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Abstract 

Bakery products are widely consumed due to their appealing characteristics and can be 

sources of some nutrients, but the excessive consumption of some of them is related to 

detrimental effects on human health.   

Fat content is one of the greatest concerns in this type of products, both by their quantity 

and quality. In addition to it, the demand includes healthier, good quality and more 

sustainably produced foodstuffs. Therefore, efforts towards the search of new 

ingredients and the development of new reformulation strategies to improve or reduce 

the amount of fat and, as an added benefit, incorporate bioactive compounds has been 

addressed by the industry and the research community.  

The development of functional ingredients based on different vegetable oils, to serve as 

butter replacers in bakery products is summarized in this work.  

Five vegetable oils were characterized, of which echium, hemp and flax oil showed a 

high content of polyunsaturated fatty acids, especially omega-3 fatty acids, while 

moringa oil and extra virgin olive oil were rich in oleic acid. All of the analyzed oils had 

important content of plant sterols. Two functional ingredients were designed and 

developed as fat substitutes in bakery products (emulsion and gelled emulsions) with a 

lipid profile rich in unsaturated fats, lower energy value (compared to butter) and 

containing bioactive compounds.  

Both functional ingredients were used in the reformulation of Muffins and Cookies, 

obtaining successful results from the nutritional point of view, improving their 

composition and being able to bear nutrition claims related to total fat content, energy 

value, omega-3 fatty acids and fiber content. In addition to nutritional improvements, 

the developed products showed sensory characteristics similar, in general, to products 

with traditional formulation.  

The in vitro gastrointestinal digestion assays to which the developed products (gelled 

emulsions and cookies) were subjected, showed that fat distribution and composition 

between bioaccessible phase and residual phase varied according to the nature of the 

lipid fraction digested. The content of bioactive compounds was highly decreased after 

in vitro gastrointestinal digestion. And finally, the use of antioxidants could have a 

positive effect in preserving the bioactive compounds in the formulations and decrease 

the extent of lipid oxidation. 
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The bakery industry is one of the most extensive and with largest growth in food 

production. In 2020, the global bakery products market reached a value of almost USD 

331.37 billion and it is expected to reach a value of almost USD 436.91 billion by 2026 

(Expert Market Research, 2021).  

According to the latest ASEMAC data, bread and pastries production (kg) in Spain in 

2021 increased 6.7% and 21.4% compared to the 2020 production data (ASEMAC, 

2022). This increase has been in response to the growing demand, as it is reflected in 

the household consumption of bakery products, which has increased 13% in the last 

decade, with important growth in the last two years (MAPA, 2022) (Figure 1). 

 

Figure 1. Household consumption of bulk and packaged bakery products (cakes, 

cookies, crackers, whole grain cookies) (Source of data: MAPA, 2022). 

Besides being a major industry of great economical interest, is also an industry that has 

been around since ancient times (Chandrasekaran, 2013). From the classical products 

(bread, biscuits and crackers) to more elaborated ones (puff pastry, cakes, filled pastry, 

frozen dough), they all have been of interest due to their nutritional value (Kourkouta et 

al., 2017); not only the beneficial ones but for the presence of nutrients that, when 

consumed in excess, can have detrimental effects on human health (AESAN, 2010; 

EFSA, 2010a; Laaninen, 2016). 
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The increasing demand for healthier, good quality and sustainably produced foodstuffs 

has oriented the efforts towards the search of new ingredients and new products that 

fulfill those requirements (United Nations, 2015). Besides the technological challenge 

that product research and development represents, another important aspect to keep in 

mind is the cost for both industry and consumer, since availability of ingredients and 

technology adaptation that some strategies might include represent an additional 

production cost (Puratos, 2022).  

Lipid fraction in bakery products 

Bakery products are elaborated with a great variety of ingredients, all of them with 

important technological functions. One of the most notable ingredients is the fat and the 

most common sources used are plastic fats such as butter, margarine, shortening and 

lard, which are responsible for imparting important favorable functional and 

organoleptic properties to the dough and final product such as consistency, spreadability, 

lubricity, tenderness and texture, aeration, heat transfer, flavor and taste (Farajzadeh 

Alan et al., 2019; Gutiérrez-Luna et al., 2021; Merlino et al., 2022; Wilderjans et al., 

2013). These properties are achieved as a result of fat mechanism of action in the matrix. 

Fat covers gluten and starch granules to interrupt their adherence to each other, which 

provides the lubrication of gluten particles to produce a tender, softer and uniformly 

shaped product after baking. Also, the delicate flavor is added by creating dough 

aeration and the lubricating effect in the mouth (Curti et al., 2018; Ghotra et al., 2002). 

Other effects of fat in the product are moisture and flavor retention, and gelatinization 

delay by preventing the transport of water into the starch granule due to the formation of 

complexes between the lipid and amylose during baking (Mert & Demirkesen, 2016; 

Ureta et al., 2014, 2016). 

In order to deliver these characteristics to the products, these fats must have special 

physicochemical properties including optimum plasticity at specific temperatures, 

desirable melting behavior, consistency, as well as thermal and oxidative stability 

(Mattice & Marangoni, 2017). Some of these attributes are due to their fatty acid 

distribution, usually rich in saturated fatty acids (SFAs). According to their number of 

double bonds, saturated fats have no double bonds, while unsaturated fatty acids can 

have one (MUFA) or more double bonds (PUFA) (EFSA, 2010b). 
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In the case of butter and hydrogenated fats, there might be presence of trans fatty acids 

(TFAs) (Farajzadeh Alan et al., 2019; Ghotra et al., 2002; Laaninen, 2016). Trans fats 

are unsaturated fatty acids with at least one double bond in the trans configuration 

(Codex Alimentarius, 1985; Mozaffarian et al., 2006; World Health Organization, 2020). 

The presence of industrial trans fats in foods is primarily the consequence of the use of 

particular oils and partially hydrogenated fats by food manufacturers (European 

Commision, 2016). 

TFA are considered to be toxic to humans even at low levels of intake (Ghebreyesus & 

Frieden, 2018) and its regular consumption increases the risk of coronary heart disease, 

diabetes, Alzheimer's disease, different types of cancer, endometriosis and cholelithiasis 

(EFSA, 2010b; Mozaffarian et al., 2006; WHO, 2015). Based on this evidence, public 

health authorities recommend that consumption of TFAs should be as low as possible 

and the elimination of industrially produced TFAs from the global food supply by 2023 

is a World Health Organization priority (World Health Organization, 2020). 

Currently, several measures and legislations are in force to regulate the presence of 

TFAs and keep it under a maximum limit of 2 g of industrially produced TFA per 100 g 

of oil/fat (WHO, 2015). These measures have given good results, since there has been 

important reductions of trans fatty acids in several products worldwide (Adhikari et al., 

2010; Astiasarán et al., 2017; Baylin et al., 2007; Da Silva Lima Dias et al., 2018; 

Gutiérrez-Luna et al., 2019). 

Even though the quality of the lipid fraction in several products has improved, the 

concerns go beyond the health and nutritional aspects. The ultimate goals are oriented to 

ensure the sustainability of food production systems and efficient use of natural 

resources, reducing ingredients of animal origin and guarantying affordable nutritious 

products (United Nations, 2015). 

Reformulation strategies  

Nutritionally, fat is the most energy dense macronutrient (9 kcal/g) compared to protein 

and carbohydrates (4 kcal/g, each). From the technological perspective, it provides 

unique functional properties (varying according its fatty acid composition), such as 

plasticity, tenderness, improved mouthfeel, lubrication, aeration, among others (Ghotra 
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et al., 2002; Rios et al., 2014; Rohm et al., 2018; Ye et al., 2019). All these 

characteristics together make its reduction and or substitution a great challenge. 

The alternatives to replace or reduce fat in bakery products are very varied and include 

the use of healthier sources of fat, ingredients of a non-fat nature that imitate its 

functionality or the use of vehicle systems (emulsions and gels) that improve the 

nutritional profile of the food by adding nutrients that were not originally present 

(Borneo et al., 2010; Giacomozzi et al., 2018; Luna Pizarro et al., 2013; Quiles et al., 

2018). Bakery products are complex matrices where the presence and interactions 

among different components may favor or not the resulting characteristics of the final 

product. Therefore, the development and understanding of fat replacers and their 

applications is essential to successfully produce food products with high nutritional 

value, technologically and sensory acceptable. 

Fat replacers can be defined as a carbohydrate, protein, or a fat-based compound that 

replaces one or more of the technological and sensory functions of fat besides reducing 

the energetic value in food products. An ideal fat replacer would be a substance that 

does not represent any health risks, mimics sensory and technological properties of fat 

and can be easily implemented in production lines. These replacers can be categorized 

according to their composition, functional and industrial application (Chavan et al., 

2016; Colla et al., 2018). Among the used stabilizing agents commonly used are plant-

based polysaccharides like starch, modified starch, maltodextrin, fibers (inulin, 

cellulose), gums (pectin, guar gum), protein based like collagen and algae derived like 

carrageenan and alginate (Colla et al., 2018; Yazar & Rosell, 2022).  

When designing fat replacers, besides texturizing elements, the source of fat is one of 

the most important aspects. Oils can be selected depending on their nutritional and 

chemical properties, availability and cost. 

From the options among vegetable oils, those with higher monounsaturated fatty acid 

profile seem to be preferred. In addition to their nutritional value, this type of fatty acid 

distribution offers technological advantages such as neutral aroma and flavor (with 

exceptions such as extra virgin olive oil) and their ability to perform better during 

structuring processes (e.g. oleogelation) as lower amounts of gelator are needed as 

compared with PUFA oleogels (Co & Marangoni, 2012; Lupi et al., 2012; Patel, 2015; 
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Pehlivanoğlu et al., 2018; Zetzl et al., 2014). Also, this type of profile (rich in MUFA) 

confers greater oxidative stability compared to those that include important amounts of 

polyunsaturated fatty acids (PUFAs) (Chaves et al., 2018; Kim et al., 2017; 

McClements & Decker, 2008). Polyunsaturated oils are also used for fat replacers 

development for their high quality fatty acid profile (concentration of essential fatty 

acids) (Hammad et al., 2016; Tvrzicka et al., 2011). The growing interest on new 

vegetable sources of lipids with potential health benefits have oriented the search onto 

non-conventional vegetables oils such as echium oil (Echium plantagineum L.), 

hempseed oil (Cannabis sativa L.), and moringa oil (Moringa oleifera L.) for their fatty 

acids profile and content of other minor bioactive compounds (tocopherols, plant sterols, 

squalene and phenolic compounds). 

Liquid vegetable oil can also be used instead of structured fats in some formulations to 

produce acceptable products; however, the low viscosity and unsaturation degree of the 

oils represent a challenge in terms of technological properties (texture, aeration and 

oxidation stability) of the baked products (Manaf et al., 2019; Pehlivanoğlu et al., 2018). 

Due to these inconveniences, oil structuring alternatives have focused on developing 

techniques that convert liquid oil into gel like structure without changing of the 

chemical properties of the vegetable oil (Pehlivanoğlu et al., 2018). The gel-like 

structures can be classified as hydrogels, emulgels and oleogels/organogels (Martins et 

al., 2018). Hydrogels have water as the dispersion medium gelled with an appropriate 

hydrophilic gelling agent. Emulgels are a biphasic formulation, whereas organogels or 

oleogels have non-polar dispersion medium like oils or organic solvents gelled with a 

suitable organogelator (Balasubramanian et al., 2012).  

Reformulated bakery products 

Alternatives for fat reduction or replacement are usually aimed to reduce and/or 

improve the quality of the lipid fraction of foods, but can also cause modifications of 

the general composition due to the incorporation of other ingredients. The main 

nutritional features of reformulated products include modification of the fatty acid 

composition (lower saturated and trans fatty acids and increased cis unsaturated fraction) 

and total fat content. Depending on the components in the fat replacer, amount of fat 

and level of replacement, several nutritional claims related to caloric value, total fat 
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content, fatty acids and fiber can be achieved (Borneo et al., 2010; Curti et al., 2018; 

Regulation (EC) No. 1924/2006, 2006). 

Besides the nutritional value of fats, they play an essential role in the technological and 

sensory characteristics (e.g., texture, mouthfeel) of baked products (Jang et al., 2015). 

The partial or total replacement of fats in a complex formulation, usually leads to 

changes in textural and physical properties (Colla et al., 2018). These changes are 

highly dependent on the type of bakery product reformulated, as regards to their volume, 

air content, density, hardness, etc., and can have an important impact on product 

processing, shelf life and consumer acceptance. 

The implementation of several reformulation strategies have proven that good results 

can be obtained, producing high quality foodstuffs and with similar characteristic to the 

reference products. Great number of studies have reported successfully reformulated 

bakery products such as cakes (Chen et al., 2016; Felisberto et al., 2015; Luo et al., 

2019; Oh et al., 2017; Pehlivanoglu et al., 2018; Psimouli & Oreopoulou, 2013; Santos 

Fernandes & Salas-Mellado, 2017), muffins (Giacomozzi et al., 2018; Lim et al., 2017; 

Martínez-Cervera et al., 2015; Oh & Lee, 2018), biscuits (Curti et al., 2018; Lim et al., 

2017; Sanz et al., 2017), puff pastry (Blake & Marangoni, 2015; Pimdit et al., 2008) and 

sweet bread (Santos Fernandes & Salas-Mellado, 2017; Ye et al., 2019). 

Bioaccessibility: In vitro gastrointestinal digestion 

Nowadays, the main nutritional problems of the world population (e.g., obesity or 

undernutrition) are directly linked to food intake, not only to the amount of food 

consumed but to the quality of it and the interactions occurring in the gastrointestinal 

tract once the food is consumed (Lucas-González et al., 2021; Mella et al., 2021; Van 

Hecke & De Smet, 2021). Also, there is limited information available about the effect of 

gastrointestinal digestion on certain bioactive compounds, their bioaccessibility rate and 

their potential benefits (Comunian et al., 2021; Salvia-Trujillo et al., 2019). For this 

reason, there has been a growing interest on the mechanisms involved in food, and more 

specifically, lipid digestion. 

Mimicking physiological conditions to understand these mechanisms is a complex 

process, and in vivo (human or animal) intervention experiments can be expensive, 
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difficult to be performed, or difficult to justify from the ethical point of view. Thus, in 

vitro models have been extensively used to simulate the digestion of foods. They can 

either be static or dynamic. Both types of models aim to simulate the physiological 

conditions of the upper gastrointestinal tract (oral, gastric and small intestinal phases). 

