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RESUMEN

Los productos fritos son apetecidos y consumidos en grandes cantidades en todo el
mundo. Durante el proceso de fritura, el alimento retiene aceite, el cual puede llegar a
ser uno de los principales componentes del producto final. Desafortunadamente, el
consumo de grasas y aceites se considera un factor de riesgo para la salud de la
poblacién. Debido a eso, el fenomeno de absorcion de aceite en alimentos fritos ha sido

objeto de varios estudios. Pese a ello, aun no ha sido completamente elucidado.

Se ha establecido que los esfuerzos deben orientarse a entender lo que ocurre a nivel
microscopico, ya que la microestructura de los alimentos podria ser de vital relevancia
para la absorcion de aceite. Es por ello que existe la necesidad de caracterizar matrices
alimentarias fritas a través de la utilizacion de parametros microestructurales para
dilucidar el efecto real de la microestructura en el fenomeno de transporte de aceite. Este
conocimiento permitiria mejorar el disefio de los futuros alimentos fritos. Para ello, un
enfoque ingenieril sustentado en la construccion de estructuras controladas a través de la
formulacion de productos, mediante la comprension de la funcionalidad de los
elementos estructurales, o ingredientes, podria permitir comprender con mayor precision

este fendOmeno.



En concordancia, la hipdtesis de esta tesis es que a través del conocimiento de la
funcionalidad de los ingredientes alimentarios y su comportamiento durante el
procesamiento, es posible generar alimentos con microestructuras controladas para ser
fritos, con diferentes propiedades fisicas y capacidades de absorcion de aceite, para
mejorar la comprension de la relacion que existe entre la microestructura y los

fendmenos de transporte involucrados, especialmente el de absorcion de aceite.

En consecuencia, el objetivo principal de este trabajo es generar diferentes
microestructuras controladas en base de la formulacion de productos y fritura por
inmersion, con el fin de comprender y describir la relacion entre la microestructura

desarrollada y la absorcidn de aceite.

Para ello se gener6 diferentes microestructuras mediante formulacion de productos.
Dos categorias de productos fueron desarrolladas, una basada en hojuelas de papa
(productos en base a PF), y otra en gluten de trigo y almidon (productos en base a G).
Ambos tipos de productos se elaboraron con un contenido de humedad de 40% (base
humeda), fueron laminados, fritos a 170 ° C hasta un contenido de humedad de 2% (base
himeda) y fueron analizados. Las formulaciones no solamente se basaron en PF y G,

sino que también se utilizé metilcelulosa (MC) y se afiadié almidon nativo de trigo (NS).

La cinética de absorcion de aceite fue analizada. Dos fracciones de aceite, aceite
penetrado y aceite superficial, se determinaron en diferentes etapas después de la fritura,
y se encontrd que los productos en base a G absorben la mayor parte del aceite durante
la fritura, mientras que los productos en base PF absorben el aceite principalmente

durante el enfriamiento.

Con el objetivo de entender mejor el rol de las caracteristicas superficiales, la relacion
entre la rugosidad superficial y la absorcion de aceite se estudié midiendo la topografia
de la superficie de los productos utilizando un microscopio laser de barrido (SLM). Se
obtuvo diferentes parametros derivados de un andlisis fractal sensible a la escala, tales
como el limite liso-rugoso y la dimension fractal, sin embargo, el pardmetro denominado

area relativa fue seleccionado para caracterizar las topografias medidas, ya que es
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sensible a la escala de observacion y se demostrd que permite discriminar entre
diferentes superficies. Los principales resultados obtenidos indican que, dentro de cada
categoria de productos, los productos con mayor rugosidad superficial retuvieron mas
aceite. Sin embargo, los productos basados en PF eran més rugosos que los productos

basados en G, pero no retuvieron mas aceite.

Con el objetivo de entender mejor la relacion entre la microestructura interna y la
absorcion de aceite, se examind la microestructura interna mediante microscopia
confocal de barrido laser (CSLM). Se desarroll6 un procedimiento no invasivo de doble
tincidn para llevar a cabo una observacién de dos canales en el microscopio. Las masas
se tifieron directamente durante la preparacion con fluoresceina-5-isotiocianato (FITC),
se laminaron y se frieron en aceite tefiido con rojo Nilo. Posteriormente, las muestras se
observaron sin intrusion adicional. Mediante la utilizacion de analisis de imagenes se
determin6 tamafio de poro, porosidad y contenido de aceite. Se detectd una relacion
directa entre la porosidad y la absorcion de aceite en los productos basados en G, pero
no se detectd relacion alguna en los basados en PF. Ademas, los productos basados en G

eran menos porosos que los productos basados en PF, pero no retuvieron menos aceite.

