm; membrana interior, CoEx PE/EVOH/PA/PE de 90 μm (ARAN 

Packaging, España)] y se almacenaron durante 12 meses a sus correspondientes 

temperaturas. Las fresas IQF y el puré de fresa NT se almacenaron únicamente a -20 °C, 

mientras que el puré de fresa VC se envasó en tarros de cristal sellados al vacío y se conservó 

a 24 °C. El puré de manzana HPP se conservó sólo a 4 °C. En el caso de los purés de manzana 

reprocesados, éstos se envasaron al vacío en botes de cristal y se conservaron a 24 °C, que es 

una norma común del mercado. Todas las muestras almacenadas se analizaron a los 2, 6 y 12 

meses. Se analizaron tres réplicas de cada técnica de procesado y condición de 

almacenamiento. Para eliminar la humedad, todas las muestras se liofilizaron y se trituraron 

en polvo previamente para homogeneizar la muestra antes de la extracción.  

Para lograr la separación, identificación y cuantificación de los diferentes compuestos 

(poli)fenólicos característicos además de los metabolitos de cada fruta, fresa y manzana, la 

extracción de las muestras se inició con 50 mg de muestra liofilizada del producto de fruta, 

las mismas que se extrajeron con 1 mL de metanol/agua/ácido acético (70:29:1, v/v) para la 

fresa y metanol/agua (70:30, v/v) para la manzana. Las muestras se homogeneizaron en un 

vórtex durante 1 minuto y se sometieron a sonicación durante 30 minutos a temperatura 

ambiente. Posteriormente, las muestras se centrifugaron durante 15 min a 20627g a 12 °C 

(Thermo Scientific™ Sorvall™ ST 16, Alemania). El sobrenadante resultante se filtró a 

través de un filtro de 0,22 µm. La extracción de proantocianidinas se realizó según Kennedy 

& Jones (2001), con algunas modificaciones. Se añadió 800 µL de una solución 0.1N HCl en 

MeOH conteniendo 5 g/L  phloroglucinol y 10 g/L de ácido ascórbico a 0.8 g de muestra 

liofilizada en polvo. La mezcla se incubó a 50 °C durante 20 min con homogenización 

constante. Posteriormente, se añadió 1 mL de acetato sódico 40 mM para detener la reacción. 

Por último, las muestras se centrifugaron durante 10 min a 10000 rpm, y el sobrenadante se 

filtró a través de un filtro de PVDF de 0.22 µm. Todas las muestras se analizaron mediante 
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métodos y condiciones cromatográficos específicos detallados en el CAPITULO III. 

Además, se realizó una aproximación metabolómica no dirigida basada en UPLC-ESI-

QTOF-MS para la identificación demarcadores de procesado.  

Para determinar el cambio de color en las muestras, las muestras se midieron con un 

cromómetro CR-400. La medición se realizó en el sistema CIEL*a*b*. Los valores se 

utilizaron para determinar, Chroma, ◦Hue, y la diferencia de color total (ΔE). Por otra parte, 

el análisis sensorial de los purés se determinó utilizando una escala hedónica de 9 puntos. 

escala hedónica. Las puntuaciones oscilaron entre 1 y 9 (siendo "1′′ de desagrado extremo, y 

"9" de agrado extremo). Los atributos evaluados fueron color, viscosidad, aroma, sabor y 

valoración global, que han sido reconocidos como factores que afectan a la aceptación 

sensorial en productos de fruta.  

Para evaluar el efecto de las tecnologías de procesado y el almacenamiento sobre los 

compuestos fenolicos, los parámetros de color y los atributos sensoriales, se realizó un 

análisis de varianza (ANOVA) de una vía seguido de comparaciones mediante la prueba de 

Tukey con un nivel de confianza de 0,05. Además en las muestras almacenadas, se realizó 

un análisis de componentes principales (PCA) de forma independiente en las fresas y las 

manzanas para estudiar los patrones de agrupación de las muestras. Todos los análisis de 

datos se realizaron utilizando el software R (versión 4.0.2).  

Mientras que para identificar los metabolitos afectados según el grado de procesamiento, los 

datos brutos generados por UPLC-ESI-QTOF-MS se pre-procesaron para construir la matriz 

de datos. Posteriormente, el tratamiento de los datos incluida la transformación logarítmica 

de los datos y el escalado de Pareto se realizó antes del análisis univariante (ANOVA) y 

multivariante. En cuanto al análisis multivariante, se realizaron análisis de componentes 

principales (PCA) y análisis discriminante de mínimos cuadrados parciales (PLS-DA). 

Finalmente, estándares auténticos, espectros MS/MS de iones se utilizaron para la 

confirmación de los metabolitos. Mientras que, las bases de datos Metlin y MassBank of 

Noth America (MoNA) se utilizaron para comprobar la identificación tentativa. 

Los resultados alcanzados a partir de esta Tesis e incluidos en los CAPÍTULOS V, VI y VII 

concluyen que : 
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1. En las fresas, los tratamientos térmicos suaves y estándar mostraron patrones similares 

para la mayoría de los grupos fenólicos; un aumento de las proantocianidinas, ningún cambio 

en los conjugados del ácido elágico, y una disminución importante de los flavonoles y 

antocianinas. Sin embargo, el proceso de obtención del concentrado de fresa, la 

concentración al vacío, tuvo un efecto perjudicial sobre todos los compuestos.  Por otra parte, 

las condiciones de almacenamiento tuvieron un mayor impacto perjudicial sobre los niveles 

de compuestos fenólicos, así como sobre el color y los atributos sensoriales que las técnicas 

de procesado. 

2. En las manzanas, los tratamientos suaves y el procesado a alta presión tuvieron efectos 

similares en todos los grupos fenólicos, con aumentos en dihidrochalconas, hidroxicinamicos 

y proantocianidinas y disminuciones en flavonoles. Sin embargo, el tratamiento térmico 

estándar aumentó las concentraciones de dihidrochalconas e incluso de flavonoles. Por tanto, 

puede decirse que las técnicas de procesado inicial ejercieron una mayor influencia que las 

condiciones de almacenamiento. 

3. En general, las proantocianidinas fueron el grupo fenólico mayoritario y el más estable 

durante el almacenamiento, mientras que las antocianinas fueron el grupo más afectado tanto 

por el procesado como por el almacenamiento.  

4. En general, el almacenamiento a -20 y 4 ºC apenas afectó al nivel fenólico y las 

características de calidad durante el almacenamiento. Sin embargo, el almacenamiento a 24 

ºC degradó mucho el contenido polifenólico y los atributos de calidad y sensoriales en fresa, 

aunque no tan drásticamente en los productos de manzana. 

5. A través de un enfoque metabolómico no dirigido, se identificaron siete metabolitos y 

se propusieron como marcadores potencialmente potentes para evaluar el grado de procesado 

de los productos de puré de fresa y manzana.  

6. El ácido piroglutámico, y el ácido 2-hidroxi- 5-metoxi benzoico fueron identificados 

como marcadores regulados al alza, mientras que el ácido pteroil- D-glutámico, y el ácido 2-

hidroxibenzoico β-D-glucósido fueron identificados como marcadores regulados a la baja del 

procesado térmico en productos de fresa. 

7. El glucurónido del ácido dihidroxicinámico, el ácido cafeico y el 

lysoPE(18:3(9Z,12Z,15Z)/0:0) se identificaron como marcadores regulados al alza, 
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mostrando una tendencia creciente correlacionada con el procesado térmico en productos de 

manzana. 

8. La selección de la variedad adecuada, junto con la tecnología y las condiciones de 

procesado, deben ser adaptadas en consecuencia por las industrias, para preservar o incluso 

aumentar el contenido de (poli)fenoles en el producto final lo más cerca posible del de la 

fruta fresca. 

9. El uso de estos marcadores podría ayudar a medir objetivamente el grado de procesado 

de los alimentos y a aclarar la controvertida narrativa sobre los alimentos ultraprocesados. 
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1.1. Phenolic compounds: chemistry, classification and occurrence 

As Hippocrates quoted more than two thousand years ago, "Let food be thy medicine 

and medicine be thy food", surprisingly this statement applied since ancient times is now 

confirmed. After more than twenty years of extensive research it has been established that 

apart from the already known vitamins, mineral and dietary fiber found in fruits and 

vegetables there are other bioactive compounds, called phytochemicals, with potential effects 

on human health [1]. These phytochemicals belong to the plant secondary metabolites and 

include terpenoids, sulphur-containing compounds, nitrogen containing compounds and 

phenolic compounds. The phenolic compounds can be synthetized from two metabolic 

routes, the shikimic acid pathway, which results in phenylpropanoids, and the acetic acid 

pathway which can produce simple phenols, or the combination of both resulting in the 

formation of flavonoids [2,3]. Their functions in plants include from contributing to 

mechanical support, pigmentation, growth and development (as signaling agents), to act as 

defense agents against physiological and environmental damage, this last one being the main 

role for which they are highly synthesized [4,5].  

Phenolic compounds are widely distributed in plants, with more than 8000 molecules 

reported [4]. Overall, phenolics are structured by at least one aromatic ring with one or more 

hydroxyl groups attached. Therefore, these can be found as single aromatic ring compounds 

with low molecular weight to complex molecules conjugated with sugars or organic acids 

[4,5]. According to their chemical structure, the number of phenols rings and the structural 

elements bind to these rings, (poly)phenols can be classified into four groups, flavonoids, 

phenolic acids, stilbenes and lignans [6,7] (Figure 1). 
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Figure 1. Phenols classes and chemical structures of their main compounds. * Most common representative 
unit of the phenolic group 

1.1.1. Flavonoids. The basic flavonoid (C6-C3-C6) skeleton structure consist of two benzene 

rings (A and B) linked by an oxygenated heterocycle (ring C) with three carbon atoms. As a 

result of the variation on the degree and position of hydroxylation and the type of substituent 

in the heterocycle, these can be further classified in eleven groups. According to their 

contribution to food content the main subclasses of flavonoids are flavonols, flavanones, 

flavones, isoflavones, anthocyanins, and flavanols. However there are also some subgroups 

occurring in lower amounts, such as flavan-3,4-diols, coumarins, chalcones, 

dihydrochalcones and aurones [8–10]. Flavonoids are widely present in plants, particularly 

in the epidermis of leaves and the skin of fruits [11]. Their solubility is determined by the 

substituents they are attached to, which are mainly sugars. However these can also be 

bounded to hydroxyl and methyl groups, or other substituents such as isopentyl units [4].  