However, most dynamic models are relatively complex, expensive and usually not 

available to the majority of food researchers. Due to their many advantages (use a 

constant ratio of food to enzymes and electrolytes, and a constant pH for each digestive 

phase, cheaper and more reproducible methodology than in vivo assays), static models 

are widely used in food research (Brodkorb et al., 2019; Chabni et al., 2022). Static in 

vitro digestion models have been shown to be very useful at obtaining comparable 

outcomes to in vivo digestion. Nevertheless, there is a great number of static models that 

present slight but important variations in parameters such as pH, duration, enzyme 

concentration and activity, and composition of simulated digestive fluids that might 

have even greater impact in the results. These variations can lead to misinterpretations 

of the outcomes which are the reason why results should be carefully analyzed and 

interpreted considering all the possible scenarios that might have led to the final result 

(Capuano & Janssen, 2021). 

In response to the need of harmonization, the INFOGEST protocol was developed. The 

digestion model involves the exposure of the food to three successive digestive phases: 

oral, gastric and intestinal with constant conditions during each phase. This model takes 

into consideration some aspects related to the nature of the food being digested, such as 

presence of starch or high lipid content. In relation to high fat food stuff, it recommends 

the use of gastric lipase (Brodkorb et al., 2019; Duque-Soto et al., 2022). Subsequent 

steps after the complete digestion are also important, since they might affect the sample 

and therefore the parameters of interest. Even when the INFOGEST protocol is very 

complete at considering different endpoints, there are some aspects that still need to be 

standardized, such as lipid fraction analysis. 

Lipid digestion and nutrient absorption are complex processes that involve a number of 

physicochemical and enzymatic events along the gastrointestinal tract, but it also causes 

other reactions such as oxidation as a result of the pro-oxidative conditions it includes 

(Alberdi-Cedeño et al., 2020; Bauer et al., 2008; Gayoso et al., 2019; Mao & Miao, 

2015).  
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The rate and extent of lipid digestion have consequences for health, and it can be 

influenced by the colloidal aspects of the fat, i.e. whether lipids are ingested in an 

emulsified or non-emulsified form. This is explained by lipases mechanisms of action 

(competition with surfactants to access the available emulsion interface) and the nature 

of the surfactants that determine emulsion stability and therefore the extent of available 

surface. There is substantial evidence that the rate of lipid hydrolysis during gastric and 

intestinal digestion is proportional to the overall surface offered to pancreatic lipase 

(Armand, 2007; Capuano & Janssen, 2021). This also explains why pre-emulsified fats 

have found to be digested faster than bulk, non-emulsified fats of the same composition 

(bigger lipid droplets compared to emulsified fats) (Vors et al., 2013). 

Previous studies have pointed out the advantages of delivering vegetable oils and 

bioactive compounds by gellified systems, not only on the nutritional aspects but in 

terms of oxidative stability (Dong et al., 2021; Gayoso et al., 2019).  

As different structures and formulations are used in these emulsified lipids, their 

behavior during digestion will differ as well. In this sense, studying different fatty acid 

arrangements, gelling agents and heat treatments could give a glimpse of the benefits or 

disadvantages of their use and combination for the delivery of bioactive compounds 

(Comunian et al., 2021).  
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Considering the current knowledge about the nutritional composition of bakery products 

and the efforts to approach the need for alternative ingredients that allow producing 

healthier products without negatively affecting the technological and sensory properties, 

which are also oriented towards a more sustainable production, with this work the 

following objective was aimed: 

General objective 

To develop reformulation strategies that allow to produce foodstuff with lower 

amount of fat and better lipid composition through the development of fat 

replacements that include bioactive compounds from vegetable oils, in order to 

produce healthier and technologically and sensory viable bakery products. 

To achieve this aim, the following partial objectives were proposed: 

1. To assess the current status of the lipid fraction of commercial bakery products 

and reformulation approaches (Chapter 1 & 2). 

2. To characterize non-conventional vegetable oils with a lipid profile of 

potentially beneficial properties (Chapter 3). 

3. To develop and characterize functional ingredients formulated with conventional 

and non-conventional vegetable oils and other compounds that serve as fat 

replacers and delivery systems for bioactive compounds (Chapter 4 & 5). 

4. To develop reformulated bakery products and assess their viability through 

nutritional, technological and sensory perspectives (Chapter 5 & 6). 

5. To evaluate the effect of in vitro digestion on the bioaccessibility of bioactive 

compounds present in the developed ingredients and products (cookies) (Chapter 

6 & 7). 
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Considerando el conocimiento actual sobre la composición nutricional de los productos 

de panadería y la necesidad de desarrollar ingredientes alternativos que permitan 

elaborar productos más saludables sin afectar negativamente las propiedades 

tecnológicas y sensoriales, que además se orientan hacia una producción más sostenible, 

en este trabajo se planteó el siguiente objetivo: 

Objetivo general 

Desarrollar estrategias de reformulación que permitan producir alimentos con 

menor contenido graso y mejor composición lipídica mediante el desarrollo de 

sustitutos de grasas que incluyan compuestos bioactivos de aceites vegetales, 

con el fin de producir productos de panadería más saludables, además de 

tecnológica y sensorialmente viables. 

Para lograr este fin, se propusieron los siguientes objetivos parciales: 

1. Evaluación del estado actual de la fracción lipídica de productos comerciales de 

panadería y estrategias de reformulación (Capítulos 1 y 2). 

2. Caracterización de aceites vegetales no convencionales con un perfil lipídico de 

propiedades potencialmente beneficiosas (Capítulo 3). 

3. Desarrollo y caracterización de ingredientes funcionales formulados con aceites 

vegetales convencionales y no convencionales y otros compuestos, que sirvan 

como sustitutos de grasas y vehículos de compuestos bioactivos (Capítulos 4 y 

5). 

4. Desarrollo de productos de panadería reformulados y evaluación de su 

viabilidad desde una perspectiva nutricional, tecnológica y sensorial (Capítulos 

5 y 6). 

5. Evaluación del efecto de la digestión gastrointestinal in vitro sobre la 

bioaccesibilidad de los compuestos bioactivos presentes en los ingredientes 

funcionales y productos desarrollados (galletas) (Capítulos 6 y 7). 
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1. Samples  

1.1. Biscuits  

Chapter 1 includes the analysis of lipid fraction of 7 artisan brands and 5 industrial 

brands were analyzed in this work. Samples were purchased in Pamplona (Autonomous 

Community of Navarre, Spain). Artisan brands were purchased in small outlets and 

were locally produced. Industrial brands were obtained in supermarkets and they are 

marketed nationwide.  

1.2.Oils 

Extra virgin olive oil (EVOO) (Olea europaea L.) (variety Empeltre, Spain), Flaxseed 

oil (Linum usitatissimum L.) (First cold pressed. Mandolé, Castellón, Spain), hempseed 

oil (Cannabis sativa L.) (BIO, Bioener, Barcelona, Spain), moringa oil (Moringa 

oleifera L.) (ACEISUR S.A., Nicaragua) were purchased in local specialized 

supermarkets (Pamplona, Navarre, Spain and León, Nicaragua in the case of moringa 

oil). Echium oil (Echium plantagineum L.) was kindly donated by NEWmega™ 

Echium Oil De Wit Specialty Oils (De Waal, Tescel, The Netherlands).  

Table 1. Vegetable oils used in the different experiments. 

Vegetable oils SFA MUFA PUFA Chapter 

Extra virgin olive oil (Olea europea L.) 16,9 73,5 9,1 2, 4, 6 & 7 

Moringa oil (Moringa oleifera L.)  22,7 73,6 2,3 2 

Hempseed oil (Cannabis sativa L.) 10,8 14,9 74 2 & 5 

Echium oil (Echium plantagineum L.) 10,9 16,5 72,2 2, 4 & 7 

Linseed oil/Flaxseed oil (Linum usitatissimum L.) 8,8 17,3 73,4 2 & 5 

Storage conditions of oils 

Oils were kept under the same conditions until analysis: refrigeration temperature, no 

light exposition and in their original bottles (amber plastic bottles for echium oil, amber 

glass bottles for hempseed oil and linseed oil, and plastic transparent bottles for EVOO 

and moringa oil).  
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2. Functional ingredients 

Two types of functional ingredients were developed in this work: emulsions and gelled 

emulsions. Formulations are described in Table 2 and the preparation method is 

included below. 
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2.1.Preparation 

Emulsion 

Inulin and chia seeds were first added to the water and homogenized using an 

Ultraturrax at 16000 rpm for 5 min. Oil was added while stirring and the emulsion was 

mixed for 5 min in order to obtain a homogeneous blend. All functional ingredient 

samples were prepared 24 h prior to its use and stored at 4ºC. 

Gelled emulsions 

Gelled emulsions containing alginate or collagen + cellulose did not require heat in the 

elaboration process and were prepared as follows: the oil phase containing the 

hydrophobic surfactant was added to the aqueous phase and homogenized during 1-2 

min (16.000 rpm, Ultra-Turrax® T25basic). Once the two phases were unified, the 

corresponding percentage of alginate or collagen + cellulose was added and blended 

until sample was a homogeneous mixture (2 min approx.). For those formulated with 

carrageenan, the method described by Poyato et al. (2014) was followed. In this case, 

the oil phase containing the hydrophobic surfactant was added to the aqueous phase that 

included the corresponding percentage of carrageenan and homogenized. Both phases 

were previously heated separately to 70°C. After the homogenization process, the 

emulsions were cooled to room temperature in a sealed flask, allowing the k-

carrageenan to polymerize. All the gels were kept overnight under refrigeration (4ºC) 

before analysis. 

3. Food matrices 

Muffins  

Seven types of muffins were prepared, one control formulation with butter as only fat 

source and six modified versions that incorporated 3 different percentages (50, 75 and 

100) of functional ingredient elaborated with hemp or flaxseed oils.  
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Table 3. Muffin formulations (%) according to their corresponding level of butter 

replacement. 

 
 

Butter replacement 

  Control 50% 75% 100% 

Flour  24.21 24.21 24.21 24.21 

Sugar  21.79 21.79 21.79 21.79 

Butter 20.58 10.29 5.145 0 

Functional ingredient (Emulsion) 0 10.29 15.435 20.58 

Eggs 16.22 16.22 16.22 16.22 

Milk 16.13 16.13 16.13 16.13 

Baking powder 0.6 0.6 0.6 0.6 

Salt 0.46 0.46 0.46 0.46 

E-202 0.1 0.1 0.1 0.1 

Preparation of the muffin batter was performed as follows: The butter and/or functional 

ingredient was mixed continuously with sugar until a homogeneous mix was formed; 

then the eggs were added and beaten for 3 min. Milk was added alternately with the dry 

ingredients (flour, salt, E-202 and baking powder). The batter was mixed (5 min at 300 

rpm) in order to get a uniform composition. Finally, the batter was filled in paper cups 

and baked (180ºC for 28 min) in a convection oven (Balay Mod 505, Spain). Products 

from each formulation were produced, baked and analyzed in three independent 

batches.  

Cookies 

Three batches of 1 Kg each were prepared for each type of cookie and the formulations 

are showed in Table 4. Process for control and reformulated cookies was the same, the 

differences were that in reformulated cookies butter was completely replaced by the 

gelled emulsion and butter essence was added. White sugar and butter (at room 

temperature)/or gelled emulsion were creamed together (for reformulated cookies, 

butter essence was added at this point). Flour was added (for those formulations 

containing BHA, 200 ppm were added at this point) and mixed until the dough was well 

integrated. Dough was rolled on a stainless-steel baking tray, precut and baked (23 min 

at 170ºC) in a convection oven (Balay Mod 505, Spain).  
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Table 4. Cookie formulations (%). 

  

Control 

cookie 

Reformulated 

cookie 

All-purpose wheat-flour 40.35 40.35 

Butter 40.35 0.00 

White sugar 19.30 19.30 

Functional ingredient (Gelled emulsion) 0.00 40.35 
Formulations with BHA: 200 ppm. Butter essence: 1g/kg of product 

4. Proximate composition analysis 

Proximate composition analysis was performed on muffins and biscuits of each 

replicate and formulation, with three measurements per sample. Quantification of 

moisture, protein and fat were performed following the official methods (AOAC, 

2002a).  

Fiber analysis was made through enzymatic–gravimetric methods (AOAC 985.29 & 

AOAC 991.43) to measure total dietary fiber.  

Total fat content was performed using Soxhlet method with petroleum ether (AOAC, 

2002b). All measurements were done in quadruplicate for every batch analyzed per 

brand. 

5. In vitro gastrointestinal digestion 

The in vitro digestion model for each type of gelled emulsion included three steps (oral, 

gastric and intestinal digestion) and it was based on the procedure described by Gayoso 

et al., (2016) including modifications following the INFOGEST protocol (Brodkorb et 

al., 2019). Briefly, 2.5 g of grinded cookie were mixed with 20 mL of distilled water in 

a Falcon tube and homogenized for 5 s with an Ultra-Turrax® (T25 basic). Tubes were 

then warmed at 37°C (water bath) to initiate the simulated oral digestion. Then, 625 μL 

of α-amylase (1.3 mg/mL solution in 1 mM CaCl2) was added. The pH was adjusted to 

6.5 with 1 M NaHCO3 and the samples were incubated in a water bath at 37°C for 2 min 

with magnetic stirring to complete the oral step. For the gastric digestion, on the same 

tubes, 825 μL of pepsin (160 mg/mL solution in 0.1 M HCl) was added, pH was 

adjusted to 2.5 with 3M HCl and the incubation time was 2 h at 37°C. In the simulated 

intestinal phase, 5 mL of pancreatin-bile-lipase extract (4 mg of pancreatin + 25 mg of 
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bile extract mL/solution in 0.1 M NaHCO3) were added to the gastric mixture. The 

digestion continued for another 2 h at 37°C after adjusting the pH to 7.5 with 1 M or 0.1 

M NaHCO3. After intestinal digestion, samples were immediately centrifugated at 4000 

rpm, 4°C for 45 min (Eppendorf centrifuge 5810R) to separate the soluble fraction 

(upper phase of digesta that represents the bioaccessible fraction (Gayoso et al., 2019)) 

and the residual fractions (pellet). Both fractions were kept frozen at -20ºC until 

analysis. All samples analyzed correspond to the intestinal phase. Blanks with added 

enzymes and reagents in the absence of sample were run in parallel. All the experiments 

were performed in triplicate. 

6. Lipid extraction 

6.1.Lipid extraction (I) – Qualitative (Chapter 1, 4, 5 & 6) 

For qualitative fat extraction in biscuits, gelled emulsions, muffins and cookies, the 

method described by Folch, Lees, & Stanley, (1957) was followed. 