Ciertamente, la rugosidad superficial y la microestructura interna son factores clave
en la absorcion de aceite, pero otras propiedades relacionadas a los alimentos pueden
explicar las diferencias entre diferentes categorias de productos. Para entender mejor las
diferencias, los productos se caracterizaron adicionalmente a través de su geometria, su
afinidad quimica con el aceite (medida a través del angulo de contacto), y su dureza (por
mediciones de fuerza de fractura). Adicionalmente, se desarrollé un protocolo de captura
de imagenes digitales, a través del cual se demostrd que la expansion de los productos
ocurre durante los primeros 15-20 s en ambas categorias de productos. Sin embargo, los
productos en base a G desarrollan una delgada costra externa, la cual se puede distinguir
claramente del interior del producto, mientras que los productos en base a PF desarrollan
una costra gruesa que engloba al producto completo. No existe una relacion clara entre
la cantidad de aceite retenido por los productos y su geometria, pero algunos cambios

durante la fritura podrian ser relevantes para la dinamica de penetracion de aceite. Puede
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haber una relacion entre la dureza de los productos y el mecanismo de absorcion de
aceite, ya que productos mas duros tienden a retener menos aceite. La medicion del
angulo de contacto permitio discriminar entre los productos bajo estudio, y ayudd a
explicar por qué los productos en base a PF retienen menos aceite a pesar del ser mas

rugosas y mas porosas, pues tenian menor afinidad quimica con el aceite.

En general, se desarrollaron diferentes técnicas no-invasivas de andlisis
microscopico, las cuales en conjunto con métodos analiticos permitieron entender los
parametros mas importantes para la absorcion de aceite. Como se muestra a lo largo de
este trabajo, fue posible distinguir de forma adecuada la mayoria de los factores
importantes que afectan a la absorcion de aceite, dentro de una categoria especifica de
producto o cuando se comparan diferentes categorias, a la luz de ecuaciones
fenomenolodgicas, que ayudan a comprender el comportamiento de diferentes

formulaciones.
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ABSTRACT

Fried products are desired and consumed in large amounts worldwide. During the
frying process, oil is retained by the food and may become one of the main components
of the final product. Unfortunately, the consumption of fats and oils is considered an
important health risk factor. For that reason, the understanding of oil absorption in deep-
fat fried foods has been the focus of intensive research in the food domain. However, it

still remains unclear.

It has been stated that efforts should be oriented to understand what happens at the
microscopic level, since food microstructure should play a key role. In this respect, there
is a need to characterize fried matrices using relevant microstructural parameters to
elucidate the actual effect of food microstructure in oil transport phenomena, to improve
the design of fried foods. To do so, an engineering approach based in the development of
controlled structures through product formulation, through the understanding of

structural elements or ingredients functionality, could allow an accurate design.

In accordance, the hypothesis of this thesis was that through the knowledge of the

functionality of food ingredients and their behavior during processing, it was possible to
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generate controlled food microstructures to be fried, with different physical properties
and oil absorption capacities, to improve the understanding of the relationship between

product microstructure and transport phenomena, particularly oil absorption.

Consequently, the main objective of this work was to generate different controlled
microstructures based on product formulation and deep-fat frying, in order to understand

and describe the relationship between the developed microstructure and oil absorption.

To do so, different microstructures were generated by means of product formulation.
Two product categories, which were either based on potato-flakes (PF-based products),
or wheat gluten and starch (G-based products) with 40% moisture content (wet basis)
were laminated, fried at 170°C until 2% moisture content (wet basis) and analyzed.
Formulations were based on PF and G, but also the use of methylcellulose (MC) and

added native wheat starch (NS) were included.

Oil absorption kinetics was analyzed. Two oil fractions, penetrated oil and surface
oil, which corresponds to the fraction that remains on the surface, were determined after
2 s or 10 min after frying. This was done to understand the importance of oil drainage
upon frying. Interestingly, it was found that G-based products absorbed most of the oil
during frying, whereas PF-based products mostly absorbed oil during cooling. These
results gave an important clue about the relevance of product microstructure and oil

absorption phenomenon.