Flavonols are the main flavonoids present in the plant kingdom, their production is activated 

by light. Their structure is characterized by a double bond linking C3-C4, a carbonyl group 

at the C4 and hydroxyl group at the C3 in the C-ring. The more representative are quercetin, 

kaempferol, and myricetin, which are predominately found as O-glycosides, however these 

can also be present as aglycones [4,12]. The main sources of flavanols are yellow onions, 

curly kale, broccoli, apples, tea, and cloves [8,9,11]. 
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Flavanones, are non-planar molecules with a chiral center at C2. They are commonly 

glycosylated by a disaccharide (rutinoside or neohesperidoside) at C7 in the A-ring [4]. The 

conjugation with neohesperidoside [rhamnosyl(1-2)glucoside] exerts a bitter taste, whereas 

in the presence of rutinoside [rhamnosyl(1-6)glucoside] leads to tasteless flavanones [8]. 

These are found in high concentrations particularly in citrus fruits, such as grapefruit, oranges 

and lemons. The most commonly found being naringenin, hesperidin and eriodictyol [9,11]. 

Flavones share an interesting feature as is their lack of oxygenation at C3. These are 

represented by luteolin and apigenin, the majority come in the form of 7-O-glycosides [4]. 

Contrary to flavonols, these are not present in fruits. However, a significant amount has been 

found in parsley and celery, as well as, in green pepper, broccoli, olives, and some herbs 

(sage, thyme, oregano) although in lower quantities [9,11,13].  

Isoflavones are characterized by having the position of the benzene B-ring attached at C3 

[4]. The three main molecules are genistein, daidzein, and glycitein, which are found almost 

exclusively in legume plants, with the highest concentrations occurring in soy bean and its 

processed products [8,10].  

Anthocyanins, formed by a flavylium cation backbone, are structured by an aglycone unit 

(anthocyanidin) with a glycoside [14]. The different types of anthocyanidins are determined 

by the glycosylation nature and position, the number of hydroxylated groups in the aglycone, 

and the position of these bonds [15]. The six most commonly anthocyanins found are 

pelargonidin, cyanidin, delphinidin, peonidin, petunidin and malvidin. These are 

predominantly present in fruits and flowers, but are also found in leaves, stems and roots, 

and responsible for the red-orange, to blue-violet colors [8,16].  

Flavanols are the most structurally complex subclass of flavonoids, including from simple 

monomers, catechin and its isomer epicatechin, to complex structures called 

proanthocyanidins comprising dimers, trimers, and oligomers. The monomers are non-planar 

molecules, with two chiral centers at C2 and C3 of C-ring. These are usually attached to 

anhydroxyl group at C3, although they may also be esterified with gallic acid [8,17,18]. 

Unlike most flavonoids, flavanols rarely occur as glycosides. In general, the building blocks 

of proanthocyanidins are (epi)catechin, (epi)afzelechin and (epi)gallocatechin. Structurally, 
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for each additional monomer linked, there is an additional chiral center at C4 of C-ring [9,17]. 

They are called procyanidins when their monomeric are catechin, epicatechin or their gallic 

esters, propelargonidins when are formed by afzelechin or epiafzelechin and prodelphinidins 

when the basic units are gallocatechin or epigallocatechin [4,19]. According with the degree 

of polymerization, procyanidins can be identified as dimers (procyanidin A1-A2, procyanidin 

B1-B8), trimers (selligueain A and B, procyanidin C1-C2), tretramers and oligomers with a 

degree of polymerization from 5 to 11 [20]. The main source of flavanols is green tea, as well 

as cocoa derivatives and all types of fruits such as apples, grapes, blackberries [11,21]. An 

interesting fact of these compounds is that free catechins exhibit bitterness, and their gallates 

exert an astringent flavor through the formation of complexes with salivary proteins [21]. 

Dihydrochalcones are distinguished by having two benzene rings linked together by an open 

ring structure[4]. Although this is a minor group within the flavonoids, this group will be 

reviewed because it is an important and almost exclusive constituent of apples [22]. 

1.1.2. Phenolic acids. They are characterized by a carboxyl group attached to a benzene ring. 

As a result of the variation in degree and position of the carboxylic group on the aromatic 

ring or a side propanoic chain, phenolic acids can be subdivided into two groups, 

hydroxybenzoic acids and hydroxycinnamic acids [23,24]. These contribute to some 

important organoleptic characteristic of foods, such as color, flavor, astringency and 

harshness [25].  

Hydroxybenzoic acids, are derived from benzoic acid and consisting of a seven-carbon 

backbone of C6-C1 structure. Naturally present either in their soluble form, conjugated with 

sugar or organic acids or in their bound form, attached to cell wall constituents as lignin 

[4,23,24]. The most representative are gallic acid, p‐hydroxybenzoic acid, vanillic acid, and 

syringic acid. Gallic acid, a primary hydroxybenzoic acid, can also be part of complex sugar 

esters such as gallotannins and ellagitannins [8,26]. Although, in general hydroxyl 

benzoicacids are found in low amounts, these have been reported in red fruit, onions, herbs 

(oregano and thyme), wine, tea, spices (cloves) and chestnuts [9,24].  

Hydroxycinnamic acids are derived from cinnamic acid and formed by a C6-C3 structure. 

Commonly found conjugated as esters with quinic acids or glucose, or as amides (conjugated 
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with mono‐ or polyamines, amino acids, or peptides) [4,23,24]. The most commonly found 

are caffeic acid, ferulic acid, sinapic acid, and p‐coumaric acid [8,26]. While, caffeic acid is 

the most abundant phenolic acid in most fruits, ferulic acid is mainly found in cereal grains, 

such as wheat, rice, oat, and maize [8].  

1.1.3. Stilbenes.  These are formed by a C6-C2-C6 structure, consisting of two aromatic rings 

linked by an ethylene bridge [27,28]. The two rings can have substituents such as sugars, 

hydroxyl, and methoxyl groups in different positions [29]. Resveratrol and pterostilbene, in 

their trans and cis forms, are the most common stilbenes [27]. Their main dietary sources are 

grapes, berries (blueberries, bilberries, cranberries, mulberries,) almonds, peanuts, grapevine, 

and wine [27,30]. 

1.1.4. Lignans. These are structured by two phenyl propane units linked through an 8,8’- 

hydrogen linkage [31]. The most commonly found in plants are secoisolariciresinol and 

matairesinol. Dietary lignan compounds are mainly found in seed oils (flax, soy, rapeseed, 

and sesame) and nuts (sesame, sunflower, cashew), however these can also be found in 

smaller amounts in some vegetables (curly kale, broccoli, garlic) and fruits (apricot, 

strawberry, peach) [10,11].  

The nature and distribution of the phenolic compounds in our diet depend of the food 

matrix. Overall, fruits and vegetables could contain up to 200–300 mg of (poly)phenols per 

100 g of fresh weight, therefore they can be considered be a great source of bioactive 

compounds [3]. This Thesis was focused on strawberries and apples since these are two of 

the most industrially used fruits.  

1.2. Phenolic compounds in apple and strawberry 

As was observed in the previous section, (poly)phenols are widely spread through the 

plant kingdom, being found in a variety of fruits, vegetables, herbs, and spices. However, 

this Thesis was focused on apple (Malus domestica) and strawberry (Fragaria x 

ananassa)(poly)phenols as these are two of the fruits more consumed worldwide, both fresh 

and processed (juices, jams, purees, smoothies, dried), due to their desirable sensory 

characteristics, nutritional value (Figure 2) and bioactive compounds (Table 1). 
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Table 1. Concentration range of phenolic groups (mg/100 g FW) in different fresh strawberry (S) and apple (A) 
tissues. Q: quercetin; Cy: cyanidin; Pel: pelargonidin 

  
Phenolic  

sub-groups 
Phenolic compounds 

 

 Ref. 

Flesh Peel Seeds Flesh Achenes 

F
la

v
o
n

o
id

s 

Flavonols 

Q A 
Q-3-rutinoside A 
Q-3-galactoside A 
Q-3-glucoside A 
Q-3-xyloside A 
Q-3-arabinoside A 
Q-3-rhamnoside A 
Q-rhamno-glucoside A 
Q-arabinopyranoside A 
Q-arabinofuranoside A 
Q-3-glucuronide S 
Kaempferol 3-glucuronide S 
Kaempferol acetyl-glucoside S 
Isorhamnetin 3-O-glucuronide S 

0.0 - 
0.5 
mg 

34 - 52  
mg 

4.6 - 11.8 
mg 

1.3 - 9.7  
mg 

6.4 - 7.5  
mg [32–40] 

Anthocyanins 

Cy 3-glucosideS 

Cy 3-glucoside-malonateS 
Pel 3-glucosideS 
Pel 3-rutinosideS 
Pel 3-acetylglucosideS 

Pel 3-glucoside-malonateS 

 - -  -  
3.7 - 64.9 

mg 
8.0 - 12.9 

mg [35–37] 

Flavanols 

Catechin A, S 
Epicatechin A, S 
Afzelechin S 
Procyanidin B1, B3, C2 S 

Procyanidin B2 A 

1.4 - 
548.2 
mg 

41 - 171  
mg 

1.2 - 2.9 
mg 

53 – 168 
 mg 

4.7 - 10.4 
mg [32–40] 

Dihydrochalcones 
Phloretin-2-xyloglucoside A 
Phloridzin A 
3-hydroxyphloridzin A 

0.0 - 
16.8 
mg 

10 - 36 
mg 

36 - 129 
mg 

-  -  
[32–

34,38–
40]  

P
h

e
n

o
li

c
 a

ci
d

s 

Hydroxycinnamat
es 

p-Coumaric acid glucoside S 
Ferulic acid S 
1-O-trans-cinnamoyl-glucoside S 
Chlorogenic acid A 
Neochlorogenic acid A 
Cryptochlorogenic acid A 
Coumaroyl quinic acid A 
p-Coumaroylquinic acid A 
p-Coumaric acid A 

0.7 - 
14.3 
mg 

3.9 - 35.0 
mg 

2.4 - 5.1 
mg 

0.7 - 10.6 
mg 

1.6 - 1.7  
mg [32–40]  

Hydroxybenzoics 

Ellagic acid S 
Ellagic acid rhamnoside S 
Ellagic acid pentoside S 
Ellagic acid deoxyhexoside S 

-  -  -  
0.9 - 14.8 

mg 
11.2 - 11.8 

mg [35–37] 

Galloyl bis-HHDP glucoside S 
Sanguiin-H6 S 
Lambertianin C S 
Agrimoniin S 

-  -  -  
7.2 - 28.9 

mg 
56.8 - 66.9 

mg [35–37] 

Protocatechuic acid A -  -  
0.4 - 1.4 

mg 
    [40] 
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Figure 2. Nutritional facts of raw apple and strawberry according to the USDA 

Although, apples and strawberries belong to the Rosaceae Family [41], there is a 

considerable variability among the phenolic compounds found in both fruits, which depends 

firstly on the matrix, the part of the fruit (e.g., flesh, peel, achenes) as is shown in Table 1 

and the inherent fruit characteristics (e.g., origin, variety, ripeness degree).  