6.2. Lipid extraction (II) – Qualitative (Chapter 7) 

Lipid extraction followed the Bligh & Dyer (1959) method with modifications. Samples 

(with an estimated fat content of approx. 45 mg) were weighted/measured in a 10 mL 

tube. For oil and gel samples, a solution of NaCl 1% (H2O) was added to complete 

volume to 1.5 mL, followed by 1.5 mL of chloroform, 2 mg TriC11:0 [triundecanoin, 

from a 10 mg/mL solution in Chloroform] (IS for Fatty acids), 15 μg Tocol [from a 1 

mg/mL solution in Hexane] (IS for Vitamin E), 50 μL butylhydroxitoluene (BHT) (1% 

in MeOH) and “a spatula tip” of ascorbic acid. Then, 3 mL of methanol (MeOH) was 

added and vortexed. Finally, 1.5 mL of chloroform and 1.5 mL of NaCl 1% (H2O) were 

added and the mixture was vortexed and centrifuged for 10 min at 3000 g. Aqueous 

phase (upper phase) was removed and placed in a new tube. The organic phase (lower 

phase) was reserved. The aqueous phase was treated by lowering the pH (<1.5) with 

HCl 3M (450 μL) and further extracted with 3 mL of chloroform, vortexed and 

centrifuged under the same conditions. The aqueous phase was removed and both 

organic phases were combined. Anhydrous Na2SO4 was added to remove any remaining 

water in the solution. The organic phase containing the extracted lipids was divided into 

three portions for the analysis of vitamin E, glycerides and fatty acids. They were all 

dried under gentle N2 flow and reconstituted in adequate solvents as detailed below. 
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7. Fatty acid profile  

7.1. Fatty acid profile (I) (Chapter 1, 3, 4, 5 & 6). 

Fatty acids profile was determined by gas chromatography (GC-FID). The official 

method followed for obtaining the fatty acid methyl esters (FAME) was AOAC 969.33 

(AOAC, 2002c) which is Boron trifluoride/methanol method. Derivatization of each 

sample was done in duplicate. A Perkin-Elmer Autosystem XL gas chromatograph 

fitted with a capillary column SPTM - 2560 (100 m × 0.25 mm × 0.2 µm) and flame 

ionization detection was used. The temperature of the injection port was 250°C and of 

the detector was 260°C. The oven temperature was programmed at 175°C during 10 

min and increased to 200°C at a rate of 10°C/min, then increased to 220°C at a rate of 

4°C/min, which was kept for 15 min. The carrier gas was hydrogen and the pressure 

was 20.5 psi. Split flow was 120 cm/s. The identification of the FAME was done by 

comparison of the retention times of the peaks in each sample with those of standard 

pure compounds. Individual methylated standards from Sigma (St. Louis, MO, USA) 

were used for the saturated, monounsaturated, cis polyunsaturated fatty acids and the 

trans t-Palmitoleic C16:1 D9t, Elaidic C18:1 D9t, Brassidic C20:1 D13t. For Linoleic 

acid isomers, the mixture Linoleic acid cis/trans isomers (50% of C18:2D9t,12t; 20% of 

C18:2D9c,12t and C18:2D9t,12c; 10% of C18:2D9c,12c) from Sigma was used. The 

order of elution in the case of mixtures of isomers (Linoleic acid cis/ trans isomers) was 

also considered.  

7.2.Fatty acid profile (II) (Chapter 7) 

Fatty acid profile was determined by gas chromatography (GC-FID) as described by 

Cruz et al., (2013) and samples were processed as follows. Samples were reconstituted 

in 0.5 mL of toluene and 1 mL of sulfuric acid 2% (MeOH) was added, vortex and 

placed (sealed) overnight (15 h) at 50ºC. Samples were cooled to room temperature and 

1 mL of neutralizing solution (NaHCO3 and K2CO3 in H2O) and 1 mL of hexane were 

added. Vial was homogenized and centrifuged for 5 min at 100 g. Upper phase (hexane) 

was transferred to a 2 mL vial for analysis. Results are expressed as ratios of areas of 

individual fatty acids to the area of IS in g/100 g of fatty acid methyl ester, calculated 

by internal normalization of the chromatographic peak areas. A mixture of fatty acid 

methyl esters (Supelco 37 FAME Mix) was used for identification purposes and 

TriC11:0 (triundecanoin) for quantification (Sigma, Spain). 
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8. Sterol determination (Chapter 3) 

Sterols were extracted following the method described by Berasategi, Barriuso, 

Ansorena, & Astiasarán (2012) and determined by gas chromatography and mass 

selective detection. 

Three grams (±0.02 g) of oil sample and 1 ml of internal standard (5α-Cholestane: 2 

mg/ml hexane:isopropanol) were subjected to saponification and further extraction of 

the unsaponifiable fraction. Ethanol (20 ml) and KOH (50%) (5 ml) were added to the 

sample and subjected to warm agitation for 1 h (<50°C). Thirteen milliliters of distilled 

water were added and six extractions with 20-25 ml of hexane were done, collecting the 

organic phase of each extraction, which were all merged. The solvent was rotavaporated 

and the sample was further dried under nitrogen flow. This unsaponifiable fraction was 

derivatized with 400 µl of Tri-Sil, in a hot water bath (60°C for 45 min), to form the 

trimethyl silyl ether (TMS) derivatives. The excess of Tri-Sil was evaporated under 

nitrogen flow and the sample was diluted in 10 ml of hexane. The TMS derivatives of 

sterols were analyzed in an Agilent Technologies 6890N Gas chromatographer (GC) 

coupled to a 5975 Mass Selective Detector (Agilent Technologies). GC was equipped 

with a capillary column (50.0 m x 250 µm x 0.25 µm nominal - WCOT fused silica 

UF5ms). The carrier gas was He (1 ml/min), and the chromatographic conditions were 

as follows: initial oven temperature was maintained during 0.5 min at 250°C and 

subsequently programmed from 250 to 290°C at a rate of 50°C/min and at a rate of 

0.5°C/min from 290 to 291°C. The inlet pressure used was 28.47 psi. The injector 

temperature was 280°C and the samples were injected (1 µl) in a splitless mode. The 

identification of the peaks was based on comparison of their mass spectra with the 

spectra of the Wiley library (HPCHEM, Wiley, 275, 6th ed.) and also with those 

obtained from the literature. Quantification was based on an internal standard method 

and results were expressed in mg/100 g oil. 

9. Tocopherol determination (Chapter 7) 

Tocopherols measurements were based on the ISO 9936:2016 standard with the 

addition of tocol as internal standard. Briefly, dried samples (See section 6.2. Lipid 

extraction (II) – Qualitative) were reconstituted in 1 mL of hexane and transferred to a 

1.5 mL micro tube, vortex and centrifuged for 3 min at 13000 rpm. Samples were then 
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transferred to vials for HPLC analysis on a Luna Silica column (3 μm, 100 × 3.0 mm 

from Phenomenex, USA), with equivalent pre-column, operating at constant room 

temperature (23°C). The eluent was a mixture of n-hexane and 1,4-dioxane (97:3) (v/v) 

at a flow rate of 0.7 mL/min. A fluorescence detector (Jasco 821-FP) was used, with 

excitation wavelength at 290 nm and emission wavelength at 330 nm. The 

concentrations were expressed as mg/kg of oil using calibration curves of alpha-

tocopherol. 

10. Phenolic compounds determination (Chapter 7) 

10.1. Extraction 

Polyphenol extraction protocols for non-digested and digested samples were fitted to the 

characteristics of the samples and are described below. Chromatographic conditions 

were the same for both types of samples.  

10.2. Non-digested samples 

One gram of gelled emulsion was weighed into a 10 mL Falcon. 40 µL of internal 

standard (IS) [0.15 mg/mL Syringic acid in MeOH/H2O] and 2.5 mL HCl 2M 

(MeOH:H2O, 80:20) were added. Tubes were vortexed for 30 s and kept under 

continuous agitation at 25ºC for 6 h. Once the hydrolysis was completed, 2.5 mL 

ACN:H2O (50:50 v/v) were added and sample was vortexed for 30 s. 2 mL of the 

sample was transferred to a 2 mL micro tube and centrifuged for 10 min at 13000 rpm. 

Upper phase (about 2 mL) was transferred to a 10 mL falcon tube and 2 mL of hexane 

were added. Tubes were vortexed and centrifuged for 3 min at 3500 rpm. Upper phase 

was removed and the remaining lower phase was filtered (disposable filter PVDF 0.22 

µm), transferred to a vial and concentrated under N2 flow to 200 µL prior to injection. 

10.3.  Digested samples 

Two milliliters of digested sample were measured in a 10 mL falcon tube. 250 μL of 

internal standard (0.15 mg/mL Syringic acid in MeOH/H2O) and 5 mL MeOH/H2O 

(80:20) were added. Tubes were vortexed for 1 min and sonicated (Ultrasound bath) for 

15 min at room temperature. Afterwards, samples were centrifuged at 5000 rpm for 25 

min. Supernatant was collected and transferred to a new tube for a second centrifugation 

step at 12000 rpm for 5 min. Hydro alcoholic extract (supernatant) was transferred to a 
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clean tube. In a 6 mL vial, 300 μL of Hydro alcoholic extract was mixed with 300 μL of 

H2SO4 1M and left for 2 h at 80⁰C. 400 μL H2O were added and the mixture was 

transferred to a 1.5 mL Eppendorf microtube for centrifugation at 13000 rpm for 5 min. 

Clear phase was transferred to a vial and injected. 

10.4.  Chromatographic conditions 

Hydroxytyrosol (HTyr) and tyrosol (Tyr) were analyzed by HPLC-PDA (Jasco, Japan), 

two integrated pumps (PU–4180), an auto-sampler (AS–4150), a column oven (ECOM 

Eco2000, Czech Republic), and the PDA (MD–4010). The separation was accomplished 

on a C18 column (Gemini® 5 µm NX-C18 110 Å, LC Column 150 x 4.6 mm) using an 

eluent gradient composed of water and acetonitrile, both with 0.1% of formic acid at a 

flow rate of 1 mL/min. A fluorescence detector (Jasco 821-FP) was used and 

identification and quantification were done at 280 nm. The concentrations were 

expressed as mg/kg of oil and were quantified using calibration curves of HTyr and Tyr 

standards. 

11. Glyceride profile (Chapter 7) 

Dried lipid extracts were diluted in THF (Tetrahydrofuran) to be analyzed by high-

performance size exclusion chromatography (HPSEC) on a Jasco (Japan) HPLC system, 

equipped with a styrene–divinylbenzene copolymer R column (pore size 10 nm; 60 cm 

× 7 mm) (Phenomenex, Spain) and refractive index (RI) detection (Gilson, USA), using 

tetrahydrofuran as eluent (Harahap et al., 2022). Results were expressed as % of total 

area. 

12. Oxidative stability 

12.1. Schaal oven test (Chapter 4) 

Optimized gelled emulsions developed in Chapter 4 were subjected to standardized 

accelerated storage conditions (24 h at 65ºC), in order to assess their oxidation stability.  

12.2. TBARs (I) (Chapter 4) 

TBARs (thiobarbituric acid reactive substances) value was determined at 532 nm 

according to Maqsood & Benjakul (2010) with modifications. Results were expressed in 
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mg malonaldehyde MDA/kg sample and were calculated, for each type of formulation, 

as the average of four measurements per each of the triplicate batches. 

12.3. TBARs (II) (Chapter 5) 

TBARs was used to evaluate oxidation stability of the lipid fraction of muffins and was 

determined according to Tarladgis, Watts, Younathan, & Dugan, (1960) with 

subsequent modifications. 

12.4. TBARs (III) (Chapters 6 & 7) 

TBARs measurement in olive oil and echium oil gelled emulsions and cookies (before 

and after in vitro digestion), quantified as free MDA equivalents, was performed 

following the method described by Sobral, Casal, Faria, Cunha, & Ferreira, (2020) with 

modifications.  

150 mg of gelled emulsions or 400 μL of digested, standard or blank were measured and 

completed to 1mL with TCA 7.5% for protein precipitation. 40 μL of BHT (4.5%); a 

lipophilic antioxidant, were added to avoid further oxidation during the experiment. 

Samples were centrifuged at 5000 rpm for 5 min. 500 μL of supernatant were 

transferred to a new microtube and 500 μL of TBA (40 mM) were added. Samples were 

stored overnight (24 h) in darkness at room temperature to help the reaction. 

Absorbance was read at 532 nm. MDA quantification was made using a standard curve 

with TEP (0.1-12.8 µmol) and results were expressed as nmol/g of emulsion. 

Experiment was performed in duplicate and readings in triplicate. 

12.5. Peroxide value and Free acidity (Chapter 3) 

Peroxide value and free acidity index were carried out, following the analytical methods 

described by Shantha & Decker (1994) and in Regulation EEC/2568/91 of the European 

Commission and later amendments (Commission Regulation (EEC) No 2568/91, 1991), 

respectively. Measurements were done in quadruplicate for each type of oil. Peroxide 

value was given as milliequivalents of active oxygen per kilogram of oil (meq O2/Kg) 

and free acidity was expressed as the percentage of oleic acid. 
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12.6. Volatile compounds (Chapter 4) 

The determination of the volatile compounds was carried out by the HS-SPME–GC–MS 

method in time 0 and after 24 h storage at 65ºC. Sample (2 g) was put into a 25 mL vial 

and capped with a rubber cap. After a period of sample heating (30 min at 60ºC), a fiber 

coated with DVB/CAR/PDMS (Divinylbenzene/ Carboxen/ Polydimethylsiloxane, 

50/30 μm film thickness, Supelco) was inserted into the headspace of the sample and 

maintained for 45 min at 60ºC for adsorption of volatile compounds. The fiber was 

desorbed for 15 min in the injection port of a gas chromatograph model HP 6890 Series 

(Hewlett Packard), equipped with a HP Mass Selective Detector 5973. A fused-silica 

capillary column (30 m long × 0.25 mm inner diameter × 0.25 μm film thickness, from 

Agilent Technologies), coated with a non-polar stationary phase (HP-5MS, 5% phenyl 

methyl siloxane) was used. The operating conditions were as follows: the oven 

temperature was set initially at 42°C (5 min hold), increased to 120°C at 3°C/min and to 

250°C at 10°C/min (5 min hold); the temperatures of the ion source and the quadrupole 

mass analyzer were kept at 230°C and 150°C, respectively. Helium was used as carrier 

gas at 1 mL/min; injector and detector temperatures were held at 250°C and 280°C, 

respectively. Mass spectra were recorded at 70 eV; using scan mode (Range: 33-350 

atomic mass unit). Before performing every extraction, cleanness of the fiber was 

checked by running a blank and confirming the absence of peaks in the chromatogram. 