To better understand the key role of product surface, the relationship between surface
roughness and oil uptake was studied, measuring the surface topography of the different
products using a scanning laser microscope (SLM). Several parameters derived from
area-scale fractal analysis were obtained, such as the smooth-rough crossover and the
fractal dimension; however, the relative area was selected since it was scale-sensitive
and allowed adequate discrimination of fried surfaces through a range of relevant scales.
Most important results showed that within each product category, products with higher
surface roughness retained more oil. However, PF-based products were rougher than G-

based products, but did not retain more oil.
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To get a better understanding between oil absorption and the microstructure of both
product categories, the inner microstructure was examined using confocal scanning laser
microscopy (CSLM). A non-invasive double staining protocol was developed, which
allowed performing a two channel observation using CSLM. The dough was directly
stained during preparation with fluorescein-5-isothiocyanate (FITC), laminated and fried
in oil stained with Nile red. Thereafter, samples were observed without further intrusion.
Pore size, porosity and oil were quantified using image analysis. Results showed a direct
relationship between porosity and oil absorption in G-based products, but, no
relationship was detected in PF-based ones. Further, G-based products were less porous

than PF-based products, but did not retain less oil.

Certainly, surface roughness and inner microstructure are key factors in oil
absorption, but other food-related properties were thought to explain differences among
product categories. To get a better understanding of such differences, additional aspects,
such as the understanding of the chemical affinity between the oil and the food matrix
(contact angle measurement), as well as product expansion and texture (maximum
breaking force) in oil absorption, were also examined. In addition, an in situ examination
protocol using digital recording was set-up, which demonstrated that product expansion
occurred during the first 15-20 s in both product categories. However, in G-based
products an external crust layer was formed, which could be clearly identified from the
interior, whereas in PF-products a thicker global crust was obtained. Overall, no clear
relationship between oil absorption and product geometry was determined. In relation to
texture, it was found that hardest products tended to retain less oil. The measurement of
contact angle allowed a good discrimination between products. It was concluded that
the tendency of PF-based products to retain less oil despite the higher surface roughness

and porosity could be related to some extent to its lower wetting.

Overall, different non-invasive microscopy techniques were developed, which can be
used in different domains and, together with analytical methods, allowed a good
understanding of most important parameters affecting oil absorption. As shown along

this work, it was possible to have a good distinction of key parameters affecting oil
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absorption, within a specific product category or when comparing different product
categories, in the light of phenomenological equations, which help understanding the

behavior of different formulations.
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NOMENCLATURE AND ABBREVIATIONS

Abbreviations:

FITC: Fluorescein-5-isothiocyanate

G: vital wheat gluten

COV: Coefficient of variation

CSLM: Confocal scanning laser microscope
MC: Methylcellulose

MSR: Mean square ratio

NA: Numerical aperture

NS: Native wheat starch

PF: Potato flakes

PO: Penetrated oil

R?: Least squares regression coefficient
SEM: Scanning electron microscopy
Sa: Average roughness

Sku: Surface Kurtosis

SLM: Scanning laser microscope

SO: Surface oil

Sq; Root mean square roughness

SRC: smooth-rough crossover

Ssk: Surface skewness

TO: Total oil

Nomenclature:
g = Acceleration due to gravity, [m.s-2]
h = Oil penetration distance, [m]

P,* = Piezometric pressure at the bottom of the capillary, [Pa]

P* = Piezometric pressure at the liquid side of the meniscus, [Pa]



P, = Vapour pressure, [Pa]

Patm = Atmospheric pressure, [Pa]

Ppore= Pore’s pressure, [Pa]

r = Radius of the capillary, [m]

0 = Contact angle (between oil and solid inner pore wall), [Rad]
a = Angle between normal and vertical axes, [rad]

p = Oil density, [kg.m-3]

o5, = Interfacial tension between solid and gas [N/m]

050 = Interfacial tension between solid and the oil [N/m]

oo¢ = Interfacial tension between oil and gas [N/m]

0 = Contact angle (between liquid drop and solid surface) [rad]

Subscripts:

b: Bulk

ia: Image analysis
o: oil

g: gas

p: Pycnometry

s: Solid
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Introduction

1. Introduction

Fried products are desired and consumed in large amounts worldwide because of their
unique characteristics of color, taste, texture and mouthfeel that are acquired during the
deep-fat frying process, one of the oldest cooking methods (Varela et al., 1988). The
process basically consists in the immersion of a food piece in an edible oil or fat at
temperatures above the boiling point of water (Farkas et al., 1996). Frying temperatures
typically range between 150 and 200 °C, in the case of atmospheric frying. In the case of
vacuum frying, a newer and lower spread technology, which takes place at pressures

well below atmospheric levels, the temperature usually, does not exceed 120 °C.