Apple fruits are formed by a number of structures characterized for different tissues 

including epidermis (peel), cortex (flesh) and an ovary core containing seeds (Figure 3A) 

[42,43]. There are differences in the phenolic compounds derived from their structures, flesh, 

peel, and seeds. In apple flesh, the major phenols are proanthocyanidins (F3OLs/PACs) and 

hydroxycinnamic acids (HCAs), being the latter mainly represented by chlorogenic acid. The 

principal (poly)phenols in apple peel are F3OLs/PACs having even higher concentrations 

than flesh, followed by flavonols (FOLs). In contrast, apple seeds are a more significant 

source of dihydrochalcones (DHCs) [38–40,44]. More than 150 apple cultivars have been 

reported from all over the world, but mainly from China and the United States. The most 

commercialized cultivars include "Golden Delicious", "Red Delicious", "Jonagold", "Royal 

Gala", "Fuji", "Granny Smith" and "Idared". However, there is a wide variety of older 

traditional cultivars produced locally in some countries [39,45]. In 2020, worldwide 

production of apple was 86.4 million metric tons, being the leading producers, in descending 

order, China, United States of America, and Turkey [46]. 

Serving size 100 g

Calories 59 kcal

Total fat 0.14 g
Sodium <1 mg
Total Carbohydrates 13.2 g

Dietary Fiber 2.5 g
Total Sugars 10.6 g

Protein 0.27 g

Calcium 5 mg
Iron 0.07 mg
Magnesium 5.1 mg
Phosporus 10 mg
Potassium 116 mg

Nutrition Facts
Apple

Serving size 100 g

Calories 35 kcal

Total fat 0.22 g
Sodium 10 mg
Total Carbohydrates 7.13 g

Dietary Fiber 1.8 g
Total Sugars 5.34 g

Protein 0.64 g

Calcium 12 mg
Iron 0.28 mg
Phosporus 20 mg
Potassium 89 mg
Vitamin C 56 mg
Vitamin A 1 µg

Nutrition Facts
Strawberry
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Figure 3. Apple and strawberry structures 

In the case of strawberries, this is characterized by a fleshy receptacle consisting on 

an internal pith, a cortex layer and an epidermal layer where the achenes (commonly known 

as seeds) are embedded, the latter being the true fruit in this species (Figure 3B) [47]. The 

flesh and achenes have a different (poly)phenol profile (Table 1). In the flesh, the major 

phenols are flavan-3-ols/proanthocyanidins (F3OLs/PACs) and anthocyanins (ATs), while 

in achenes, the highest concentrations are for ellagitannins (ETs) and ellagic acid (EA) [35–

37]. ATs one of the main phenolics in strawberries play an important role on their red bright 

color, contributing to their organoleptic characteristics. More than 100 strawberry cultivars 

have been reported so far in studies regarding their nutritional value and polyphenols content 

[36,48]. Since strawberries are sensitive plants to environmental conditions, the varieties 

cultivated highly depend on the location. In Spain, the commercial cultivars grown are 

mainly, "Candonga", "Fortuna", "Primoris", "Sabrina", and "Splendor" [49]. In 2020, the 

strawberry production worldwide was 8.9 million metric tons. Being the leading producers, 

in descending order, China, United States of America, and Egypt [46]. 

1.3. Analysis of phenolic compounds  

Since (poly)phenols are abundantly present in fruits, vegetables and grains, and 

considering their potential health effects, the research on the analytical methodologies used 

for their identification and quantification has been increasing. (Poly)phenols are an 

heterogeneous group of plant secondary metabolites that can be found both as simple 

molecules and as complex condensed polymeric forms, therefore there is not a standard 
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protocol for their analysis [50]. However, there are some essential steps (extraction, 

analytical separation and identification) for the determination of (poly)phenols in plants or 

foodstuff that can be customized according to the required outcome [51]. Figure 4Error! 

Reference source not found. shows a flow diagram with the sequence of steps involved in the 

determination of phenolic compounds.  

 

Figure 4. Process flow diagram for the analysis and determination of phenolic compounds in plants and foods 
samples. CE: capillary electrophoresis; CXLE: carbon dioxide-expanded liquid extraction; GC: Gas 
chromatography; HHPE: high hydrostatic pressure extraction; HPLC: high performance liquid 
chromatography; HSCCC: high-speed countercurrent chromatography; HVED: high voltage electrical 
discharge; LLE; liquid-liquid extraction; MAE: microwave-assisted extraction; MS: mass spectrometry; PC: 
plane chromatography; PEF: pulse electric field; PLE: pressurized liquid extraction; SFC: supercritical fluid 
chromatography; SLE: solid-liquid extraction; SPE: solid phase extraction; UAE: ultrasound assisted 
extraction. 

To start the process of (poly)phenol determination, a pretreatment is required whose 

selection depends on the sample matrix. In the case of liquid samples, the pretreatment may 

be centrifugation, filtration or dilution. For solid samples, the pretreatment starts with drying, 

followed by grinding or crushing and homogenization [52]. The pretreatments reduce the 

particle size of the solid samples increasing the surface contact between the sample and the 

extraction solvent, all this in order to improve the extraction yield [53]. Due to the wide 

variety of chemical structures of (poly)phenols, their polarity, relative amount and the 

complex interaction in the matrix, the extraction has to be individually designed according 

to the sample. There are some conventional extraction techniques such as solid-liquid 

extraction (SLE) and liquid-liquid extraction (LLE). Overall, these techniques may employ 

a mix of water, methanol, ethanol, or acetic acid in different ratios as solvents [53,54]. Once 

the solvent is combined with the sample, the extraction process may involve stirring, heating 

and refluxing at different temperatures and extraction times. Although the conventional 
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extraction techniques are the most utilized for research, there are new advanced techniques 

that have been developed to minimize wastes, extraction times, improve specificity and 

reproducibility [55,56].  

There are other more advanced techniques, such as high performance liquid 

chromatography (HPLC), gas chromatography (GC), capillary electrophoresis (CE), 

supercritical fluid chromatography (SFC)coupled with different detector (UV-Vis, 

florescence and/or mass spectrometry (MS)), that can be employed for both qualitative and 

quantitative analysis, providing more specific and detailed information about the individual 

phenolic compounds [23,57,58]. Subsequently, in order to identify the phenolic compounds, 

the data can be compared with authentic standards, bibliography or with public databases of 

phenolic compounds such as Mass Bank (https://massbank.eu/), Pubchem 

(https://pubchem.ncbi.nlm.nih.gov/), Phenol-Explorer (http://phenol-explorer.eu/) among 

others. The quantification of different compounds is usually done using calibration curves of 

the commercial authentic standards. However in the absence of authentic standards, the 

calibration curve for quantification can be performed using compounds corresponding to the 

same family or with similar characteristics. 

1.4. Phenolic compounds and health 

Phenolic compounds are also responsible for some of the organoleptic properties 

(color, aroma, astringency, bitterness) of apples and strawberries. However, they are mainly 

known for their beneficial effects on nutrition and human health (antioxidants, anti-

inflammatory, gut microbiota modulators, etc.) [15,20]. (Poly)phenols are probably the most 

investigated compounds of functional interest. Among them, quercetin, catechin, kaempferol, 

resveratrol, apigenin and luteolin appear to be the most extensively investigated [3]. There is 

a growing body of literature supporting the beneficial health effects of (poly)phenols, which 

are mainly based on pre-clinical, epidemiological and observational studies. [59]. These 

compounds are frequently known for their antioxidant and anti-inflammatory effects [60]. 

Furthermore, as is shown in Figure 5, several studies have recognized that these compounds 

also prevent or protect against a variety of health problems and chronic diseases [17,61–63]. 

However, due to their different structure, not all phenolics compounds act in the same way 

against specific conditions.
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Figure 5. Modulation and action of (poly)phenols on health 

The previously mentioned beneficial effects depend on the type of molecule, their 

structure (aglycone or conjugated form), the interactions between phenolic compounds, the 

quantity consumed and their bioavailability. Overall, most of the phenolic compounds (e.g. 

flavonoids, phenolic acids, ellagitannins) exhibit remarkable antioxidant and anticancer 

properties either as prevention or as support of oncological treatment [19,64–67]. 

Nevertheless, depending on the phenolic compound they act by targeting different cellular 

and molecular pathways in different parts of the human body. For instance, quercetin has 

been proven as anticancer molecule in various types of cancer, such as lymphoma, leukemia, 

endometrial, cervical, ovarian, breast, oral, pancreatic, gastric, liver, colon, urinary bladder, 

renal, esophageal and prostate cancer [68]. In addition to those already described, other 

therapeutic effects, such as bone protection, depression adjuvant and skin protector, have 

been attributed to some phenolic compounds [69–71].  

As have been already stated, the health promoting effects of these compounds depend 

on their bioavailability, which refers to the fraction finally absorbed in the target tissue or 

cells where exerts the positive effect [72]. Normally, (poly)phenols are present in the diet as 

esters, glycosides or polymeric forms are not absorbed directly in the small intestine but they 

are hydrolyzed by enzymatic reactions before absorption. The absorption of the aglycone in 
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the small intestine is faster due to the lower molecular weight and higher lipophilicity [60,73]. 

Once absorbed (poly)phenols are conjugated mainly as glucuronides and sulfates in the small 

intestine and later in the liver. (Poly)phenols not absorbed in the small intestine, reach the 

colon where they are further metabolized by the intestinal bacteria [67].  

Although, evidence suggest that numerous individual phenolic compounds exert 

significant positive effects on the prevention of diseases, the mixture of compounds may have 

either a cumulative or synergistic positive effects compared to a single compound [74]. Since 

fruits and vegetables are a mixture of various phenolic compounds, their intake boosts the 

positive effects of these molecules.  

Despite the substantial evidence on the potential role of (poly)phenols in the 

prevention of diseases, there is still insufficient data on their consumption to suggest optimal 

intake and specific dietary recommendations for these compounds. Although no international 

organization has published dietary guidelines on the recommended intake, the Chinese 

Nutrition Society has proposed a specific intake level of 50 mg per day for anthocyanins 

[16,75]. In addition, and mostly driven by the need to provide essential nutrients but also 

taking into account the contribution of bioactive compounds, the World Health Organization 

and the Food Agriculture Organization of the United Nations recommend to consume at least 

400 g or 5 portions per day of fruits and vegetables [76]. Additionally, some European 

countries have developed specific recommendations of fruit intake, in which it is advised to 

consume 2 to 5 portions per day. However, there is no clear consensus about the portion size. 

Depending on the country, one portion represents 80 to 160 grams of fresh fruit, 100 to 150 

mL of fruit juice, 45 to 100 g of fruit sauce, 20 to 30 g of dried fruits [77]. 

Overall, the total concentration of phenolic compounds in the human diet might vary 

significantly depending not only of the food matrix but also and more importantly on intrinsic 

and extrinsic factors [78,79]. Therefore, several factors can change (poly)phenol levels in 

foods and their final bioavailability in the human body [3]. 