Identification of the peaks was based on comparison of their mass spectra with the 

spectra of a commercial library (Wiley 275 L, Mass Spectral Database), by comparison 

of their retention times with those of standard compounds, and by using Kovats indices. 

For semi-quantitative purposes, area of peaks was measured by integration of the total 

ion current of the spectra. When overlapping occurred, the calculation of the total area 

of a compound was based on the integration of a single ion and taking into account the 

relative ratio in which this ion is present in that compound. Results were expressed as 

area/sample weight (g) × 10^3. For volatile compounds, for each type of formulation 

two measurements were done per each of the triplicate batches (n = 6). 

13. Texture (Chapter 4, 5 & 6) 

Hardness (peak force that occurs during the compression of the sample) was measured 

using a texture analyzer (TA.TXT2, Stable Micro Systems, Texture Technologies 
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Corporation, Scardsdale, NY, USA). Gelled emulsion samples (Chapter 4) (cylinders, h 

= 2.5 cm, D = 4.5 cm) were subjected to a single compression at a speed of 1.0 mm/s, 

distance 12.0 mm, and data recorded to represent the hardness was the unit of the force 

(g). A 1” cylinder probe (No. P/1R) with a diameter of 25 mm and a 5 g surface trigger 

was used. Eight samples per formulation were measured. This parameter was also 

measured in butter samples. For muffin (Chapter 5) and cookies samples (Chapter 6), 

compression was performed at a speed of 1.0 mm/s, distance of 10.0 mm for muffins 

and 5.0 mm for cookies. A 1” cylinder probe (No. P/1R) was used with cookie samples 

and a compression plate with a diameter of 75 mm and a trigger force of 0.05 N. Crust 

and paper cups were removed before the test.  

14. Syneresis (Chapter 4) 

For the determination of syneresis, gel samples were cut into cylinders (D = 2.8 cm, h = 

1 cm). Each sample was weighted (W0) inside Petri dishes and placed in a cabinet at 

25ºC for 72 h. Samples were weighted every 24 h. The water that condensed on the 

container walls was removed before weighing the gels (W24, W48, W72). The syneresis 

of the gels was calculated as follows: syneresis (%) = [(W0–Wt)/C0] × 100, were C0 is 

the initial water content in the sample, expressed in percentage and Wt was the weight 

of the sample at the time of analysis. The analysis was performed in triplicate. 

15. Color (Chapter 4, 5 & 6) 

Instrumental color measurement was performed with a digital colorimeter 

(Chromameter-2 CR-200, Minolta, Osaka, Japan). The following parameters were 

determined according to the CIELab system: lightness (L*), redness (a*±red-green), and 

yellowness (b*±yellow-blue). ΔE* values (∆𝐸∗ = √(∆𝐿 ∗)2 + (∆𝑎 ∗)2 + (∆𝑏 ∗)2) and 

chroma values (𝐶ℎ𝑟𝑜𝑚𝑎 = √(𝑎 ∗)2 + (𝑏 ∗)2) were calculated for comparison between 

butter and gelled emulsion formulations, and control and modified muffins. 

For gelled emulsions (Chapter 4), 9 measurements were taken for each type of 

formulation on cylinders (D = 2.8 cm, h = 1 cm). For crumb color of muffins (Chapter 5) 

and cookies (Chapter 6) 4 measurements were taken in each sample per day (0, 7, 14 

and 21).  
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16. Sensory evaluation (Chapter 5 &6) 

Two groups of non-trained 48 and 60-member panel were recruited among staff and 

students of the University of Navarra Campus for muffin and cookies sensory 

evaluation, respectively.  All data collected was treated with total confidentiality and 

specific to the cited study. Participants were informed of the allergens (Regulation 

1169/2011) present in the samples (milk, eggs and gluten) before the analysis. Both 

studies were approved by the University of Navarra Research Ethics Committee 

(approval no. 2020.039 and 2021.203). 

A hedonic test to evaluate aroma, taste, texture, juiciness and general acceptability for 

muffins (Chapter 5) and aroma, taste, color, texture, and general acceptability for 

cookies (Chapter 6). The second test contained a scale to state the purchase intention of 

the samples and the third test (Chapter 5) was a ranking question (Questionaries for 

study are included in Annex 3 and 4). 

The sensory evaluation took place in normalized testing booths. Samples for consumer 

testing were prepared one day prior to the testing and kept at 23°C in resealable LDPE 

bags. Each sample consisted of approximately 9 g of muffin (1/4 of a muffin) and 9 g of 

cookie (1 cookie) served on white plates. Tap water was served to rinse the mouth 

between samples. A three-digit code was assigned to the samples and they were 

evaluated by each panelist without specific order. The muffin samples were evaluated in 

two groups of formulations (H and F) and in different sessions; therefore, each one was 

compared with a control respectively. The formulation of the control was the same in 

both cases. 

The scores for the hedonic test ranged from 1 to 9 (9.Like extremely; 8.Like too much; 

7.Like considerably; 6.Like slightly; 5.Not like no dislike; 4.Dislike slightly; 3.Dislike 

considerably; 2.Dislike too much; 1.Dislike extremely), according to Anzaldúa-Morales 

(1994). 

The purchase intention was measured in a 5-point scale ranging from 1 to 5 (1 = 

definitely would not purchase it; 5 = definitely would purchase it). Finally, for muffins 

panelists were asked to rank the four samples according to their general preference, 

using a scale from 1 to 4, where number 1 had to be assigned to the sample they liked 

the most and 4 to the sample they liked least. 
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17. Statistical analysis 

Stata 12 (STATA/IC 12.1) was used for the statistical analysis. Values reported are the 

mean and standard deviations of each replicate. To evaluate the statistical differences 

between two samples, student t-test was used. One way ANOVA was used to evaluate 

the statistical differences among several samples, with a statistical level of significance 

of <0.05. Bonferroni and Tukey post-hoc tests were also applied.  

With regard to sensory analysis, numerical values obtained in the sensory test were 

evaluated by repeated measures ANOVA and multiple comparisons of means were 

corrected by the Tukey post-hoc test when evaluating the statistical differences (p≤0.05) 

among formulations.  

Volatile compounds of the gelled emulsions (Chapter 4) were analyzed using 2×2 

factorial ANOVA as a function of gelling agent and time (T0 and T24). 
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Chapter 1 

LWT - Food Science and Technology 

Quality assessment of the lipid fraction in industrial and artisan biscuits 

commercialized in Navarre (Spain) 

DOI: https://doi.org/10.1016/j.lwt.2019.04.056  

Katherine Gutiérrez-Luna, Iciar Astiasarán, Diana Ansorena 

Position 2021: Food Science and Technology, 29/143 (Q1)  

IF (2021): 6.056 

Abstract 

Bakery products have been traditionally considered an important source of trans (TFA) 

and saturated fatty acids (SFA), which are strongly related to cardiovascular and other 

chronic diseases. This study aimed assessing the quantity and quality of the lipid 

fraction in artisan and industrial biscuits. Seven artisan and five industrial brands of 

biscuits were analyzed. Total fat was statistically higher for the artisan biscuits (29.46%) 

than for the industrial ones (26.85%). Lipid profile revealed significant differences in 

TFA and SFA between both types of products, with lower values in industrial biscuits 

(0.75 g and 44.15 g/100 g of total fat, respectively) compared to artisan biscuits (1.81 g 

and 51.24 g/100 g of total fat). Artisan biscuits showed TFA values between 0.99 and 

3.50 g/100 g fat, including 2 brands showing mean values higher than 2%. All industrial 

biscuits showed TFA values lower than 1% and a healthier lipid fraction as compared to 

artisan ones. 

 

Objective 1 

To assess the current status of the lipid fraction of commercial bakery products and 

reformulation approaches 
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Chapter 2 

Critical Reviews in Food Science and Nutrition 

Gels as fat replacers in bakery products: a review 
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Position 2021: Food Science and Technology, 6/143 (Q1) and Nutrition and Dietetics, 

3/90 (Q1)  

IF (2021): 11.208 

Abstract 

Several strategies have been studied to replace or decrease fat content in bakery 

products aiming improving their nutritional profile. This paper reviewed the effect of 

different vehiculization systems (hydrogels, emulgels and oleogels) as fat replacers in 

different types of bakery goods, focusing on technological and nutritional properties of 

the reformulated products. The most commonly used fat source for replacement 

purposes were vegetable oils with high monounsaturated fatty acid content, such as 

olive oil and canola oil (44% of the revised papers used them), whereas high 

polyunsaturated fatty acid content oils were used in 34% of papers. Oleogelation was 

the most frequent used method of oil structuring, using waxes and fibers as stabilizers. 

Reductions of total fat between 19% and 46% and saturated fatty acid between 33% and 

87% were achieved; enough to reach the minimum legal limit to state nutrition claims, 

under the EU legislation, on several products. Sensory evaluation results showed that 

partially replaced products (<75% replacement) were more appreciated by panelists 

than fully replaced ones. This review highlights the wide range of alternatives within 

gel-like fat replacers, that have potential to be applied in different bakery products and 

the challenge to produce nutritionally enhanced foods and technologically and sensory 

acceptable. 
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Objective 1 

To assess the current status of the lipid fraction of commercial bakery products and 

reformulation approaches. 
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Chapter 3 

Journal of Food Science 

Fatty acid profile, sterols, and squalene content comparison between two 

conventional (olive oil and linseed oil) and three non-conventional vegetable oils 

(echium oil, hempseed oil, and moringa oil) 

DOI: https://ift.onlinelibrary.wiley.com/doi/10.1111/1750-3841.16111  

Katherine Gutiérrez-Luna, Diana Ansorena, Iciar Astiasarán 

Position 2021: Food Science and Technology, 57/143 (Q2)  

IF (2021): 3.693 

Abstract 

New sources of bioactive compounds are constantly explored for reformulating 

healthier foods. This work aimed to explore and characterize the fatty acid profile and 

sterol content of three non-conventional oils used in functional food products 

(hempseed oil, moringa oil, and echium oil) and to compare them with two conventional 

ones (extra virgin olive oil [EVOO]and linseed oil). Oxidative stability was assessed by 

determining their acidity value and peroxide con- tent. All oils showed adequate values 

for acidity and oxidation status. Echium and hempseed oils showed a high content of 

polyunsaturated fatty acids (>70%), especially omega-3 fatty acids, while moringa oil 

was rich in oleic acid. Echium oil, hempseed oil, and moringa oil presented higher sterol 

content than EVOO, but lower than that of linseed oil. Sitosterol was the most abundant 

sterol in all samples (97.88–275.36 mg/100 g oil), except in echium oil, where 

campesterol (170.62 mg/100 g oil) was the major sterol. Squalene was only found in 

significant amounts in EVOO. In conclusion, non-conventional oils seem to be 

interesting sources of bioactive compounds and have great potential for the food 

industry. 
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Objective 2 

To characterize non-conventional vegetable oils with a lipid profile of potentially 

beneficial properties 
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Chapter 4 

LWT - Food Science and Technology 

Use of hydrocolloids and vegetable oils for the formulation of a butter replacer: 

Optimization and oxidative stability 

DOI: 10.1016/j.lwt.2021.112538  

Katherine Gutiérrez-Luna, Diana Ansorena, Iciar Astiasarán 

Position 2021: Food Science and Technology, 29/143 (Q1)  

IF (2021): 6.056 

Abstract 

Alternative plant-derived fat replacers have experimented a rising interest in the food 

industry for their versatility and functionality. The aim of this work was to optimize the 

formulation of a gelled oil-in-water emulsion using echium oil (EO) or extra virgin 

olive oil (EVOO) and different hydrocolloids (alginate, cellulose with collagen and k-

carrageenan) as a butter substitute, and assess their technological properties and 

oxidative stability. Out of 36 initial formulations, 6 were ultimately selected using a two 

steps process: firstly, on basis on hardness value (considering hardness of butter at room 

temperature as reference), and secondly searching for minimum syneresis. Oxidative 

stability of selected formulations was assessed after Schaal oven test. Oxidation 

parameters were influenced by the unsaturation degree of the oils (with statistically 

lower values for TBARs for gelled emulsions elaborated with EVOO as compared to 

those elaborated with EO), as well as by the required heating for the preparation of each 

gel type (with carrageenan showing statistically higher values in EO gels). Volatile 

profile of samples was characterized by the presence of aldehydes (35– 45% of total 

area identified), followed by alcohols (11–21%) and esters (21–27%), with a 

statistically significant increase in aldehydes after 24 h in EO gels. 

 

 

https://www.sciencedirect.com/science/article/pii/S0023643821016911
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Objective 3 

To develop and characterize functional ingredients formulated with conventional and 

non-conventional vegetable oils and other compounds that serve as fat replacers and 

delivery systems for bioactive compounds. 
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Chapter 5 

Journal of Food Science 

Flax and hempseed oil functional ingredient stabilized by inulin and chia mucilage 

as a butter replacer in muffin formulations 

DOI: 10.1111/1750-3841.15407 

Katherine Gutiérrez-Luna, Diana Ansorena, Iciar Astiasarán 

Position 2021: Food Science and Technology, 57/143 (Q2)  

IF (2021): 3.693 

Abstract 

The addition of different amounts of a functional ingredient composed of water, inulin, 

chia seeds, and hemp or flaxseed oil was examined as butter replacer to improve the 

nutritional value of muffins. Nutritional, technological, and sensory characteristics of 

the reformulated products were assessed, as well as the stability under storage at room 

temperature. One control and six modified formulations with three levels of butter 

replacement (50%, 75%, and 100%) were analyzed. Modified muffins improved their 

nutritional profile, reducing up to 78% of fat and increasing fiber (up to 62.5%) and 

omega-3 fatty acids content (from 0.12 g/100 g of product to 0.62 g and 1.55 g in hemp 

and flaxseed oil samples, respectively). Sensory analysis revealed that flaxseed oil 

samples were indistinguishable from the control in all evaluated attributes, even in the 

highest level of replacement. During storage, texture of modified samples behaved 

similar to the control and no oxidation problems were observed in any of the 

formulations. Therefore, the functional ingredient proved to be a feasible alternative for 

replacing butter in muffins, preserving the quality attributes and making them healthier 

foods. 

 

 

 

https://ift.onlinelibrary.wiley.com/doi/full/10.1111/1750-3841.15407?af=R


Results – Chapter 5 108 

 

Objective 3 

To develop and characterize functional ingredients formulated with conventional and 

non-conventional vegetable oils and other compounds that serve as fat replacers and 

delivery systems for bioactive compounds. 