Deep-fat frying is a complex unit operation involving high temperatures, significant
microstructural changes both to the surface and the body of the food, and simultaneous
heat and mass transfer resulting in flows in opposite directions of water vapor (bubbles)
and oil at the surface of the piece, as depicted in Figure 1.1 (Bouchon et al, 2003). The
high temperatures of the frying oil lead to the evaporation of water at the surface of the
food. Due to evaporation, water in the external layers of the product leaves the food to
the surrounding oil and surface drying occurs, inducing to crust formation. Additionally,
oil is absorbed by the food, replacing part of the water (Mellema, 2003). Most of the
desirable characteristics of fried foods are derived from the formation of a composite
structure: a dry, porous, crisp and oily outer layer, or crust, and a moist cooked interior

(Bouchon and Aguilera, 2001).

During the frying process, the oil retained by the food may become one of the main
components of the final product. In terms of palatability, this is beneficial, since fat
provides taste, smell and texture, conferring the attributes that distinguish fried food
from baked products. In terms of health, this is negative, since the consumption of oils
and fats, particularly saturated ones, is considered as a risk factor in the increment of
heart disease, cancer, diabetes and hypertension among the population (Minihane and

Harland, 2007).
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Figure I.1: Schematic diagram of simultaneous heat transfer (left hand side of the figure)
and mass transfer (right hand side of the figure) during deep-fat frying
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Several studies have been conducted in order to understand the oil migration
phenomenon within fried foods. When, how and where the oil penetrates into the food
have been the main questions that several researchers have tried to answer (Ufheil and
Escher, 1996; Aguilera and Gloria, 1997; Moreira et al., 1997; Bouchon et al., 2001;
Bouchon et al. 2003; Mellema, 2003).

Even though it is not fully understood when and how the oil penetrates into the food
structure, it has been shown that most of the oil is confined to the surface region of the
fried product (Farkas et al., 1992; Saguy et al., 1997; Bouchon et al., 2001) and there is
strong evidence that it is mostly absorbed during the cooling period (Ufheil and Escher,
1996; Moreira et al., 1997; Bouchon et al., 2003). For that reason, it is believed that
during frying, after initial heating occurs, the vigorous escape of water vapor would
generate a barrier to prevent oil migration into the porous crust and as a consequence oil

absorption would be limited during most of the immersion period. As a result, oil uptake
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would mainly result from the competition between drainage and suction into the porous
crust once the food is removed from the oil and cools down, being essentially a surface-
related phenomenon. It has been suggested that the largest amount of oil is pulled into
the product when it is removed from the fryer because of the vacuum effect due to steam
condensation. Accordingly, it has been suggested that oil absorption depends on the

amount of water removed and on the way moisture was lost.

In 1996, Utheil and Escher studied the dynamics of oil uptake during deep-fat frying
of potato slices, using a fat-soluble and heat-stable dye (Sudan Red B). They determined
that most of the oil was absorbed when the product was removed from the oil bath and
proposed that oil uptake was primarily a surface phenomenon, involving equilibrium
between adhesion and drainage of oil upon removal of the product from the oil. In 1997,
Moreira et al. determined that only 20% of the total oil content of tortilla chips was
absorbed while they were immersed in the oil bath and that almost 64% of the total oil
content was absorbed during post-frying cooling, the rest remaining on the surface (outer
layers of the product). Later, Bouchon et al. (2003) combined and adapted the methods
developed by Ufheil and Escher (1996) and Moreira et al. (1997) and were able to
distinguish 3 different oil fractions when frying potato cylinders, that is: i) structural oil
(STO) which represents the amount of oil absorbed during frying, ii) penetrated surface
oil (PSO) which represents the amount of oil suctioned into the food during cooling,
following its removal from the fryer and iii) surface oil (SO), that is, the oil that remains
on the surface. A schematic diagram showing these oil fractions is presented in Figure

1.2.
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/

Structural oil

Figure 1.2: Diagram showing the 3 locations of oil in the product microstructure after deep-fat frying
adapted from Bouchon et al. (2003).

Results showed that only a small amount of oil was able to penetrate during frying
since most of the oil was picked up at the end of the process, suggesting that oil uptake
and water removal were not synchronous phenomena. After cooling, oil was located
either on the surface of the product or was suctioned into the porous crust
microstructure, with an inverse relationship between them for increasing frying times.
According to experimental facts, several approaches have been used to describe and
model oil absorption. Moreira and Barrufet (1998) explained the mechanism of oil
absorption during cooling in tortilla chips in terms of capillary forces. This hypothesis
was supported by experimental results, where they determined that oil uptake occurred
during the first 20s of cooling, that is, when the temperature was still above the

condensation temperature.

The main conclusions point out that most of the oil would penetrate within the
structure during the cooling 