1.5. Factors influencing (poly)phenols levels 

The phenolic compounds naturally occurring in fruits are highly influenced by 

intrinsic (such as, plant genetics, cultivar, and maturity state) and extrinsic (such as, 
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geographic location, climate, soil composition, light hours, as well as, subsequent processing 

and storage conditions) factors [80,81].  

Intrinsic factors. The levels and variety of phenolic compounds present in fruits 

depend initially on the interspecies variation and then within the same species (fruit) the 

differences are related at first to plant genetics and/or cultivar [78,82]. For instance, Table 1 

shows the inter- and intra- species variations on phenolic levels of apples and strawberries. 

It can be seen that some phenolic groups are exclusive of some fruits, as dihydrochalcones 

that are only present in apples or the anthocyanin pelargonidin 3-glucoside which is almost 

only present in strawberries. Besides, differences on phenolic levels were found between 

varieties of the same fruit, while some contain large amounts of phenolics others are very 

poor in them. Another intrinsic factor influencing the levels of phenolic compounds is the 

maturity stage of the fruit [83]. In the case of strawberry, significant differences were 

reported for anthocyanins when comparing nearly ripe, ripe and fully ripe fruits, reporting 

much higher concentrations in fully ripe fruits [48]. In conclusion, the phenolic levels of 

fruits rely quantitatively and qualitatively on their genetic/cultivar information and maturity 

stage at harvest. 

 

Figure 6. Intrinsic and extrinsic factors influencing phenolics compounds 

Extrinsic factors. The biosynthetic pathway of (poly)phenols during plant growth 

and development determine the concentrations and diversity of these compounds in fruits, 
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which might be influenced by the geographic location, climate conditions, light hours, soil 

composition and agricultural practices at which the plants are exposed to [80,81,84]. 

Numerous studies have published differences in (poly)phenol levels as a result of these 

extrinsic factors. As the one addressed by Ghorbal et al. [85] where geographical origin, 

environmental factors and harvest time influenced quantitatively the levels of individual 

compounds in olive fruits. At the same time, it is noteworthy that not all the compounds are 

affected in the same manner. For example, in cloudberries, the anthocyanins where highly 

affected by the climatic conditions resulting in lower levels at high temperatures, whereas 

the content of ellagic acid showed little response to the temperature change [86].  

In addition to the above mentioned extrinsic factors, there are other procedures 

influencing the stability of phenolic compounds in a greater extent, such as the post-harvest 

management, and the processing and storage conditions at which the fruits are subjected to 

extend their shelf life [82,87,88]. Postharvest management conditions include practices like 

transportation, storage temperature, relative humidity and packaging, which are necessary to 

reach either the final consumer or the processing center. The control of these postharvest 

management conditions could impact positively or negatively the levels of phenolic 

compounds [80,89]. As reported by Arendse et al. [89] in the case of pomegranate fruits, the 

temperature and storage time influenced the levels of anthocyanins, showing an increase at 

the beginning of the storage until the third month regardless of temperature. However, a 

progressive diminution was observed from the third to the fifth month, being more 

pronounced at 10 ºC.  

Finally, two of the factors affecting the most the phenolic levels and on which this 

Thesis was focused are processing and storage conditions. In order to extend their shelf life, 

improve sensory characteristics, ensure food safety and offer new options to consumers, 

fruits are processed into a wide variety of products, such as, dried fruits, purees, juices, jams, 

baby food, etc. However, the processing techniques needed to obtain these products and the 

storage conditions applied to the final product, might impact positively or negatively to the 

phenolic compounds levels [79,88,90]. The next section will give an overview of the food 

processing techniques commonly used in industry and will intent to analyze how and to what 

extent these processing techniques could influence the (poly)phenols levels.
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1.6. Food processing techniques and their impact on phenolics 

Food processing can be defined as any action that substantially alters the raw 

agricultural products, including initial operations that remove a part of the product such as 

peeling, pitting or milling, and blanching, as well as operations of heating, smoking, crushing, 

curing, maturing, drying, marinating, extraction, extrusion or a combination of these 

processes in order to preserve foods [91,92]. As a result of processing, the structure of food 

is altered both macro and microstructurally, producing physical, chemical and organoleptic 

changes [91]. Although, food processing itself barely affect macronutrients (carbohydrates, 

sugars, and lipids) levels, it can modify the microstructure and distribution of these particles 

giving as a result new textures, which in some cases will influence their bioavailability and 

the glycaemic index [93,94]. The alterations in the structure depend on the unit operation or 

the combinations of processes applied. For example, in the case of peeling, as the peel is a 

rich source of fibre and bioactives, these will be lost as a result of this unit operation [95]. 

Another unit operation part of food processing include the use of preservatives and additives, 

such as sugar, salt and fat, when these are overused the processed food become a high energy 

dense source that can have negative impact on health [91,96]. Therefore, in order to deliver 

a nutritious food product, the unit operations during processing and the additives employed 

have to be carefully chosen.  

On the other hand, food processing has a higher and more significant impact on 

micronutrients, such as vitamins, and phenolic compounds levels. In the case of phenolic 

compounds, food processing suspend their biosynthesis by cell structure degradation and/or 

the change of some enzymes such as polyphenol oxidase and peroxidase [80]. In addition, it 

can also influence the release, transformation, and interactions of these compounds from 

plant tissue, as well as improve or inhibit their absorption in the gastrointestinal tract [97,98]. 

For instance, the mechanical disruption provoked by crushing led to the release of phenols 

from the cell walls, but also of some enzymes that in the presence of oxygen promote 

oxidation, formation of brown polymers, discoloration and polyphenols degradation [99].  

The need of food processing responds to the demand of feeding the increasing world 

population with nutritious, safe and palatable products throughout the year [79,100]. As 

many of the fruits are seasonal, the food industry has to ensure their supply. In order to have 
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a reserve and achieve a proper supply, fruits are processed seasonally, into IQF fruit, purees 

or concentrates, which eventually will be considered as raw materials and re-processed to 

obtain the final product. However, depending on the country location and the type of fruit, in 

some cases raw fruits are directly used to produce the final product. This variation between 

processing in one step or the combination of processing and re-processing might also have 

an influence in the final phenolics concentration,  

A wide variety of well-established industrial processing technologies are available 

for food preservation. These are mainly categorized as thermal and non-thermal treatments.  

1.6.1. Thermal processing treatments 

The application of heat is the most widely and commonly used food preservation 

technique mainly due to their capacity to deliver a safe, microbiologically stable product with 

an extended shelf life [79,101]. Nowadays, thermal treatments include conventional 

techniques such as, drying, pasteurization, sterilization, ultra-high temperature treatment and 

new thermal treatments such as, ohmic heating and dielectric heating (radiofrequency and 

microwave) [87,102]. 

Thermal treatments are basically the transfer of heat to a food product, liquid (e.g. 

juices, milk, soups), semi-liquid (e.g. sauces, purees, jams) or solid food, at a specific 

temperature for a certain time trough convection, conduction, radiation, or a combination of 

them [103,104]. In the case of liquid and semi-liquid products, thermal treatments may be 

differentiated according to the intensity of heat treatment, into pasteurization (70-80 ºC), 

sterilization (110-120 ºC) and ultra-high temperature treatment (140-160 ºC) [100]. 

Industries have developed batch and continuous processing approaches. The most commonly 

used is the continuous heat processing, which consist in pumping the food product (liquid or 

semi-liquid) through a system (aseptic, hot filling, or pasteurization process) that will heat it 

and then cool it down, while is continuously flowing. The heating media in a continuous flow 

processing could be direct or indirect. Direct heating could be steam injection or steam 

infusion, whereas indirect heating may be performed through, a plate heat exchanger, tubular 

exchanger and scraped surface heat exchanger [105]. Regarding solid fruit products, the 

thermal technique frequently employed is drying. It is an ancient technique used to preserve 

food, that can be defined as the process by which free and bounded water is removed from 
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the food usually by mean of heat, with the purpose of reducing their volume and weight, 

extending its shelf life, ensuring food quality and safety [106]. Based on the drying medium, 

the techniques used can be convective drying, freeze-drying and osmotic drying. 

Although, the application of heat may induce numerous physicochemical changes 

producing some adverse effects, such as loss of heat sensitive nutrients (e.g. vitamins) and 

some bioactive compounds, formation of undesirable compounds (e.g. acrylamide, 

heterocyclic amines and sulphur compounds), and in some cases the degradation of 

organoleptic characteristics [79,107,108] it also exerts many beneficial effects such as, 

inactivation of foodborne pathogens, inactivation of toxins and enzymes, polyphenol 

oxidase, peroxidase, pectin-methyl esterase, improvement of extraction, digestibility and 

bioavailability of nutrients and bioactive compounds, enhancement of some sensory 

characteristics (texture and flavor) and extension of shelf life [79,109].  

1.6.2. Non-thermal processing treatments 

The development of non-thermal techniques was an answer to the customer 

requirements of healthy, convenient and minimally processed, closer to fresh products [110]. 

Non-thermal treatments emerged in order to avoid high temperatures during processing and 

limit the adverse effects of heat on the nutritional and functional properties of the final 

product. Although these techniques do not involve thermal treatment, as a result of the 

processing some structural changes are experienced, such as protein alteration or lipid 

oxidation, giving as a result new textures, changes in sensory properties, improvement of 

digestibility, water-binding ability, and gelation processes [111]. Non-thermal treatments 

include high-pressure processing, dehydration, freezing and pulsed electric field, cold 

plasma, irradiation, ultra sound processing, magnetic field, and ozone [87,102]. 

One of the most studied non-thermal treatment is High Pressure Processing (HPP). 

The first attempt to use pressure as a preservation method was initiated around the 1980s, 

with the aim of preventing milk from souring and extending its shelf life. Subsequent trials 

concluded that better results were obtained when combining pressure and temperature. These 

promising results opened up new possibilities for the use of pressure on fruit juices and meat 

[112]. The first to promote the development of this technology on an industrial scale was the 

Japanese government in collaboration with some Japanese research centers and companies
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[113]. However, its industrial application did not come out until 1997, where the first HPP 

machine commercially designed for food products was produced in USA, and was designed 

to deactivate enzymes from guacamole in batches [114]. Nowadays, this technology is used 

in mainly in liquid (juices) and semi-liquid (purees) products and its principal benefit is that 

it can be directly applied in the final package, minimizing any post process contamination 

from the environment [115].  

The essential components of an HPP system are the pressure chamber, the 

pressurizing fluid, and the pressure intensifier pump. In general, the HPP process starts by 

loading the product that was previously packed in flexible containers into a basket which 

enters into a pressure chamber. This chamber is then filled with fluid, usually water, and 

closed. Once it is closed, high pressure is applied to the fluid through pressure intensifier 

pumps, the pressure transmitted to the fluid is uniformly transmitted to the product for a 

certain time (seconds or minutes), depending on the type of food. Finally, the pressure is 

released from the chamber until it reaches atmospheric pressure again [114,116,117]. The 

more important factors to consider during the process in order to ensure safety and quality in 

the final product are; pressure, compression time, temperature and decompression time. 