Objective 4 

To develop reformulated bakery products and assess their viability through nutritional, 

technological and sensory perspectives. 
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Chapter 6 

Fat reduced cookies using an olive oil-alginate gelled emulsion: sensory properties, 

storage stability and in vitro digestion. 

Katherine Gutiérrez-Luna,  Iciar Astiasarán, Diana Ansorena 

Abstract 

The application of a butter substitute in the nutritional and sensory properties of a 

cookie formulation and its performance during in vitro gastrointestinal digestion was 

studied. Oxidative stability during storage was also assessed. Total replacement of 

butter in cookies using an olive oil-alginate gelled emulsion produced nutritionally 

enhanced cookies (lower total fat content, lower saturated fats and increased content of 

unsaturated fatty acids) as compared with conventional cookies. Instrumental analysis 

showed that hardness was increased with reformulation, and slight differences in color 

were observed between control and reformulated cookies. Although sensory attributes 

(taste and texture) showed lower scores than the control, reformulated cookies still had 

good general acceptability. Regarding oxidative stability, increases in MDA were 

observed in all formulations during 21 days of storage, but it did not represent an 

oxidation problem. In vitro digestion assay promoted oxidation, but the use of 

antioxidants in the formulations seemed to have a positive effect on reducing its effects. 

Also, it seems that the bioaccessibility of fatty acids after in vitro digestion is higher in 

the reformulated products than in the control ones 

Objective 4 

To develop reformulated bakery products and assess their viability through nutritional, 

technological and sensory perspectives. 

Objective 5 

To evaluate the effect of in vitro digestion on the bioaccessibility of bioactive 

compounds present in the developed ingredients and products (cookies) 
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Abstract 

The application of a butter substitute in the nutritional and sensory properties of a 

cookie formulation and its performance during in vitro gastrointestinal digestion was 

studied. Oxidative stability during storage was also assessed. Total replacement of 

butter in cookies using an olive oil-alginate gelled emulsion produced nutritionally 

enhanced cookies (lower total fat content, lower saturated fats and increased content of 

unsaturated fatty acids) as compared with conventional cookies. Instrumental analysis 

showed that hardness was increased with reformulation, and slight differences in color 

were observed between control and reformulated cookies. Although sensory attributes 

(taste and texture) showed lower scores than the control, reformulated cookies still had 

good general acceptability. Regarding oxidative stability, increases in MDA were 

observed in all formulations during 21 days of storage, but it did not represent an 

oxidation problem. In vitro digestion assay promoted oxidation, but the use of 

antioxidants in the formulations seemed to have a positive effect on reducing its effects. 

Also, it seems that the bioaccessibility of fatty acids after in vitro digestion is higher in 

the reformulated products than in the control ones 

Keywords: alginate, functional ingredients, reformulation, bakery products, oxidative 

stability 
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1. Introduction 

Bakery products have been traditionally described as sources of carbohydrates, specially 

sugar, and poor quality fats. In these products, the fat percentage can be as high as 40% 

guaranteeing the desirable textural and sensory properties, but also making them an 

energy dense product (Gutiérrez-Luna et al., 2021; Huang et al., 2019; Zawada et al., 

2015).  

Butter, margarine, shortening and lard are among the most used fats in the bakery 

industry, all high in calories and saturated fats (Blake & Marangoni, 2015). In order to 

reduce the presence of these fatty acids and following the World Health Organization 

recommendations, the incorporation of new vegetable sources of fat and structuring 

alternatives have been on rise in the last years (World Health Organization, 2020). 

Some of the alternatives include the use of structured emulsions and oleogels, which 

besides playing the role of fat substitutes can serve as a vehicle for other beneficial 

compounds and improve the overall quality of the product (Hwang et al., 2016; Muñoz-

González et al., 2021). A crucial part in this process is the selection of the gelling agents 

and vegetable oils, since the last ones will define the nutritional and chemical properties 

of the fat replacer. Alginate is an algae-derived biopolymer that can be used alone or in 

combination with other biopolymers, sets in cold temperatures and it has been used for 

decades on food applications (Geonzon et al., 2020; Karakasyan et al., 2010). Extra 

virgin olive oil (EVOO) (Olea europea L.) is characterized for its oleic acid content and 

other minor bioactive compounds such as phytosterols and phenolic compounds of 

proven health benefits when consumed in the recommended amounts (EFSA, 2009, 

2011).  

In addition to produce nutritionally enhanced products from the point of view of their 

composition, it is of great interest to evaluate the bioaccessibility and bioavailability of 

the beneficial compounds once the food is consumed. Gastrointestinal digestion is a 

complex process which includes pH variations and enzymatic activity that might disrupt 

the structure of bioactive compounds and affect their potential beneficial activity 

(McClements, 2015).    
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In this sense, a gelled emulsion prepared with EVOO and alginate have been previously 

optimized by our group to be used as a butter replacer (Gutiérrez-Luna et al., 2022). Its 

performance under in vitro gastrointestinal digestion showed that the butter replacer 

alone had great potential for the delivery of lipid bioactive compounds (data not 

published), therefore it would be interesting to evaluate its behavior when it is used in a 

food matrix and exposed to digestion conditions.   

The aim of this paper was to evaluate the application of a butter substitute in the 

nutritional and sensory properties of a cookie formulation and its performance during in 

vitro gastrointestinal digestion. Oxidative stability during storage was also assessed.  

2. Material and Methods 

2.1.Materials 

Extra virgin olive oil (EVOO) (Olea europaea L.) (Urzante. Variety Hojiblanca, Spain), 

butter (Président, Spain. 82% fat, 0.7% protein), all-purpose wheat flour (Unide, Toledo 

Spain. (2.6% fat, 10% protein, 70.7% carbohydrates)), white sugar (Azucarera, Madrid, 

Spain) were purchased in local supermarkets. Food grade (FG) butter essence (dose 1 

g/1 kg) (Southcore Chemicals & Raw materials, SL). Alginate (A) as Binder 1.0 

(alginate and calcium sulphate) from BDF Natural Ingredients (Girona, Spain). 

Polysorbate 80 (PS80) was obtained from Sigma-Aldrich Chemical Co. (MO, USA).   

Food grade Butylated hydroxyanisole (BHA) (99%, FG) from Sigma-Aldrich Chemical 

Co. (MO, USA). α-Amylase from human saliva (A1031; 852 U/ mg protein), pepsin 

from porcine gastric mucosa (P7000; 674 U/mg protein), pancreatin from porcine 

pancreas (P1750; 4 × United States Pharmacopeia specifications), lipase from porcine 

pancreas (L3226; 419 U/mg protein, activity using olive oil substrate) and bile extract 

(B8631) were obtained from Sigma-Aldrich Chemical Co. (MO, USA). 

2.2.Gelled emulsion preparation 

Gelled emulsion was prepared as follows: the oil phase (40%) containing the 

hydrophobic surfactant (PS 80, 0.12 g per 100 g emulsion) was added to the aqueous 

phase and homogenized during 1–2 min (16.000 rpm, Ultra-Turrax® T25basic). Once 

the two phases were unified, the corresponding percentage of A (1.20%) was added and 
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blended until sample was a homogeneous mixture (2 min approx.). Gelled emulsion was 

kept under refrigeration for 24 h to allow polymerization. 

2.3.Cookie manufacturing process 

Three batches of 1 Kg each were prepared for each type of cookie and the formulations 

are showed in Table A1. The elaboration process for control and reformulated cookies 

was the same, the differences were that in reformulated cookies butter was completely 

replaced by the gelled emulsion and butter essence was added. White sugar and butter 

(at room temperature)/or gelled emulsion were creamed together (for reformulated 

cookies, butter essence was added at this point). Flour was added (for those 

formulations containing BHA, 200 ppm were added at this point) and mixed until the 

dough was well integrated. Dough was rolled on a stainless steel baking tray, precut and 

baked (28 min at 170ºC) in a convection oven (Balay Mod 505, Spain). Cookies were 

packed in low-density polyethylene (LDPE) resealable bags and stored at 23°C for 21 

days. 

2.4.Nutritional analysis 

Proximate composition analysis was performed on cookies of each batch and 

formulation, with four measurements per sample. Quantification of moisture, protein, 

and fat was performed following the official methods (AOAC, 2002). Fiber analysis 

was made through enzymatic–gravimetric methods (AOAC 985.29 & AOAC 991.43) to 

measure total dietary fiber. Carbohydrate content was calculated by difference. Lipid 

extraction was carried out using grinded samples according to Folch, Lees & Stanley 

(1957). The fatty acid (FA) profile was determined in the lipid extracts by gas 

chromatography. A Perkin-Elmer Autosystem XL gas chromatograph fitted with a 

capillary column SPTM-2560 (100 m × 0.25 mm × 0.2 µm) and flame ionization 

detection were used. The temperature of the injection port was 250°C and of the 

detector was 260°C. The oven temperature was programmed at 175°C during 10 min 

and increased to 200°C at a rate of 10°C/min, then increased to 220°C at a rate of 

4°C/min, which was kept for 15 min. The carrier gas was hydrogen and the pressure 

was 20.5 psi. Split flow was 120 cm/s. The identification of the fatty acid methyl esters 

(FAME) was done by comparison of the retention times of the peaks in each sample 
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with those of standard pure compounds. Individual methylated standards from Sigma 

(St. Louis, MO, USA) were used (Ansorena et al., 2013). 

2.5.Technological parameters 

Color of cookies was measured using a colorimeter (Chromameter-2 CR-200, Minolta, 

Osaka, Japan). The following parameters were determined according to the CIELab 

system: lightness (L*), redness (a* ± red-green), and yellowness (b* ± yellow-blue).  

Hardness was measured using a texture analyzer (TA.TXT2, Stable Micro Systems, 

Texture Technologies Corporation, Scardsdale, NY, USA). Samples were compressed 

at a speed of 1.0 mm/s, distance 5.0 mm. A 1” cylinder probe (No. P/1R) and a trigger 

force of 0.05 N was used (Gutiérrez-Luna et al., 2020). Four samples per formulation at 

day (D) 0, 7, 14, and 21 were measured. 

2.6.In vitro digestion 

The in vitro digestion model for each type of gelled emulsion included three steps (oral, 

gastric and intestinal digestion) and it was based on the procedure described by Gayoso 

et al., (2016) including modifications following the INFOGEST protocol (Brodkorb et 

al., 2019). Briefly, 2.5 g of grinded cookie were mixed with 20 mL of distilled water in 

a Falcon tube and homogenized for 5 s with an Ultra-Turrax® (T25 basic). Tubes were 

then warmed at 37°C (water bath) to initiate the simulated oral digestion. Then, 625 μL 

of α-amylase (1.3 mg/mL solution in 1 mM CaCl2) was added. The pH was adjusted to 

6.5 with 1 M NaHCO3 and the samples were incubated in a water bath at 37°C for 2 

min with magnetic stirring to complete the oral step. For the gastric digestion, on the 

same tubes, 825 μL of pepsin (160 mg/mL solution in 0.1 M HCl) was added, pH was 

adjusted to 2.5 with 3M HCl and the incubation time was 2 h at 37°C. In the simulated 

intestinal phase, 5 mL of pancreatin-bile-lipase extract (4 mg of pancreatin + 25 mg of 

bile extract mL/solution in 0.1 M NaHCO3) were added to the gastric mixture. The 

digestion continued for another 2 h at 37°C after adjusting the pH to 7.5 with 1 M or 0.1 

M NaHCO3. After intestinal digestion, samples were immediately centrifugated at 4000 

rpm, 4°C for 45 min (Eppendorf centrifuge 5810R) to separate the soluble fraction 

(upper phase of digesta that represents the bioaccessible fraction (Gayoso et al., 2019)) 
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and the residual fractions (pellet). Both fractions were kept frozen at -20ºC until 

analysis. All samples analyzed correspond to the intestinal phase 

2.7.Fatty acid in soluble fraction and pellet 

Fatty acids were determined according to the procedure described by Escoté et al., 

(2018) with slight modifications. 100 μL of internal standard (C23:0, 180 μg/mL 

heptane) was added to 150 μL of micellar or pellet phase and lipid extraction was 

performed with 2250 μL of a mixture of chloroform:methanol (1:2). Afterwards, 750 μL 

of chloroform and 750 μL of distilled water were added; the sample was mixed for 1.5 

min and centrifuged for 10 min at 6000 rpm at room temperature. The lower organic 

phase was collected and the upper phase was re-extracted with 750 μL of chloroform. 

The organic phases were combined and evaporated under N2, in a water bath at 40°C. 

The derivatization for the preparation of fatty acid methyl esters (FAMEs) was carried 

out following the NaOH + boron trifluoride protocol. The dried lipid extract was 

dissolved in 300 μL of methanolic NaOH (0.5 N) and heated for 15 min at 90-95°C in a 

tightly closed vial. Then, 1500 μl of boron trifluoride solution (20% in methanol) was 

added and the sample was heated for another 30 min at 90-95°C. After cooling the 

sample, 2250 μL of saturated NaCl solution and 1500 μL of heptane were added. Then, 

the sample was vortex mixed for 4 min and centrifuged at 4600 rpm for 5 min. The 

upper organic phase was collected, evaporated under N2 in a water bath at 40°C and 

reconstituted in 75 μL of heptane. 

The FAMEs were analyzed by using a gas chromatography flame ionization detector 

(GC-FID) using a PerkinElmer Clarus 500 gas chromatograph (Madrid, Spain), 

equipped with a split-splitless injector, automatic autosampler, and coupled to a 

computerized system for data acquisition (TotalChrom, version 6.3.2). A capillary 

column SP™-2560 (100 m × 0.25 mm × 0.2 μm; Sigma-Aldrich) was used. The 

temperature of the injection port and detector was 250°C and 260°C, respectively. The 

oven temperature was 175°C for 10 min, heated to 200°C at a rate of 7°C/min, raised to 

220°C at a rate of 3°C/min, and finally 220°C for 20 min. The carrier gas was hydrogen, 

30 psi. The volume injection was 1 μL and the split ratio was 25:1. Identification of the 

FAMEs was performed by comparison of their retention times with those of pure 

FAMEs and previous studies. The quantification of individual fatty acids was based on 
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the internal standard method using calibration curves for every compound and the 

results are expressed as μg of FA/ ml of digested. 

2.8.Oxidative stability 

The value of thiobarbituric acid reactive substances (TBARS) and fatty acid profile was 

used to evaluate oxidative stability of cookies on D0, D7, D14 and D21 of storage, and 

before and after in vitro gastrointestinal digestion (in the micellar phase). TBARs 

measurement was performed according to Sobral et al. (2020) with minor modifications. 