However, it is also important to considerate the product characteristics such as pH and water 

activity [118,119]. HPP conditions commonly used at industrial level are between 300 to 600 

MPa for 3-5 minutes [116,120]. 

As a consequence of pressure, there may be some changes in physical properties 

(solubility, density, viscosity), kinetic reactions (acceleration or delay of reactions rate), as 

well as, some equilibrium processes (dissociation of weak acids, acid-base equilibria, and 

ionization) [121]. The effect of pressure on food components depends on the type of bond 

between their molecules, as well as, the interatomic distance. In general, compounds with 

covalent bonds (vitamins, minerals, folates, antioxidants, anthocyanins and flavor 

compounds), are minimally affected by the pressure [102,121,122]. A disadvantage of HPP 

is that it is less effective in enzyme inactivation than the thermal treatments. Therefore, it 

triggers oxidation reactions that lead to degradation of phenolic compounds and short shelf 

life [123,124]. 
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Besides, the positive and negative effects of thermal treatment and HPP on the 

stability of phenolic compounds from strawberry and apple products have been recently 

reviewed by Salazar-Orbea [99]. Numerous studies report (poly)phenols thermal 

degradations considering heat as the main detrimental factor affecting the (poly)phenols 

levels [125–130]. However, this review revealed that no general conclusion can be drawn 

about the effect of heat treatment on (poly)phenols, since in addition to the processing 

conditions, the effect of processing depends on the matrix, the unit operations during 

processing, and the type of (poly)phenols and their susceptibility [99]. For instance, some 

phenolic groups such as anthocyanins are definitely affected by thermal treatments. 

Conversely, thermal treatments influenced positively the levels of other phenolic groups such 

as flavanols, ellagic acid, dihydrochalcones and flavonols enhancing their extraction from 

cell tissues of structures as achenes in strawberries and peel and seeds in apples [99].  

In order to retain the bioactive compounds of processed foods and their health 

beneficial properties, food industries should therefore pay further attention at every factor 

influencing the final phenolic levels, starting by select the appropriate variety, control the 

agronomical and post-harvest conditions, as well as, select and optimize the processing 

technology and their relevant unit operations and the storage conditions. 

1.7. Metabolomics as a tool to evaluate food processing 

Metabolomics is an omic science that study global metabolite profiles found in tissues 

or cells at a given time as a result of a particular physiological or environmental influence 

[131]. These metabolites are characterized by being low molecular weight molecules (<1500 

Da) that occur at a wide range of concentrations from femtomolar to molar levels [132]. 

Metabolomics is a sensitive analytical technique widely used in a variety of fields, such as 

environmental sciences, medicine, agriculture and food sciences among others [133,134]. 

Since the scope of metabolomics research is quite broad, this section will focus on assessing 

its use in food science, specifically on how it can be used as a tool for evaluating food 

processing. Nevertheless, it is also employed in food safety, quality and authentication 

research [135].  

Regarding food processing, metabolomics is an analytical technique that can help us 

to identify and whenever possible, quantify metabolites associated to chemical changes or
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metabolic reactions derived of a particular treatment [135]. This will allow us the 

identification of processing markers. Depending on their origin, these metabolites can be 

endogenous or exogenous. Endogenous metabolites are those naturally derived from 

biosynthesis processes within the food matrix such as carbohydrates, amino acids, lipids, 

vitamins, (poly)phenols and alkaloids, while exogenous metabolites come from external 

sources such as food additives, pesticides and toxins [131]. 

 Two different approaches can be followed: targeted and untargeted metabolomics. 

The targeted metabolomic is based on the analysis of pre-selected known compounds of 

which authentic standards are available to enable their quantification [136]. On the other 

hand, the untargeted metabolomic approach is an exploratory technique to detect global and 

unexpected changes in the metabolome and involves the detection of a more extensive range 

of analytes [132,137]. Untargeted metabolomic analysis comprises a set of steps that can be 

divided into two stages, analytical techniques and data analysis (Figure 7).  

 

Figure 7. Flow diagram for the untargeted metabolomic analysis NMR: Nuclear Magnetic Resonance; HRMS: 
High Resolution Mass Spectrometry; HPLC: High Performance Liquid Chromatography; GC: Gas 
Chromatography; CE: Capillarity. Electrophoresis, MS: coupled with mass spectrometry.  

The analytical techniques stage comprises, first, sample preparation and extraction 

that are selected depending on the type of metabolites that we want to analyze, trying to 

extract as many compounds as possible.[131]. Then the sample can be analyzed using 

different techniques mainly based on a separative technique such as Capillary 

Electrophoresis (CE), Liquid Chromatography (LC), and Gas Chromatography (GC) usually
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coupled with Mass Spectrometry MS). Direct analysis by Nuclear Magnetic Resonance 

(NMR) and High Resolution Mass Spectrometry (HRMS) can be also used [131,132,136].  

Since in general metabolomics generate large complex data sets, a crucial step is their 

analysis. The first approach in order to optimize the analysis is to pre-process these data 

through commercial software that allow peak definition and alignment, to subsequently 

filtering, normalizing and scaling the data [132]. In order to extract relevant information from 

the previously pre-processed data and correlate it with the biological question, further 

statistical univariate and multivariate (unsupervised and supervised) analysis are needed. In 

the univariate analysis (T-test, ANOVA) the variables are analyzed separately and can be 

used to determine significant differences between metabolites of different samples, 

narrowing down the data for the multivariate analysis [137]. Whereas multivariate analysis, 

allows to evaluate more than two variables at the same time and draw correlation between 

them. The first general approach of multivariate analysis is exploratory aiming to visualize 

trends, grouping and/or outliers, and can be done through unsupervised analysis (Principal 

Component Analysis (PCA), Hierarchical Clustering Analysis (HCA). On the other hand, 

supervised multivariate analysis (Hierarchical Linear Discriminant Analysis (HLDA), Partial 

Least Square-Discriminant Analysis (PLS-DA), Orthogonal Projections to Latent Structures 

(OPLT), Soft Independent Modeling of Class Analogy (SIMCA)) facilitate the classification 

or discrimination of groups of metabolites responsible for samples differentiation [131,136,138]. 

In the case of untargeted metabolomics, the subsequent step is the identification of the 

metabolites, which can be accomplished through: i) authentic standards and subsequent mass 

analysis; ii) comparison of similar fragmentation spectra with omics databases such as 

Human Metabolome Database (HMDB) (https://hmdb.ca), Kyoto Encyclopedia of Genes 

and Genomes (KEGG) (https://www.genome.jp/kegg), Food Component Database (FooDB) 

(https://fdc.nal.usda.gov), METLIN repository (https://metlin.scripps.edu) among others; 

and iii) comparison of similar fragmentation spectra to already known compounds [131,137]. 

Despite of the information available to identify metabolites, it is still a labored and 

challenging process therefore in some cases the metabolites remain unidentified but can be 

differentiated based on their fragmentation spectra [137]. 
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As consumers demand less processed and healthier products, metabolomic analysis 

has emerged in response to this requirement to accurately guarantee the degree of food 

processing. Knowing the degree of processing of fruit products will help assessing the food 

nutritional values, preservation level of the phenolic compounds and the quality 

characteristics of the final product [79,132,139]. Targeted and untargeted metabolomics has 

previously analyzed numerous metabolites focused on the detection and identification of 

markers that help to assess different food processing technologies in tomato products[140], 

the effect of thermal processing on black raspberries powder [141], the effect of drying 

process on nonvolatile compounds of white tea [142], as well as, the modifications due to 

minimal processing and storage in lettuce [143]. A recent review published by Utpott et al. 

[132] described the metabolomics application in food processing to identify changes in food 

metabolic profiles due to different processing techniques, including minimal processing, heat 

treatments, drying technologies, removal of heat, fermentation, chemical and enzymatic 

treatments, and some emerging technologies such as cold plasma and high pressure 

homogenization. Overall, the application of metabolomics used to evaluate food processing 

allowed to identify and quantify numerous compounds associated to nutrition, sensory 

characteristics and health properties, as well as toxic or undesirable compounds. At the same 

time, it was a useful tool to control and evaluate the effect of certain unit operations and 

industrial processes on the metabolomic profile. 

Although all the efforts and investigation performed so far, and the fact that 

metabolomics-based approaches have demonstrated to be a powerful tool to identify changes 

in food metabolic profiles due to processing, it is still a challenge for industries and 

consumers to determine the degree of processing of products. In order to elucidate food 

processing markers and have an holistic view of the effect of processing, a good strategy 

would be first the metabolomic analysis on each unit processing operations, which includes 

the correct study design, the appropriate sample treatment, the use of combining separation 

techniques, an exhaustive and specialized statistical analysis. Therefore, there is still a need 

of more studies regarding the influence of processing techniques on the metabolites of 

products in order to determine common processing markers that help to choose the best 

conditions and processing techniques to be used and in thus provide useful information to 

consumers, industries and food governmental regulators. 
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2.1. General Objective 

Considering the summarized facts given in the introduction: (1) Strawberries and 

apples are two of the most widely consumed and industrially processed fruits worldwide due 

to their desirable sensory characteristics, nutritional value and bioactive compounds; (2) 

(poly)phenols are important bioactive compounds that exert health benefits; (3) 

(poly)phenols are affected by processing technologies and storage conditions; (4) consumers 

are increasingly demanding “minimally processed”.  

The main objective of the present thesis was to determine to what extent different 

processing technologies and storage conditions affect the phenolic compounds and other 

metabolites in the selected strawberry and apple products, in order to potentially facilitate the 

use of customized processing and storage conditions to limit the degradation of (poly)phenols 

while maintaining the best quality and organoleptic characteristics.  

2.2. Specific Objectives 

 

 

 

 

 

 

 

 

Conduct a literature review to identify research already performed on 

the differences between TT and HPP in the impact on (poly)phenol 

degradation in strawberry and apple products.  

Determine to what extent different processing techniques and 

conditions tested at an industrial scale affect the naturally present 

phenolic compounds, color and sensory characteristics in 

strawberries and apple products. 

Determine to what extend the storage conditions selected influence 

the levels of bioactive compounds, color and sensory attributes 

during the shelf life (12 months) of strawberry and apple products 

after different processing conditions 

Determine potential food processing markers in strawberry and apple 

subjected to different thermal and non-thermal industrial processing 

techniques to produce purees through an untargeted metabolomics 

approach. 
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3.

 Materials and Methods  

3.1. Chemicals  

Methanol, acetic acid, acetonitrile and water 0.1% formic acid (v/v) were from J.T. Baker 

(Deventer, Netherlands), formic acid from Honeywell (Barcelona, Spain), and hydrochloric 

acid and sodium acetate from Panreac (Barcelona, Spain). Ascorbic acid was from Acros 

Organic (Geel, Belgium). Water was deionized using a Milli-Q-system (Millipore, Bedford, 

MA, USA).  

Phloroglucinol and standards of (+)-catechin, (-)-epicatechin, p-coumaric acid, ferulic acid, 

ellagic acid, quercetin 3-rutinoside, quercetin, cyanidin 3-glucoside and phloridzin used in 

Chapter IV and V were from Sigma Aldrich (St. Louis, MO, USA). Castalagin was kindly 

provided by Dr. S. Quideau (Bordeaux, France). Authentic standards of caffeic acid, 

pyroglutamic acid, vanillic acid, salicylic acid and gentisic acid used in Chapter VI were 

purchased from Sigma-Aldrich (St. Louis, MO, U.S.A).  

3.2.  Strawberry and apple samples 

3.2.1. Fresh fruit samples 

Two of the most industrially used fruits were selected for this work, strawberries 

(Fragaria x ananassa), and apples (Malus domestica). For CHAPTER IV, V and VI the 

fruits employed were, strawberries cv. Primoris from Huelva (Spain) harvested ripe (80% 

red) in June 2018, and apples cv. Golden Delicious from Zaragoza (Spain) harvested ripe in 

November 2019. The processing conditions for these fruits will be detailed in the following 

section.  

3.2.2. Processing techniques and conditions 

Strawberries and apples were industrially processed at AMC Natural Drinks Group 

and HERO Group (Murcia, Spain) respectively with different technologies commonly 

employed by the fruit processing industry. The processing techniques employed for 

strawberry are shown in Figure 8 and for apple in Figure 9.  

Strawberry. IQF strawberries were obtained by removing the calyx from the fruit, 

followed by pre-cooling and freezing in two stages, first at -16 °C/8 min and finally at -26 

°C/8 min. In order to obtain strawberry purees two extraction techniques were used; cold 

pureeing and standard thermal extraction. The puree obtained by cold pureeing and cold
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deaeration was divided into two parts: one without thermal treatment (NT), while the other 

was subjected to a mild thermal treatment (MT) at 90 ºC/ 30 sec. On the other hand, entire 

strawberries were pre-heated (92 ºC/ 4 min) and then crushed to obtain the puree by standard 

thermal treatment (ST). The hot mash underwent thermal deaeration (92 ºC/ 2 min) followed 

by pasteurization at 90 ºC for 30 seconds. Finally, to produce a vacuum concentrated puree, 

ST puree was subjected to a vacuum concentration (VC) (0.3 - 0.4 Bar) at 83 ºC for 3.5 hours.  

 

Figure 8. Scheme of the processing technologies and conditions used on strawberry to obtain No Thermal 
Treated (NT), Mild Thermally Treated (MT), Standard Thermally Treated (ST), Vacuum Concentrated (VC) 
purees and Individually Quick-Frozen strawberries (IQF). 

Apple. Apple purees were also obtained by applying two extraction techniques cold 

pureeing and standard thermal extraction. The process of cold pureeing started with entire 

apples, which were directly cold crushed, separating skin and seeds at this stage. The puree 

obtained after crushing was cold deaerated and thermally deactivated (92 ºC/ 2 min). After 

that, the puree was divided into two parts: one was packed and treated under high pressure 

(HPP) (6 bar, 4 ºC/ 1 min), whereas the other part was hot deaerated and pasteurized (99 ºC/ 

1 min), obtaining a mildly treated puree (MT). To obtain the puree by standard thermal 

treatment (ST), apples were chopped, pre-heated at 92 ºC for 5 min and hot crushed, finally 

being refined separating the skin and seeds from the puree. The obtained puree was hot
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deaerated and pasteurized (99 ºC/ 1 min). Samples of MT and ST apple puree stored at 24 ºC 

for six months were re-processed with thermal treatment (90 ºC/11 min), obtaining re-

processed apple purees (RP.MT and RP.ST).  

 

Figure 9. Scheme of the processing technologies and conditions used on apple to obtain High Pressure 
Processed (HPP), Mild Thermally Treated (MT), Standard Thermally Treated (ST), Reprocessed Mild 
Thermally Treated (RP.MT) and Reprocessed Standard Thermally Treated (RP.ST) purees. 

In both studies, fresh fruits were used as a control. Before extraction, samples of 

strawberry and apple and their controls were lyophilized to remove the moisture and 

grounded into powder using a dry bean blender to homogenize the sample. 

3.2.3. Storage conditions 

Strawberry and apple purees processed by MT and ST were filled into low 

permeability (< 0.02 cc/m2/day) double membrane aseptic bags (outer membrane: PE/Met 

PET/ PE of 102 µm; inner membrane: CoEx PE/EVOH/PA/PE of 90 µm (ARAN Packaging, 

Spain) and stored for 12 months at -20, 4 and 24 ºC. IQF strawberries and NT strawberry 

puree were stored only at -20 ºC. While VC strawberry puree was filled into vacuum-sealed 

glass jars and kept at 24 ºC. HPP apple puree was preserved only at 4 ºC. In the case of the 

apple re-processed purees, these were vacuum filled in glass jars and stored at 24 ºC. Stored 

samples were analyzed at 2, 6, and 12 months. In order to remove the moisture, all the 

samples were lyophilized and grounded into powder using a dry bean blender to homogenize
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the sample before extraction. Storage conditions of strawberry and apple samples are shown 

summarized in Table 2. 

Table 2. Storage conditions applied to strawberry and apple purees obtained after different industrial processing 
technologies and stored for twelve months. IQF: Individual Quick Freezing; NT: non thermal treated; MT: mild 
thermal treated; ST: standard thermal treated; VC: Vacuum concentrated; HPP: High pressure processed; RP.: 
re-processed. 

Fruit Sample 
Storage Temperature 

-20 ºC 4 ºC 24 ºC 

Strawberry IQF ●   

 NT puree ●   

 MT puree ● ● ● 

 ST puree ● ● ● 

 VC puree   ● 
     
Apple HPP puree  ●  

 MT puree ● ● ● 

 ST puree ● ● ● 

 RP.MT puree   ● 

 RP.ST puree   ● 

3.3. Extraction and analysis of phenolic compounds  

50 mg of lyophilized samples were extracted with 1 mL of methanol/water/acetic acid 

(70:29:1, v/v) for strawberry and methanol/water (70:30, v/v) for apple. The samples were 

homogenized in a vortex for 1 min and then sonicated for 30 min at room temperature. 

Subsequently, samples were centrifuged for 15 min at 20627g at 12 °C (Thermo Scientific™ 

Sorvall™ ST 16, Germany). The resultant supernatant was filtered through a 0.22 µm filter. 

Extractions were performed and analyzed by triplicate.  

(Poly)phenols identification and quantification were completed as previously 

reported by Buendía et al. [37] with some modifications. Identification was carried out on an 

Agilent 1100 HPLC system equipped with a photodiode array detector (G1315D) and 

coupled in series to a HCT Ultra Bruker Daltonics ion trap mass spectrometer through an 

electrospray ionization (ESI) interface HPLC-DAD-ESI-MS/MS (IT). The chromatographic
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conditions for separation, identification and quantification are shown in Table 3. In the mass 

spectrometer, nitrogen was used as drying, nebulizing, and collision gas. The ESI parameters 

were: nebulizer pressure 65 psi, dry gas flow 11 L/min, and dry gas temperature 350 ºC. The 

capillary voltage was set at 4 kV, and spectra were acquired in negative ionization mode in 

the range of m/z 100-1500 and target mass 700. Automatic MS/MS mode was applied with 

fragmentation amplitude 1 V and number of parents, 3. For the quantification, an LC Agilent 

Series 1290 Infinity system (Agilent, USA) equipped with a diode array detector DAD 

(Series G4212A) and coupled to a Quadrupole LC/MS System (Agilent 6120 Series) was 

used. For CHAPTERS IV and V the results were expressed as mg per 100 g of fresh weight 

of fruit.  

Table 3. Chromatographic conditions for separation, identification and quantification of phenolic compounds 

Column C18-PFP, 3.0 mm x 100 mm, and 2.1 µm particle size, settled at 25 °C 

Stationary phase A: water/formic acid, 99:1 (v/v) 
B: acetonitrile 

Elution gradient 0 min, 5% B → 7 min, 18% B → 17 min, 28% B → 22 min, 50% B → 27 min, 
90% B → 29-35 min, 5% B 

Flow rate 0.5 mL/min 

Injection volume 5 µL 

Identification Authentic spectra, UV spectra, retention time, molecular weight, and MS/MS 
fragmentation pattern.  

 Strawberry Apple 

UV detection 280 nm (ellagitannins) 
320 nm (hydroxycinnamic acids) 
360 nm (flavonols) 
520 nm (anthocyanins) 

280 nm (dihydrochalcones) 
320 nm (hydroxycinnamic acids) 
360 nm (flavonols) 

Quantification Castalagin → ellagitannins  
p-coumaric and ferulic acid 
 → hydroxycinnamic acids 
Ellagic acid → ellagic acid 
Quercetin-3-rutinoside → flavonols 
Cyanidin-3-glucoside → anthocyanins 
 

Phloridzin → dihydrochalcones 
p-coumaric acid → hydroxycinnamic 
acids 
Quercetin → flavonols 

3.4. Extraction and analysis of proanthocyanidins 

The extraction of proanthocyanidins was performed according to Kennedy & Jones 

[144] with some modifications. 800 µL of a solution 0.1N HCl in MeOH containing 5 g/L 
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phloroglucinol and 10 g/L ascorbic acid was added to 0.8 g of lyophilized powdered sample. 

The mixture was incubated at 50 °C for 20 min with constant steering. Subsequently, 1 mL 

of sodium acetate 40 mM was added to stop the reaction. Finally, the samples were 

centrifuged for 10 min at 10000 rpm (Thermo Scientific™ Sorvall™ ST 16, Germany), and 

the supernatant was filtered through a 0.22 µm PVDF filter. For the analysis, the same HPLC-

DAD-ESI-MS/MS (IT) equipment described above was used. Chromatographic separation 

(Table 4) of compounds was performed according to Buendía et al. [37] for strawberry and 

Díaz-Mula et al. [145] for apple with slight modifications. In the MS detector, ions were 

recorded in negative mode, with a mass range from m/z 100 to 800 and the same parameters 

previously reported [145]. To calculate the mean degree of polymerization (mDP), all 

proanthocyanidin products (added flavan-3-ol monomers and phloroglucinol adducts) were 

divided by the sum of all flavan-3-ol monomers. 

Table 4. Chromatographic conditions for separation, identification and quantification of proanthocyanidins 

Column Pursuit XRs C18 250 x 4 mm and 5 µm particle size 

 Strawberry Apple 

Stationary phase 
A: water/acetic acid, 99:1 (v/v) 
B: methanol 

A: water/acetic acid , 97.5:2.5 (v/v) 
B: acetonitrile 

Elution gradient 0 min, 0.5% B → 0-10 min 10.5% B 
→ 10-20 min, 20% B → 20-40 min, 
40% B → 40-45 min, 90% B → 45-
48 min, 5% B → 48-55 min, 5% B 

0-5 min, 3% B → 5-15 min, 9% B → 15-
45 min, 16% B → 45-52, 90% B → 52-
57 min, 3% B 

Flow rate 0.8 mL/min 

Injection volume 16 µL 

UV detection 280 nm  

Identification UV spectra, retention time, molecular weight, and MS/MS fragmentation pattern.  