2.9.Sensory analysis 

Sensory evaluation was performed by a non-trained 60-member panel recruited among 

staff and students of the University of Navarra Campus. All data collected were treated 

with total confidentiality and specific to the cited study. Participants were informed of 

the allergens (Regulation 1169/2011) present in the samples (dairy and gluten) before 

the analysis. This study was approved by the University of Navarra Research Ethics 

Committee (approval no. 2021.203).  

Sensory evaluations consisted on two tests; the first one was a hedonic test to evaluate 

aroma, taste, color, texture, and general acceptability and the second test contained a 

scale to state the purchase intention of the samples. The sensory evaluation took place in 

normalized testing booths. Samples for consumer testing were prepared 1 day prior to 

the testing and kept at 23°C in resealable LDPE bags. Each sample weighed 

approximately 8 g (1 cookie) served on white plates. Tap water was served to rinse the 

mouth between samples. A three-digit code was assigned to the samples and they were 

evaluated by each panelist without specific order.  Every panelist received three samples 

(1 control + 2 modified) during the session. The scores for the hedonic test ranged from 

1 to 9 (9 = like extremely,8 = like too much, 7 = like considerably, 6 = like slightly, 5 = 

not like no dislike, 4 = dislike slightly 3 = dislike considerably, 2 = dislike too much, 1 

= dislike extremely), according to Anzaldúa-Morales (1994). The purchase intention 

was measured on a five-point scale ranging from1 to 5 (1= definitely would not 

purchase it, 5= definitely would purchase it). 
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2.10. Statistical analysis 

Analysis was done using STATA/IC 12.1 program (StataCorp LP, TX, USA). One-way 

analysis of variance (ANOVA) was performed to evaluate statistical significance (P ≤ 

0.05) among formulations or storage time. Multiple comparisons of means were done 

by Bonferroni post hoc procedure to evaluate significance (P ≤ 0.05) among 

formulations. Values reported are the mean and standard deviations of the three batches. 

With regard to sensory analysis, numerical values obtained in the sensory test for aroma, 

taste, texture, color, general acceptability and purchase intention were evaluated by 

repeated measures ANOVA and multiple comparisons of means were corrected by the 

Bonferroni post hoc test when evaluating the statistical differences among formulations. 

3. Results and discussion 

3.1.General composition and lipid profile 

Complete butter substitution represented significant reductions in fat content and energy 

value (Table 1). Initial moisture content was slightly higher in reformulated cookies, as 

there was more water incorporated as a result of the substitution of butter with a 

functional ingredient composed of nearly 57% water.  

With total substitution of butter with the olive oil-alginate gelled emulsion, 

reformulated cookies reached reductions up to 40% of total fat, so they would be 

considered “reduced fat” (Regulation (EC) No. 1924/2006) and ~13% of energy value. 

Slight differences, although statistically significant, in protein content were observed 

between control and reformulated cookies and greater differences in carbohydrates 

(total CHOs, sugars and fiber). This composition changes could be attributed to the fat 

reduction in the formulation. 

Fatty acid composition responded fully to the source of fat used in each formulation and 

it is shown in Table 2. Control cookies were elaborated with butter, therefore the 

saturated fraction was the most abundant (myristic acid ~14%, palmitic acid ~40%, 

stearic acid ~10%). Reformulated cookies fatty acid profile was ~67% oleic acid, with 

palmitic acid and linoleic acid being the next most abundant fatty acids. With 

reformulation, SFAs were at least 70% lower than in control cookies, allowing it to bear 

the claim “reduced saturated fat”. 
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3.2.Sensory analysis 

The development of food products with total fat replacement and that preserves the 

desirable sensory profile is a particular challenge (Merlino et al., 2022). Table 3 shows 

the results of the Hedonic sensory evaluation of Reformulated cookies (with and 

without BHA) compared to a control cookie (without BHA).  

Our results showed significant differences in all attributes (except aroma), general 

acceptability and purchase intention, where the lowest values were assigned to the 

reformulated cookie with BHA. The only exception was in color, where the control 

sample had the lowest punctuation. According to the literature, hedonic scales usually 

reveal lower aroma and flavor acceptability when evaluating sweet bakery products 

where the fat has been removed or replaced (Garvey et al., 2020).  

The differences between control and reformulated products were somehow more 

notorious when BHA was used, and slightly lower values were observed for every 

sensory property including general acceptability. This fact is not easy to explain since 

BHA is a widely used antioxidant, not just in bakery products but in a broad range of 

food products to prevent or delay lipid oxidation and, according to its properties, it does 

not impart color, taste or other sensory qualities to food products (García-García & 

Searle, 2015; U.S. Department of Health and Human Services, 2021). 

The most common comments received by the panelists were related to texture and taste 

and it is where clearer differences were observed. Reformulated cookies were perceived 

a lot harder and less sweet, while control cookies were more crumbly, buttery and 

sweeter. These perceptions of cookie texture are in line with the hardness values 

obtained at day 0 for each formulation (Table 4). Similar outcomes were reported by 

Yilmaz & Ögütcü, (2015), who indicated that as fat level decreased (using oleogeles as 

shortening replacer), the biscuits became more harder, drier and less flavored. It has 

been highlighted by other authors that structural properties of cookies are largely 

dependent on the fat component of the formulation and that texture is one of the 

decisive aspects in consumer acceptability (Laguna et al., 2014). Although scores were 

not particularly high for the reformulated cookies, all were above 5 (on a 1 to 9 scale) 

for all attributes, which could be interpreted as a good consumer perception of the 

products. Also, as it has been highlighted by other authors, general acceptability and 
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purchase intention of the reformulated products could have been positively impacted if 

the panelists would have been informed of the nutritional composition and associated 

nutrition claims of the products (Benson et al., 2018; Grasso et al., 2014). 

3.3.Storage stability 

The stability of the control and reformulated cookies stored during 21 days at 23°C was 

followed up through the measurement of moisture, texture and color changes, TBARs 

and fatty acid profile analysis (Figures 1 & 2, Tables 4 and A1-A4). 

Moisture content was slightly but significantly higher in reformulated cookies at day 0. 

This was also observed when replacing fat using ingredients with important amounts of 

water in their formulations (Giarnetti et al., 2015; Gutiérrez-Luna et al., 2020; Paciulli 

et al., 2020). For moisture content (Figure 1), two different behaviors were observed. In 

both control formulations, a decreasing trend with time was registered, having a total 

loss of moisture of ~3% at the end of the experiment. On the other hand, reformulated 

cookies showed a slight decrease in moisture content at day 7, but then increased for the 

following 14 days of storage. Rakshit & Srivastav (2022) reported moisture absorption 

from external environment in fat reduced short-dough biscuits during a 98 days storage 

period. 

Regarding hardness, it can be understood that it increases with higher levels of fat 

replacers and decrease in fat level, and that the type of emulsion used seems to be a 

determining factor (Chugh et al., 2013; Rakshit & Srivastav, 2022; Sanz et al., 2017).  

The use of the gelled emulsion affected the hardness of cookies, being both 

reformulated cookies harder (p<0.05) than control cookies at day 0, which was in line 

with the perceived hardness during the sensory test. Sanz et al., (2017) observed higher 

hardness values for cookies where shortening was fully replaced by methylcellulose and 

hydroxypropyl methylcellulose emulsions when compared to the control. Also, Manaf 

et al., (2019) reported harder cookies when lard was replaced by different plant-based 

shortenings. 

During storage time, control cookies and reformulated ones behaved in opposite ways. 

While control cookies showed an increase in hardness values, reformulated cookies 

experimented a decreasing trend. This could be related to the fluctuations in moisture 
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content during storage (Rakshit & Srivastav, 2022). Paciulli et al., (2020) also registered 

slight softening in shortbread cookies with emulsion filled gels based on inulin a extra 

virgin olive oil as butter substitute. 

Color is an important attribute in bakery products, as it can indicate when cooking 

process is complete, freshness during storage and a relevant characteristic for sensory 

acceptability (Caleja et al., 2017). Also, the addition of certain ingredients could 

influence the color of the final product (Gutiérrez-Luna et al., 2020; Laguna et al., 

2014). Control cookies and reformulated ones differed in color parameters at day0 (p≤ 

0.05), especially in a* and b* values. Color parameters did not show clear effects during 

storage, except for b* (yellow-blue) in both control cookies, that slightly decreased but 

the differences were not statistically significant. Similar decreases in b* value were 

reported by Caleja et al., (2017) when evaluating different antioxidants in cookie 

formulations for a 60 days storage period. 

As products with high fat content (>10%), butter cookies are prone to lipid oxidation, 

which compromises quality and limits shelf life (Daglioglu et al., 2004). Secondary 

oxidation product MDA at day 0 ranged from 0.08 to 0.88, being the lowest values 

those in butter formulations. Probably due to the high saturated fraction present in this 

type of fat. In all samples, an increase in MDA was observed with time, being higher in 

the reformulated samples. The effect of the BHA was noted as those formulations 

without it had statistically significant higher values than those that included BHA 

(Figure 2). Although the values increased, the results could not be considered an 

oxidation problem, since all of them remained below 57.6 µg MDA/g of fat, which is 

considered the reference value for rancidity (Bialek et al., 2016; Izzreen & Noriham, 

2011). 

Caponio et al., (2009) reported a significant increase in oxidative degradation (level of 

oxidized triacylglycerols) of the fatty fraction of biscuits formulated with two different 

types of margarine during 6 months of storage.  

Regarding fatty acid profile during storage, some statistically significant differences 

were found, however the actual values were not drastically modified at each 

measurement. In control cookies, slight but significant decrease was observed at day 21 

for PUFA content in control cookies with and without BHA. As for reformulated 
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cookies with and without BHA, the most notable changes were in total trans fatty acids 

and PUFA content, where the highest and lowest values were at day 21 respectively. 

Other authors reported slight changes in total unsaturated fraction of crackers and 

biscuits after 12 months of storage (Daglioglu et al., 2004). 

3.4.Effect of in vitro gastrointestinal digestion on lipid profile and oxidation 

Gastrointestinal digestion is a complex process and it induces oxidation due to the 

different conditions it takes. The extent of this effect could be affected by the matrix of 

the food that its being digested (Harahap et al., 2022). 

After complete gastrointestinal digestion, two phases where obtained, micellar and 

pellet, and their fatty acid composition is gathered in Tables 5 and 6. Also Figure 3 

shows the relative percentage of total fatty acids (a) and their fractions (b) for each one 

of the phases. Interestingly, 60 to 90% of the total fat in the digested sample was found 

to be in the pellet phase, which means that less than half of the fat could actually be 

absorbed after the digestion process. The bioaccessible fat amount was larger in 

reformulated cookies (35-40%) than in control cookies (10-25%), meaning that fatty 

acids would be more absorbed in reformulated products.  

The general decrease in fatty acids in the micellar phase could be related to the physical 

properties of the oils used, food matrix, surfactants, interaction of the fat droplets with 

the gastric environment and calcium concentration (Capuano & Janssen, 2021; Chabni 

et al., 2022; Vinarov et al., 2012). Also, it has been pointed out by other authors that 

physical properties based on the melting point of fats and oils influences 

bioaccessibility and micelles formed in the course of lipid digestion, causing the 

variation on the type and amount of fats that end up in each phase (Chabni et al., 2022). 

 More than 70% of the bioaccessible fat from the reformulated cookies was composed 

by MUFAs (Figure 3 (b)), which could be interpreted as a successful delivery of 

unsaturated fatty acids by using the olive oil gelled emulsion as a butter replacer. 

(Iriondo-DeHond et al., 2019) reported that when digesting spent coffee grounds, 

where >75% of the unsaturated fatty acids in coffee grounds remained bioaccessible 

after in vitro digestion, including linoleic and oleic acids as the most abundant, followed 

by the SFA palmitic acid.  
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Greater amounts of trans isomers were found in the pellet phase than in the micellar 

phase, which is a positive aspect since less trans fatty acids could be absorbed by the 

body. Few fatty acids like capric acid, lauric acid, myristic acid, behenic acid and 

arachidonic acid were almost completely discarded to the residual phase. 

Other interesting outcome was that those formulations with BHA had significantly 

higher fatty acids content in the bioaccessible phase than their counterparts without 

antioxidant, which could be attributed to the protective effect of BHA against degrading 

conditions during the gastrointestinal digestion process. Indeed, after the digestion 

process, the occurrence of oxidative degradation of the lipid fraction is expected as it is 

exposed to a series of physicochemical changes (low pH of gastric juice, enzymatic 

action, the presence of oxygen incorporated during mastication, interaction with other 

food components, etc) (Guo et al., 2017; Nieva-Echevarría et al., 2020). Also, once it 

has been hydrolyzed (lipid fraction), their esterification degree decreases resulting in an 

increment in the proportion of free fatty acids in the medium, which are more prone to 

oxidative degradation than triglycerides (Nieva-Echevarría et al., 2020). 

A prominent increase in MDA was observed in the micellar phase (digested samples) 

comparing with samples before digestion, being higher in control samples (Table 7). 

The use of BHA in our work seems to reduce the intensity of oxidation in both products, 

control and reformulated. Even though the saturated profile of butter is expected to be 

more stable under oxidative conditions (Peng & Yao, 2017), the amount of fat present 

in the sample was almost twice the content of fat in the reformulated cookies and more 

oxidation products were detected. Increases in lipid oxidation markers as a result of in 

vitro gastrointestinal digestions are expected and have been studied in different food 

matrices using different digestion models (Harahap et al., 2022; Sobral et al., 2020; Van 

Hecke et al., 2017, 2019; Van Hecke & De Smet, 2021). 

Anyway, it has to be noted that in vitro gastrointestinal assays are model systems that 

intent to simulate in vivo conditions, therefore the results obtained in this study should 

be cautiously interpreted since the outcome may vary according to the model used and 

the extrapolation to the gastrointestinal environment,.  
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4. Conclusion 

Total replacement of butter in cookies using an olive oil-alginate gelled emulsion 

produced nutritionally enhanced cookies that can state the nutrition claims of “reduced 

fat”, “reduced saturated fats”, and due to the use of olive oil, “high unsaturated fats” and 

“high monounsaturated fat”. Reformulation caused an increase in hardness and slight 

differences in color. Of the sensory attributes, taste and texture in reformulated cookies 

received lower scores than the control, but still had good general acceptability (scores 

above 5). Regarding oxidative stability, increases in MDA were observed in all 

formulations during 21 days of storage, but it did not represent an oxidation problem. In 

vitro digestion assay promoted oxidation, but the use of antioxidants in the formulations 

seemed to have a positive effect on reducing its effects. Also, it seems that the 

bioaccessibility of fatty acids after in vitro digestion is higher in the reformulated 

products than in the control ones. 
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Tables and figures 

Table 1. Nutritional composition of cookie formulations, expressed in g/100 g of 

product and energy value (kcal/100 g). 

 
Moisture Fat Protein CHOs 

Total 

sugar 
Fiber Energy 

Control 5.19 (0.17)a 35.96 (1.28)b 4.12 (0.10)a 54.72 (1.23)a 24.30a 1.70 (0.32)b 559 (6.84)b 

Control + BHA 5.25 (0.06)a 35.07 (0.54)b 4.31 (0.20)a 55.22  (0.59)a 24.30a 1.00 (0.19)a 556 (4.56)b 

Reformulated 5.87 (0.06)b 21.58 (0.68)a 4.55 (0.05)b 68.01 (0.65)b 30.70b 2.60 (0.49)c 484 (3.45)a 

Reformulated + BHA 6.09 (0.12)b 20.89 (0.96)a 4.55 (0.15)b 68.47 (1.02)b 29.70b 2.70 (0.51)c 480 (5.06)a 

Data correspond to mean values of the three batches per formulation. Standard deviations appear in 

parentheses. Values with different letters within columns are significantly different (P < 0.05) based on 

post hoc Bonferroni test. Carbohydrates (CHOs) were calculated by difference, based on the value of the 

rest of macronutrients. 
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Table 2. Fatty acid profile of cookie formulations at time 0 (g/100 g of fat). 

Fatty acid Control Control + BHA Reformulated Reformulated + BHA 

Caproic Ac C6:0 1.05 (0.07)c 1.09 (0.02)c 0.07 (0.00)b 0.02 (0.00)a 

Caprilic Ac C8:0 0.85 (0.01)b 0.87 (0.02)b 0.03 (0.00)a 0.02 (0.00)a 

Capric Ac C10:0 2.49 (0.03)b 2.53 (0.04)b 0.03 (0.02)a 0.02 (0.00)a 

Lauric Ac C12:0 3.41 (0.02)b 3.45 (0.04)b 0.03 (0.00)a 0.03 (0.00)a 

Myristic Ac C14:0 13.19 (0.07)b 13.13 (0.06)b 0.11 (0.00)a 0.12 (0.00)a 

Palmitic Ac C16:0 39.81 (0.29)b 38.53 (0.17)b 13.92 (0.06)a 12.47 (0.02)a 

t-Palmitoleic C16:1Δ9t 0.42 (0.04)b 0.48 (0.01)b 0.05 (0.04)a 0.09 (0.06)a 

Palmitoleic Ac C16:1 1.90 (0.13)c 1.67 (0.03)b 1.13 (0.00)a 1.05 (0.01)a 

Stearic Ac C18:0 10.37 (0.07)c 10.60 (0.07)c 2.49 (0.02)a 2.72 (0.01)b 

ΣTrans isomers C18:1 1.50 (0.02)b 1.80 (0.05)c 0.19 (0.01)a 0.17 (0.06)a 

Oleic Ac C18:1 20.27 (0.10)a 20.89 (0.20)a 67.61 (0.32)b 68.72 (0.06)b 

c-Vaccenic Ac C18:1 0.54 (0.03)a 0.62 (0.01)a 2.71 (0.01)b 2.55 (0.01)b 

t-Linoleic Ac C18:2Δ9t.12t 0.18 (0.01)b 0.20 (0.01)b 0.01 (0.00)a 0.01 (0.00)a 

c-t Linoleic Ac C18:2Δ9c.12t 0.54 (0.01)c 0.40 (0.01)b 0.24 (0.00)a 0.24 (0.01)a 

t-c Linoleic Ac C18:2Δ9t.12c 0.16 (0.02)b 0.20 (0.01)b 0.06 (0.00)a 0.05 (0.00)a 

Linoleic Ac C18:2Δ9c.12c 2.54 (0.02)a 2.53 (0.03)a 8.83 (0.03)b 9.31 (0.02)c 

Arachidic Ac C20:0 0.16 (0.01)a 0.16 (0.01)a 0.41 (0.01)b 0.42 (0.00)b 

γ-Linolenic Ac C18:3 0.13 (0.01)b 0.14 (0.00)b 0.03 (0.00)a 0.03 (0.00)a 

Eicosenoic Ac C20:1 0.02 (0.00)a 0.02 (0.00)a 0.24 (0.01)b 0.23 (0.00)b 

α-Linolenic Ac C18:3 0.52 (0.01)a 0.57 (0.01)a 0.64 (0.01)b 0.66 (0.01)b 

Eicosadienoic Ac C20:2 0.00 (0.00)a 0.08 (0.02)b 0.08 (0.01)b 0.13 (0.06)c 

Behenic Ac C22:0 0.03 (0.03)a ND 0.09 (0.01)b 0.08 (0.01)b 

Brassidic Ac C20:1Δ13t 0.05 (0.00)ab 0.06 (0.00)b 0.04 (0.00)a 0.03 (0.00)a 

Erucic Ac C22:1 0.02 (0.00)a 0.03 (0.00)a 0.02 (0.00)a 0.02 (0.00)a 

Eicosatrienoic Ac C20:3 ND ND ND ND 

Arachidonic Ac C20:4 0.22 (0.01)a 0.25 (0.01)a 0.43 (0.23)ab 0.51 (0.05)b 

Eicopentanoic Ac C20:5 ND ND ND ND 

Nervonic Ac C24:1 0.03 (0.00)a 0.03 (0.00)a 0.02 (0.00)a 0.02 (0.00)a 

Docosatrienoic Ac C22:3 0.01 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 

Docosapentaenoic Ac C22:5 w6 0.11 (0.00)b 0.13 (0.01)b 0.08 (0.00)a 0.08 (0.00)a 

Lignoceric Ac C24:0 ND ND ND ND 

Docosapentaenoic Ac C22:5 w3 0.14 (0.01)b 0.18 (0.01)b 0.11 (0.00)a 0.11 (0.00)a 

Docosahexaenoic Ac C22:6 0.09 (0.00)ab 0.11 (0.01)b 0.07 (0.00)a 0.07 (0.00)a 

ΣSFA 70.30 (0.35)c 69.27 (0.32)c 17.10 (0.06)b 15.88 (0.01)a 

ΣMUFA 23.84 (0.22)a 24.36 (0.23)a 72.47 (0.61)b 72.61 (0.06)b 

ΣPUFA 3.76 (0.05)a 4.01 (0.06)a 10.27 (0.27)b 10.91 (0.01)b 

ΣN3 0.75 (0.01)a 0.86 (0.03)b 0.81 (0.01)b 0.84 (0.01)b 

ΣN6 3.00 (0.04)a 3.06 (0.05)a 9.37 (0.27)b 9.94 (0.06)b 

N3/N6 3.99 (0.03)a 3.55 (0.05)a 11.53 (0.17)b 11.83 (0.12)b 

PUFA/SFA 0.05 (0.00)a 0.06 (0.00)a 0.60 (0.01)b 0.69 (0.00)c 

PUFA+MUFA/SFA 0.39 (0.00)a 0.41 (0.00)a 4.84 (0.04)b 5.26 (0.01)c 

ΣTrans 2.86 (0.08)b 3.14 (0.01)c 0.57 (0.03)a 0.59 (0.07)a 
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Data correspond to mean values of the three batches per formulation. Standard deviations appear in 

parentheses. Values with different letters within rows are significantly different (P < 0.05) based on post 

hoc bonferroni test. ND indicates that the fatty acid was not detected in the sample. 

Table 3. Sensory properties of cookies evaluated at day 0, compared to a control. 

 

Aroma Taste Texture Color 
General 

acceptability 

Purchase 

intention 

Control 6.98 (1.72)a 7.32 (1.47)c 6.96 (1.39)c 6.16 (1.74)a 7.11 (1.50)b 3.63 (1.01)b 

Reformulated 7.02 (1.34)a 6.55 (1.64)b 5.80 (1.65)b 6.89 (1.35)b 6.48 (1.48)ab 3.29 (1.03)ab 

Reformulated + BHA 6.36 (1.72)a 5.63 (1.74)a 5.11 (1.81)a 6.61 (1.26)ab 5.82 (1.55)a 2.82 (1.04)a 
Standard deviations appear in parentheses. Values with different letters within columns are significantly 

different (P < 0.05) based on post hoc bonferroni test. 

 

Figure 1. Moisture content (%) on cookie formulations measured at day (D) 0, 7, 14 and 21. 

Lower case letters indicate significant differences among days for each formulation and 

different uppercase letters indicate differences among formulations in each day (P < 0.05). Error 

bars denote standard deviation of the mean.  

 

 

 

 

 

 

 

 



Results – Chapter 6 146 

 

 
 

 

Table 4. Color parameters and hardness values (N) for cookie formulations during storage time. 

 
Day 

Color 
Hardness (N) 

 

L* a* b* 

Control  

D0 105.49 (2.14)bC 1.22 (0.64)bB 4.12 (3.53)aB 31.82 (8.07)aA 

D7 96.63 (0.75)aB 0.22 (0.12)aA 3.95 (1.41)aC 38.86 (5.38)abA 

D14 97.46 (0.89)aA 0.38 (0.29)aA 2.41 (1.15)aB 38.90 (7.54)abA 

D21 99.64 (1.67)aC 0.47 (0.21)aA 1.46 (0.93)aA 40.65 (4.66)bA 

Control + 

BHA 

D0 94.72 (1.63)aB 0.95 (0.46)bB 4.06 (3.46)aB 31.30 (2.78)aA 

D7 97.79 (0.66)bB 0.26 (0.16)aA 3.70 (0.21)aC 38.90 (6.83)bA 

D14 97.59 (1.39)bA 0.76 (0.19)bB 2.31 (1.05)aB 40.59 (6.13)bA 

D21 100.04 (1.05)cC 0.31 (0.17)aA 1.50 (0.69)aA 39.79 (6.09)bA 

Reformulated 

D0 81.46 (1.38)aA 0.33 (0.07)aA 1.40 (0.14)aA 48.83 (6.08)aB 

D7 96.24 (0.78)bB 0.21 (0.14)aA 2.63 (0.70)aB 46.44 (4.89)aB 

D14 97.12 (0.69)bA 0.26 (0.13)aA 1.72 (0.34)aA 43.84 (3.31)aB 

D21 97.16 (0.84)bB 0.38 (0.26)aA 2.07 (0.21)aB 42.26 (3.35)aA 

Reformulated 

+ BHA 

D0 95.21 (1.26)abB 0.48 (0.19)bA 1.28 (0.53)aA 44.76 (4.33)aB 

D7 92.36 (0.49)aA 0.83 (0.36)bB 1.52 (0.43)aA 43.08 (7.45)aAB 

D14 96.94 (0.24)bA 0.18 (0.06)aA 2.09 (0.62)aB 40.96 (1.37)aA 

D21 89.53 (6.98)aA 0.62 (0.33)bB 2.04 (0.30)aB 40.54 (1.50)aA 

Data correspond to mean values of the three batches per formulation. Standard deviations appear in 

parentheses. In each column, lowercase letters indicate significant differences (P < 0.05) among days 

for each formulation and different uppercase letters indicate significant differences among 

formulations in each day (P < 0.05). based on post hoc Bonferroni test. 

 

 

 

 

 

 

 

 

Figure 2. Oxidative degradation of cookie formulations at day 0, 7, 14, and 21. Results 

are expressed in nmol MDA/g of cookie. Lower case letters indicate significant 

differences among days for each formulation and different uppercase letters indicate 

differences among formulations in each day (P < 0.05). Error bars denote standard 

deviation of the mean 
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Table 5.  Fatty acid profile (µg FA/mL of digested) of micellar phase. 

  Control Control + BHA Reformulated Reformulated + BHA 

Caprilic Ac C6:0 ND 8.68 (4.60) ND ND 

Capric Ac C8:0 ND ND ND ND 

Lauric Ac C10:0 ND ND ND ND 

Myristic Ac C14:0 241.30 (7.74)a 588.69 (11.04)b ND ND 

Palmitic Ac C16:0 844.76 (51.32)b 1825.19 (49.67)c 491.58 (115.02)a 588.67 (30.56)a 

t-Palmitoleic Ac C16:1Δ9t ND 72.56 (0.82)b 48.96 (0.04)a 49.18 (0.06)a 

Palmitoleic Ac C16:1 64.08 (1.79)a 133.88 (5.50)b ND 40.89 (23.69)a 

Stearic Ac C18:0 292.59 (65.24)c 590.91 (18.54)d 88.80 (19.70)a 177.34 (10.17)b 

ΣTrans isomers C18:1 45.80 (25.88)a 127.05 (6.73)b ND ND 

Oleic Ac C18:1 725.77 (87.97)a 1506.42 (49.03)b 3827.23 (535.40)c 5117.70 (138.78)d 

c-Vaccenic Ac C18:1 ND ND 24.84 (17.80)a 37.80 (14.63)a 

t-Linoleic Ac C18:2Δ9t.12t 3.13 (1.23)a 10.36 (2.28)b ND ND 

c-t Linoleic Ac C18:2Δ9c.12t 10.11 (1.99)a 22.00 (2.30)b 43.35 (25.51)b ND 

t-c Linoleic Ac C18:2Δ9t.12c 2.02 (2.44)a 8.50 (0.95)b ND ND 

Linoleic Ac C18:2Δ9c.12c 37.25 (6.32)a 185.30 (15.91)b 533.16 (114.02)c 814.29 (23.34)d 

Arachidic Ac C20:0 8.61 (2.31)a 13.03 (0.35)b 32.69 (2.52)c 44.08 (0.53)d 

γ-Linolenic Ac C18:3 ND 0.82 (0.10) ND ND 

Eicosenoic Ac C20:1 5.50 (1.06)b 9.87 (0.97)c 0.39 (0.15)a 0.29 (0.06)a 

α-Linolenic Ac C18:3 23.36 (2.75)a 48.95 (3.15)b 62.02 (8.54)c 87.42 (1.91)d 

Eicosadienoic Ac C20:2 4.01 (3.00)a 6.36 (3.76)ab 13.56 (8.10)bc 14.35 (0.36)c 

Behenic Ac C22:0 3.27 (1.12)a 7.17 (3.97)b 4.97 (0.67)ab 2.87 (2.51)a 

Erucic Ac C22:1 ND ND ND ND 

Arachidonic Ac C20:4 ND 0.30 (0.51) ND ND 

Lignoceric Ac C24:0 ND ND ND ND 

DPA N-3 20.74 (7.60)a 22.08 (4.17)a ND ND 

DHA 3.72 (0.29)b 1.08 (1.88)a ND ND 

Total 2410.77 (210.17)a 5287.77 (151.81)b 5306.80 (817.14)b 7017.87 (163.31)c 

Data correspond to mean values. Standard deviations appear in parentheses. Values with 

different letters within rows are significantly different (P < 0.05) based on post hoc bonferroni 

test. ND indicates that the fatty acid was not detected in the sample. 
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Table 6. Fatty acid distribution in pellet phase of in vitro digestion (µg FA/mL of 

digested). 