Quantification Calibration curves of flavan-3-ols (catechin and epicatechin). 

3.5. Analysis of global metabolic profile by UPLC-ESI-QTOF MS 

With the aim to extract as many compounds as possible for the untargeted analysis 

general extraction with hydro-alcoholic mixtures were used in strawberry and apples, similar 

to those use for the extraction of phenolic compounds: methanol/water/acetic acid (70:29:1, 
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v/v/v) for strawberries and methanol/water (70:30, v/v) for apples. Three replicates for each 

condition were extracted and analyzed. 

Samples were analyzed using an Agilent 1290 Infinity LC system coupled to the 6550 

Accurate- Mass Quadrupole time-of-flight (QTOF) (Agilent Technologies, Waldbronn, 

Germany) using an electrospray interface (Jet Stream Technology). The optimal conditions 

of the electrospray interface were as follows: gas temperature 280 C, drying gas 11 L/min, 

nebulizer 45 psi, sheath gas temperature 400 C and sheath gas flow 12 L/min. Table 5 shown 

the chromatographic conditions. Spectra were acquired in the m/z range 100–1100 in 

negative and positive mode, and fragmentor voltage was 100 V. MS/MS product ion spectra 

were collected at a m/z range of 50-1000 using a retention time window of 1 min, collision 

energy of 10 and 20 eV and an acquisition rate of 4 spectra/s. 

Table 5. Chromatographic conditions for the detection of metabolites 

Column C18 column (3.0 mm x 100 mm, 2.1 µm particle size, settled at 30 ºC 

Stationary phase A: 0.1% formic acid (v/v) in water 
B: 0.1% formic acid (v/v) in acetonitrile  

Elution gradient 
0–7 min, 5–18 % B → 7–17 min, 18–28 % B → 17–22 min, 28–50 % B → 22-
27 min, 50-90% B → 27-29 min the gradient comes back to the initial conditions 
(5% B) and are maintained for 6 min 

Flow rate 0.5 mL/min 

Injection volume 5 µL 

3.6. Color measurements 

Samples’ colors were measured using a CR-400 Chromameter (Konica Minolta, 

Japan), under the conditions, illuminant C, observer 2°, and 8 mm of the illumination area. 

The instrument was calibrated with a white plate, Y = 86.2, x = 0.3159, y = 0.3224. Puree 

samples were poured into black plastic cuvettes with an optical path of 15 mm, avoiding the 

formation of air bubbles. The measurement was made on the CIEL*a*b* system. Values 

were used to determine, Chroma, °Hue, and the total color difference (∆E). 
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3.7. Sensory analysis 

The sensory analysis of the purees was determined using a nine-point hedonic scale 

derived from Sukanya et al [146]. Scores ranged from 1 = “I dislike it extremely” to 9 = “I 

like it extremely” [147]. The attributes evaluated were color, viscosity, aroma, flavor, and 

overall evaluation. In general, an overall evaluation higher than 5 was consider as an adequate 

indicator of acceptability [148]. The evaluations were carried out by a semi-trained sensory 

panel of ten persons (age 25 - 60 years).  

3.8. Statistical analysis  

To evaluate the effect of the processing technologies on phenolics, color parameters 

and sensory attributes, a one-way analysis of variance (ANOVA) followed by comparisons 

using Tukey test with a confidence level of 0.05 was performed. All data analyses were 

conducted using R software (version 4.0.2) [147]. 

In order to assess the effect of storage, the first approach was to perform a principal 

component analysis (PCA) independently to strawberries and apples to quickly visualize 

similarities or differences among samples based on their phenolic content and to identify data 

clustering trends. The data matrix consisted of the samples processed by the different 

techniques, just after processing (0) and after storage at -20, 4, and 24 ºC for 2, 6 and 12 

months, and the total amount of the different polyphenol families as variables. Data were 

scaled and centered prior to PCA. This standardization to the same scale avoids some 

variables to become dominant just because of their large amount. PCA biplot graphs were 

constructed for the visual interpretation of the results. As a second approach, a one-way 

analysis of variance ANOVA per storage temperature followed by comparisons using Tukey 

test with a confidence level of 0.05 was performed to evaluate the effect of storage condition 

(time and temperature) on the phenolic content, color parameters and sensory attributes of 

the different treated samples. All data analyses were conducted using R software, version 

4.0.2 [147].  

Whereas to identify the metabolites affected according to the degree of processing 

the raw data generated by UPLC-ESI-QTOF-MS were exported to Profinder software 

(Agilent Technologies) for pre-processing procedures and to build the data matrix for further 

processing and data treatment. Independent data matrixes were created to process and analyze
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strawberry and apple samples separately for each negative and positive polarity. The data 

matrixes were imported in parallel to the Metaboanalyst online platform and Mass Profiler 

Professional (MPP, Agilent Technologies). Data processing was performed before univariate 

and multivariate analysis, including data log transformation and Pareto scaling. Regarding 

multivariate analysis, the principal component analysis (PCA) and partial least squares 

discriminant analysis (PLS-DA) models of the final data matrix were created using the 

Metaboanalyst platform to describe the total variance of the full data set and figure out the 

discrimination groups under data matrix criteria. The VIP (variable importance in projection) 

score value (VIP > 1) obtained by the discriminant analysis was used for candidate selection. 

After the multivariate analysis evaluation, univariate operations were performed in MPP 

software. Data treatment through MPP software included filters by frequency of the data 

matrix to reduce the sample variability within each study group and the ANOVA statistics 

analysis (corrected p-value cut-off: 0.05; p-value computation: Asymptotic; Multiple Testing 

Correction: Benjamini–Hochberg). The VIP > 1 score and p-value were used to create the 

candidate list for evaluating the processing treatment. After the selection of the candidates, 

the authentic standards and the MS/MS spectra data of those ions were used for metabolite 

confirmation. Metlin and MassBank of Noth America (MoNA) databases were used for 

checking the tentative identification. In addition to the databases, the competitive 

fragmentation modeling for metabolite identification (CFM-ID) software was 

complementary to confirm the metabolites.  
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Abstract 

Different technologies commonly employed by the fruit processing industry affect 

the phenolic content. This study aimed to establish the extent to which different processing 

techniques and conditions, tested at an industrial scale, affect phenolics, color, and sensory 

attributes of fresh strawberries and apples. The effects of freezing, thermal treatments, and 

high-pressure processing were investigated. In strawberries, mild and standard thermal 

treatments showed similar patterns for most phenolic groups; an increase in 

proanthocyanidins, no change in ellagic acid conjugates, and a major decrease in flavonols 

and anthocyanins. In apples, mild treatments and high-pressure processing had similar effects 

in all phenolic groups, with increases in dihydrochalcones, hydroxycinnamics, and 

proanthocyanidins and decreases in flavonols. However, the standard thermal treatment 

increased flavonols and dihydrochalcones concentrations. This study shows that each fruit 

behaves differently, and both technology and processing conditions should be customized 

accordingly to preserve or even increase the phenolic content. 

 

DOI: https://doi.org/10.1016/j.foodchem.2022.134099
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Abstract 

During the food product life, storage conditions affect its composition on nutrients, 

bioactive compounds and sensory attributes. In this research, strawberry and apple purees 

were selected as a model to examine how the storage of various purees industrially produced 

with different technologies affect the bioactive phenolic compounds, color, and sensory 

attributes. Specifically, fruit products processed at an industrial scale by different 

technologies including freezing, thermal treatment (mild and standard), and high-pressure 

processing were studied, as well as storage for up to 12 months at -20, 4 and 24 ºC. In 

strawberry puree, storage conditions had a stronger impact on phenolic compound levels, 

particularly on anthocyanins; whereas in apple puree, the initial processing techniques 

exerted a greater influence than storage conditions, mainly caused by the hot or cold crushing 

processes. In general, proanthocyanidins were the major phenolic group and the most stable 

during storage, while anthocyanins were the group most affected by both processing and 

storage. Apple flavonols and dihydrochalcones were quite stable, while strawberry 

ellagitannins suffered higher degradations during storage. Through our analysis, it is found 

that during storage, the stability of polyphenols in each fruit is different, and processing and 

storage can be either detrimental or even beneficial. The selection of the ideal storage 

conditions (time and temperature) is a key factor to maintain the polyphenol content in 

sensitive fruits as strawberry. However, storage conditions are in some cases more important 

to minimize the polyphenol losses than how the product is processed. 

DOI:    https://doi.org/10.1021/acs.jafc.2c07828 
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Abstract 

In general, food processing and its conditions affect nutrients, bioactive compounds, and 

sensory characteristics of food products. This research aims to use a non-targeted 

metabolomics approach based on UPLC-ESI-QTOF-MS to determine how fruit processing 

can affect the metabolic profile of fruits and, through a comprehensive metabolic analysis, 

identify possible markers to assess their degree of processing. The present study uses a real 

case from the food industry to evaluate markers of the processing of strawberry and apple 

purees industrially elaborated with different pro- cessing techniques and conditions. The 

results from the multivariate analysis revealed that samples were grouped according to the 

type of processing, evidencing changes in their metabolic profiles and an apparent 

temperature-dependent effect. These metabolic profiles showed changes according to the 

relevance of thermal conditions but also according to the exclusively cold treatment, in the 

case of strawberry puree, and the pressure treatment, in the case of apple puree. After data 

analysis, seven metabolites were identified and proposed as processing markers: 

pyroglutamic acid, pteroyl- D-glutamic acid, 2-hydroxy-5-methoxy benzoic acid, and 2-

hydroxybenzoic acid β-D-glucoside in strawberry and di-hydroxycinnamic acid glucuronide, 

caffeic acid and lysoPE(18:3(9Z,12Z,15Z)/0:0) in apple purees. The use of these markers 

may potentially help to objectively measure the degree of food processing and help to clarify 

the controversial narrative on ultra-processed foods. 

DOI: https://doi.org/10.3390/ molecules27217275
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General Discussion 

A common practice of food industry is the use of fresh, frozen, pureed, or 

concentrated fruits as raw materials for the production of diverse type of food products such 

as sauces, compotes, preserves, baby food, among others. This thesis utilized different 

technologies to produce individually frozen strawberries and apple and strawberry purees. 

Puree is one of the most traditional food ingredients, commonly elaborated by thermal 

processing. The uniqueness of this study is that it was executed in an industrial set-up. 

Therefore, the technologies selected were the commonly employed by the fruit processing 

industry. In particular, the effects of freezing, thermal treatment (mild and standard), and 

high-pressure processing were investigated. The aim of this study was to determine the 

impact of these technologies on the phenolic compounds, color, and sensory attributes of 

fresh strawberries and apples (CHAPTER IV) and the influence of the storage conditions in 

the strawberry and apple products obtained (CHAPTER V).  

This study analyzed the impact of the mentioned processing and storage condition on 

the main phenolic compounds of apples (flavan-3-ols/proanthocyanidins, flavonols, 

dihydrochalcones and hydroxycinnamic acids) and strawberries (flavan-3-

ols/proanthocyanidins, anthocyanins, and ellagic acid). 

From the results obtained in CHAPTER IV and V of this study, it can be established 

that the effects of processing and storage are highly dependent of the food matrix. This was 

supported by the review [99] performed by us as a background information, that the effect of 

the processing techniques and the storage on the stability of (poly)phenols was not dependent 

only on the processing technique itself, but instead it was influenced by numerous factors, 

such as, the food matrix (type of fruit, variety and degree of ripening), its characteristics (pH, 

sugar content, and presence/absence of oxygen) and the behavior of the different phenolic 

compounds present in the fruit. 

Overall, the application of different processing techniques and the storage conditions 

affected differently the (poly)phenolic profile of strawberry and apple products. For 

strawberry products, the storage conditions had a higher impact on the degradation of 

(poly)phenols and quality characteristics than the application of the conventional processing 

techniques. Whereas, for apple purees, the processing techniques employed impacted more
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the phenolic levels than the storage conditions. In general, apple and strawberry samples 

stored at 24 ºC showed the higher degradation both in phenolic levels and quality attributes, 

while samples stored at – 20 and 4 ºC were comparable, resulting in levels within the ranges 

found in fresh fruits from different varieties.  

In strawberries, thermal treatments affected more the heat labile compounds such as 

anthocyanins, but increased other compounds such as ellagic acid and proanthocyanidins. 

Mild and standard thermal treatments showed similar patterns for most phenolic groups; i) 

an increase in proanthocyanidins, attributed to a higher extraction capacity after thermal 

treatment and some migration of these compounds from plant tissues, particularly from the 

achenes, as well as, the cleavage of complex proanthocyanidins into their monomeric units 

promoted by the heat treatment; ii) a slightly increase in ellagic acid conjugates, probably 

due to an improvement in the extractability of ellagitannins from the achenes and cell walls; 

iii) a reduction in flavonols, that could be due to the breakdown of flavonols during 

processing and subsequent oxidative reactions; and iv) a major decrease in anthocyanins, 

which could be attributed to the cleavage of covalent bonds, polymerization, derivatization 

and also to condensations reaction with other phenolics resulting in browning. Regarding 

anthocyanins, the more severe was the thermal treatment applied (MT<ST<VC) the greater 

was the degradation. The general severe losses of all the phenolic compounds derived from 

vacuum concentration, could be attributed to secondary oxidation reactions as a result of the 

extended heat treatment at which it was subjected to. Surprisingly, a diminution of 

anthocyanin, ellagic acid and flavonols levels were observed on IQF strawberries, which 

could be the result of the prior sepals removing. In the case of anthocyanins, leaving the flesh 

unprotected and in contact with oxygen could have caused oxidation reactions. While for 

ellagic acid and flavonols, the decrease may be directly related to the elimination of sepals, 

since both compounds can be found in the sepals. In no thermally treated puree, the effects 

observed were different depending on the compounds, while i) significant losses were 

registered for anthocyanins, flavonols, ellagitannins and ellagic acid, which could be mainly 

due to an enzymatic oxidation by PPO; ii) substantial increments were observed in 

proanthocyanidins, probably due to some encapsulation effect in the colloidal matrix (pectin 

and cell-wall polysaccharides) that could have prevented them. 
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In apples, in general all the processing treatments lead to positive effects on the 

phenolic compounds. Mild treatments and high-pressure processing had the same effect in 

all the phenolic groups, with i) increases in dihydrochalcones, hydroxycinnamic acids, and 

proanthocyanidins attributed to either a higher extraction or migration of these compounds 

from the cell matrix or to the release of monomeric units from complex proanthocyanidins; 

and ii) a decrease in flavonols, which could be mainly because of the way of processing, as 

in the initial cold crushing, the peel, rich in flavonols, was discarded during this stage; another 

reason could be that the low heat treatment applied was not sufficient to inactivate polyphenol 

oxidase and peroxidase leading to enzymatic oxidative degradation of phenols. However, the 

standard thermal treatment increased in a greater extent the concentrations of flavonols and 

dihydrochalcones. This extra positive effect could be mainly attributed to the type of initial 

extraction. In the case of standard treatment, whole apples (flesh, peel, seeds, and skin) were 

chopped and pre-heated at 90 ºC for 4 min to subsequently being hot crushed and refined. 

Apparently, this initial hot extraction favored the release of flavonols, dihydrochalcones and 

hydroxycinnamic acids from the peel, seeds and flesh respectively. For the case of re-

processed samples, the behavior of the phenolic compounds followed the increase or decrease 

pattern of the principal sample from which these were processed from. In conclusion, for 

apples, standard treatment was recommended as the technique that obtained the best results 

preserving the (poly)phenol concentration both after processing and storage.  

Regarding proanthocyanidins, significant reductions in their mDP (from 4.5 to 2.5 in 

strawberry and from 4.0 to 2.7 in apple) were also observed when the above-mentioned 

processing conditions were applied, indicating a possible reduction in the oligomer size. 

Since some studies suggested that monomeric and dimeric procyanidins were better absorbed 

than the oligomers, it can be concluded that the reduction in the mDP in the final products, 

might help increasing the bioavailability of proanthocyanidins. In general, proanthocyanidins 

were the major phenolic group in both fruits and the more stable after processing and during 

storage. Whereas anthocyanins, being thermo-labile compounds were the most affected as a 

result of processing and storage conditions.  

Apart from the effect observed on the phenolic compounds as a result of the different 

processing technologies, the same samples were analyzed through an untargeted 
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metabolomic approach (CHAPTER VI) in order to find potential markers to evaluate the 

processing degree of strawberry and apple puree products. Seven metabolites with a 

temperature-dependent effect were identified, four in strawberry and three in apple: (1) 

pyroglutamic acid, (2) pteroyl-D-glutamic acid, (3) 2-hydroxy-5-methoxybenzoic acid and 

(4) 2-hydroxybenzoic acid -D-glucoside in strawberry and (5) dihydroxycinnamic acid 

glucuronide, (6) caffeic acid and (7) lysoPE(18:3(9Z,12Z,15Z)/0:0) in apple. In strawberry, 

metabolites (1) and (3) were identified as upregulated markers, showing an increase trend 

correlated with the degree of processing, whereas metabolites (2) and (4) were identified as 

down regulated markers and found with high intensity in fresh strawberries. In the case of 

the metabolites identified in apple purees, all of them were upregulated markers, increasing 

their intensity at the same time that the thermal processing degree. A possible formation 

pathway was proposed for (1) in strawberry, suggesting that (2) present in fresh strawberry, 

is degraded with the temperature, releasing pteroic acid and glutamic acid. Then, glutamic 

acid is converted into (1) as a result of the loss of a water molecule and internal cyclization. 

The elucidation of these markers might help to define the degree of processing of strawberry 

and apple products. Thus, these could also be used to optimize the processing conditions and 

chose the best technique to avoid losses of nutritional and bioactive compounds. Another 

potential application of these markers is their use as a start point to detect new processing 

markers in future metabolomic research. 

Overall, this study shows that each fruit behaves differently, and both technology and 

processing conditions should be customized accordingly to preserve or even increase the 

polyphenol content. Therefore, the impact on the phenolic profile, color and sensory 

attributes has to be individualized. Furthermore, the metabolites identified as potential 

processing markers could be used to measure and optimize the degree of fruit processing  
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The conclusions reached from this Thesis are:  

1. Each fruit analyzed behaves differently, the selection of right fruit variety togehther 
with both processing technology and conditions should be customized accordingly by 
industries, to preserve or even increase the (poly)phenol content of the final product. 

2. The processing techniques play a role in the mechanical disruption of fruit tissue which 
might have improved phenols extractability, potentially leading to a better bio-accessibility. 

3. The impact of thermal treatment relied mainly on: 

i) The food matrix, being in this case positive by promoting the release of certain phenolic 
compounds from the fruit structures.  

ii) The thermal stability of the different phenolic compounds, affecting some heat labile 
compounds such as anthocyanins.  

4. For apple products, the processing techniques and conditions impacted more the 
phenolic levels than the storage conditions.  

i) Overall, all the processing technologies increased the levels of all phenolic groups.  

ii) Standard thermal treatments resulted in a significantly higher additional increase in the 
levels of dihydrochalcones and flavonols, as well as the better preservation during storage. 
Therefore, it is  recommended as the one that has obtained the best results preserving the 
(poly)phenol concentration. 

5. For strawberry products, the storage conditions had a higher impact on the degradation 
of (poly)phenols and quality characteristics than the processing techniques employed.  

iii) Anthocyanins, being thermo-labile compounds were the most affected as a result of 
processing and storage conditions.  

iv) Proanthocyanidins were the major phenolic group and the more stable after processing 
and during storage.  

v) Standard thermal treatment preserves better heat labile compounds in strawberry 
products.  

6. Regarding storage, apple and strawberry products stored at -20 and 4 ºC barely affected 
the phenolic level and the quality characteristics during storage. Nevertheless, storage at 24 
ºC highly degraded the polyphenolic content and the quality and sensory attributes in 
strawberry, although not that drastic in apple products. 

7. The results of this study has demonstrated the potential of untargeted metabolomics 
and the data treatment strategies as tools for the discovery new food processing markers and 
to visualize changes in the metabolic profile of strawberry and apple purees subjected to 
different processing techniques. 
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8. The presence or absence of temperature used during the crushing process is crucial in 
the change of the metabolomic profile of the final product.  

9. Seven metabolites were identified and proposed as potentially powerful markers to 
evaluate the processing degree of strawberry and apple puree products.  

10. In apple purees, dihydroxycinnamic acid glucuronide, caffeic acid, and 
lysoPE(18:3(9Z,12Z,15Z)/0:0) were identified as upregulated markers, showing an 
increasing trend correlated with thermal processing, except for HPP which increased the 
metabolites profile.  

11. In strawberry purees, pyroglutamic acid, and 2-hydroxy- 5-methoxy benzoic acid were 
identified as upregulated markers, whereas pteroyl- D-glutamic acid, and 2-hydroxybenzoic 
acid β-D-glucoside were identified as down regulated markers of thermal processing. 

i) Pteroyl-D-glutamic acid could be a marker of non-processed fruits, as it is degraded 
with the temperature, releasing pteroic acid and glutamic acid. 

ii) Glutamic acid is converted into pyroglutamic acid due to the loss of a water molecule 
and internal cyclization.
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