Fatty acid Control Control + BHA Reformulated 
Reformulated + 

BHA 

Caprilic Ac C6:0 34.40 (1.90)b 62.02 (3.01)c 12.08 (1.02)a 60.08 (2.91)c 

Capric Ac C8:0 93.22 (5.38)b 65.16 (3.51)a 69.24 (1.68)a 98.92 (13.27)b 

Lauric Ac C10:0 367.47 (16.00)d 247.82 (13.78)c 3.74 (1.80)a 125.48 (1.67)b 

Myristic Ac C14:0 2912.88 (797.09)c 1698.48 (76.04)b 12.67 (4.91)a 20.30 (0.77)a 

Palmitic Ac C16:0 10293.84 (363.73)c 7554.23 (242.38)b 2302.51 (44.24)a 2205.26 (126.75)a 

t-Palmitoleic Ac C16:1Δ9t 278.66 (35.21)c 103.03 (1.33)b 49.31 (0.42)a 49.98 (0.57)a 

Palmitoleic Ac C16:1 246.24 (123.77)b 170.70 (51.28)b 44.95 (18.52)a 136.92 (54.73)b 

Stearic Ac C18:0 4100.52 (70.10)c 2927.39 (70.83)b 1481.52 (25.80)a 1782.26 (546.32)a 

ΣTrans isomers C18:1 495.34 (41.45)c 266.70 (11.13)b 12.07 (2.05)a 13.05 (7.23)a 

Oleic Ac C18:1 3401.53 (58.01)b 2004.35 (60.84)a 4210.51 (70.60)c 3306.83 (658.96)b 

c-Vaccenic Ac C18:1 120.41 (8.91)b 85.35 (6.40)a 181.85 (2.27)b 404.51 (109.63)c 

t-Linoleic Ac C18:2Δ9t.12t 45.25 (26.58)c 18.48 (3.10)c 3.69 (0.65)a 6.96 (0.26)b 

c-t Linoleic Ac C18:2Δ9c.12t 16.76 (0.86)c 8.68 (1.17)b 2.92 (0.41)a 5.77 (0.36)b 

t-c Linoleic Ac C18:2Δ9t.12c 12.34 (8.28)c 12.92 (1.02)c 2.70 (0.15)a 4.24 (0.28)b 

Linoleic Ac C18:2Δ9c.12c 647.57 (11.44)b 476.87 (13.06)a 738.31 (28.77)c 1175.50 (30.21)d 

Arachidic Ac C20:0 73.22 (1.43)b 51.61 (0.81)a 70.51 (3.29)b 238.33 (2.28)c 

γ-Linolenic Ac C18:3 5.80 (0.29)c 3.91 (0.06)b 1.63 (0.07)a 3.11 (0.26)b 

Eicosenoic Ac C20:1 17.19 (0.13)c 9.15 (0.37)b 0.35 (0.22)a 0.30 (0.20)a 

α-Linolenic Ac C18:3 99.40 (1.39)c 54.12 (1.12)a 68.32 (0.97)b 211.69 (49.60)d 

Eicosadienoic Ac C20:2 1.39 (0.03)a 5.82 (2.94)b 7.36 (2.03)c 26.43 (0.77)d 

Behenic Ac C22:0 12.30 (2.32)b 13.03 (2.69)b 20.88 (1.00)c 7.17 (1.34)a 

Erucic Ac C22:1 0.27 (0.00)a 0.27 (0.00)a ND ND 

Arachidonic Ac C20:4 114.25 (10.45)c 86.62 (1.80)b 47.60 (1.36)a 104.41 (1.61)c 

Lignoceric Ac C24:0 22.10 (0.67)c 16.45 (1.19)b 10.01 (0.52)a 27.47 (0.36)d 

Total  23571.96 (1208.60) 16099.68 (545.08) 9424.34 (162.71) 10194.60 (402.48) 

Data correspond to mean values. Standard deviations appear in parentheses. Values with 

different letters within rows are significantly different (P < 0.05) based on post hoc bonferroni 

test. ND indicates that the fatty acid was not detected in the sample. 
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Figure 3. Distribution of fat (a) and lipid fraction distribution (b) in digested phases. 

Table 7. TBARs comparison before vs after digestion. 

 

nmol MDA/g of cookie 

  Before digestion After digestion 

Control 0.55 (0.04)bA 60.82 (5.73)cB 

Control+BHA 0.08 (0.04)aA 42.16 (2.55)bB 

Ref 0.88 (0.19)bA 44.68 (3.26)bB 

Ref+BHA 0.74 (0.25)bA 28.31 (1.64)aB 

Data correspond to mean values. Standard deviations appear in parentheses. Values with 

different letters within rows are significantly different (P < 0.05) based on post hoc bonferroni 
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Supplementary material 

Table A1. Cookie formulation (%). 

  

Control 

cookie 

Reformulated 

cookie 

All-purpose wheat-flour 40.35 40.35 

Butter 40.35 0.00 

White sugar 19.30 19.30 

Gelled emulsion 0.00 40.35 
Formulations with BHA: 200 ppm. Butter essence: 1g/kg of product 
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Table A2. Fatty acid profile of control cookies (g of FA/100 g of FA) during storage. 

Fatty acid D0 D7 D14 D21 

Caproic Ac C6:0 1.05 (0.07)a 0.85 (0.02)a 1.64 (0.74)a 0.86 (0.70)a 

Caprilic Ac C8:0 0.85 (0.01)a 0.74 (0.01)a 0.81 (0.01)a 0.79 (0.28)a 

Capric Ac C10:0 2.49 (0.03)a 2.26 (0.05)a 2.42 (0.02)a 2.36 (0.59)a 

Lauric Ac C12:0 3.41 (0.02)a 3.19 (0.07)a 3.37 (0.03)a 3.26 (0.48)a 

Myristic Ac C14:0 13.19 (0.07)a 12.55 (0.26)a 13.64 (0.66)a 12.61 (0.75)a 

Palmitic Ac C16:0 39.81 (0.29)a 40.90 (0.93)a 39.16 (0.41)a 40.19 (1.73)a 

t-Palmitoleic Ac C16:1Δ9t 0.42 (0.04)ab 0.43 (0.02)ab 0.45 (0.00)b 0.38 (0.02)a 

Palmitoleic Ac C16:1 1.90 (0.13)a 1.81 (0.10)a 1.73 (0.01)a 2.14 (0.11)b 

Stearic Ac C18:0 10.37 (0.07)a 10.15 (0.15)a 10.49 (0.53)a 11.41 (0.57)b 

ΣTrans isomers C18:1 1.50 (0.02)a 1.42 (0.05)a 1.46 (0.03)a 1.72 (0.08)b 

Oleic Ac C18:1 20.27 (0.10)ab 20.69 (0.33)b 20.10 (0.21)ab 19.74 (0.81)a 

c-Vaccenic Ac C18:1 0.54 (0.03)a 0.58 (0.04)a 0.58 (0.01)a 0.55 (0.06)a 

t-Linoleic Ac C18:2Δ9t.12t 0.18 (0.01)b 0.18 (0.00)b 0.18 (0.00)b 0.07 (0.01)a 

c-t Linoleic Ac C18:2Δ9c.12t 0.54 (0.01)a 0.56 (0.01)a 0.58 (0.02)a 0.54 (0.05)a 

t-c Linoleic Ac C18:2Δ9t.12c 0.16 (0.02)a 0.17 (0.01)a 0.18 (0.03)a 0.16 (0.02)a 

Linoleic Ac C18:2Δ9c.12c 2.54 (0.02)ab 2.61 (0.05)b 2.54 (0.02)ab 2.42 (0.13)a 

Arachidic Ac C20:0 0.16 (0.01)a 0.13 (0.08)a 0.16 (0.00)a 0.21 (0.01)a 

γ-Linolenic Ac C18:3 0.13 (0.01)b 0.14 (0.02)b 0.11 (0.05)b 0.03 (0.01)a 

Eicosenoic Ac C20:1 0.02 (0.00)a 0.03 (0.01)a 0.09 (0.00)b 0.11 (0.01)b 

α-Linolenic Ac C18:3 0.52 (0.01)a 0.51 (0.02)a 0.53 (0.01)a 0.52 (0.03)a 

Eicosadienoic Ac C20:2 0.00 (0.00)a 0.00 (0.00)a 0.03 (0.01)b 0.00 (0.00)a 

Behenic Ac C22:0 0.03 (0.03)a 0.01 (0.00)a 0.00 (0.00)a 0.00 (0.00)a 

Brassidic Ac C20:1Δ13t 0.05 (0.00)a 0.05 (0.00)a 0.05 (0.00)a 0.05 (0.02)a 

Erucic Ac C22:1 0.02 (0.00)a 0.02 (0.00)ab 0.03 (0.00)b 0.02 (0.00)b 

Eicosatrienoic Ac C20:3 ND ND ND ND 

Arachidonic Ac C20:4 0.22 (0.01)b 0.22 (0.01)b 0.24 (0.01)b 0.19 (0.01)a 

Eicopentanoic Ac C20:5 ND ND ND ND 

Nervonic Ac C24:1 0.03 (0.00)b 0.03 (0.00)b 0.03 (0.00)b 0.02 (0.00)a 

Docosatrienoic Ac C22:3 0.01 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 

Docosapentaenoic Ac C22:5 w6 0.11 (0.00)b 0.11 (0.00)b 0.12 (0.01)c 0.09 (0.00)a 

Lignoceric Ac C24:0 ND ND ND ND 

Docosapentaenoic Ac C22:5 w3 ND ND ND ND 

Docosahexaenoic Ac C22:6 ND ND ND ND 

ΣSFA 70.30 (0.35)a 69.92 (0.48)a 70.06 (0.98)a 70.81 (0.64)a 

ΣMUFA 23.84 (0.22)a 24.01 (0.34)a 24.20 (0.56)a 23.43 (0.95)a 

ΣPUFA 3.76 (0.05)b 3.85 (0.06)b 3.85 (0.11)b 3.47 (0.15)a 

ΣN3 0.70 (0.01)a 0.70 (0.02)a 0.70 (0.02)a 0.72 (0.02)a 

ΣN6 3.00 (0.04)b 3.09 (0.06)b 3.01 (0.08)b 2.74 (0.14)a 

N3/N6 3.99 (0.03)a 4.11 (0.12)b 3.78 (0.04)a 3.80 (0.18)a 

PUFA/SFA 0.05 (0.00)a 0.06 (0.00)b 0.05 (0.00)a 0.05 (0.00)a 

PUFA+MUFA/SFA 0.39 (0.00)a 0.40 (0.01)a 0.40 (0.01)a 0.38 (0.02)a 

ΣTrans 2.86 (0.08)a 2.81 (0.05)a 2.91 (0.08)a 2.93 (0.06)a 
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Table A3. Fatty acid profile of control+BHA cookies (g of FA/100g of FA) during storage. 

Fatty acid D0 D7 D14 D21 

Caproic Ac C6:0 1.09 (0.02)a 1.08 (0.01)a 1.09 (0.01)a 0.81 (0.39)a 

Caprilic Ac C8:0 0.87 (0.02)a 0.86 (0.02)a 0.86 (0.02)a 0.71 (0.25)a 

Capric Ac C10:0 2.53 (0.04)a 2.51 (0.04)a 2.52 (0.04)a 2.17 (0.68)a 

Lauric Ac C12:0 3.45 (0.04)a 3.43 (0.04)a 3.43 (0.04)a 3.03 (0.88)a 

Myristic Ac C14:0 13.13 (0.06)a 13.04 (0.08)a 13.04 (0.09)a 11.67 (2.94)a 

Palmitic Ac C16:0 38.53 (0.17)a 38.85 (0.63)a 38.82 (0.60)a 39.35 (3.40)a 

t-Palmitoleic Ac C16:1Δ9t 0.48 (0.01)a 0.48 (0.00)a 0.48 (0.00)a 0.38 (0.09)a 

Palmitoleic Ac C16:1 1.67 (0.03)a 1.66 (0.03)a 1.66 (0.03)a 1.96 (0.56)a 

Stearic Ac C18:0 10.60 (0.07)a 10.54 (0.09)a 10.53 (0.09)a 12.21 (2.62)a 

ΣTrans isomers C18:1 1.80 (0.05)a 1.79 (0.05)a 1.78 (0.03)a 2.04 (0.52)a 

Oleic Ac C18:1 20.89 (0.20)a 20.82 (0.20)a 20.86 (0.18)a 21.46 (1.02)a 

c-Vaccenic Ac C18:1 0.62 (0.01)a 0.61 (0.01)a 0.61 (0.01)a 0.59 (0.20)a 

t-Linoleic Ac C18:2Δ9t.12t 0.20 (0.01)b 0.20 (0.01)b 0.20 (0.01)b 0.07 (0.01)a 

c-t Linoleic Ac C18:2Δ9c.12t 0.40 (0.01)a 0.40 (0.01)a 0.39 (0.02)a 0.51 (0.05)b 

t-c Linoleic Ac C18:2Δ9t.12c 0.20 (0.01)a 0.20 (0.01)a 0.20 (0.01)a 0.19 (0.03)a 

Linoleic Ac C18:2Δ9c.12c 2.53 (0.03)a 2.51 (0.04)a 2.51 (0.04)a 2.37 (0.14)a 

Arachidic Ac C20:0 0.16 (0.01)a 0.16 (0.01)a 0.16 (0.01)a 0.19 (0.02)a 

γ-Linolenic Ac C18:3 0.14 (0.00)b 0.14 (0.00)b 0.14 (0.00)b 0.04 (0.00)a 

Eicosenoic Ac C20:1 0.02 (0.00)a 0.02 (0.00)a 0.03 (0.00)a 0.08 (0.02)a 

α-Linolenic Ac C18:3 0.57 (0.01)a 0.57 (0.01)a 0.57 (0.02)a 0.54 (0.17)a 

Eicosadienoic Ac C20:2 0.08 (0.02)b 0.08 (0.02)b 0.09 (0.01)b 0.00 (0.00)a 

Behenic Ac C22:0 ND ND ND ND 

Brassidic Ac C20:1Δ13t 0.06 (0.00)a 0.06 (0.00)a 0.06 (0.00)a 0.04 (0.00)a 

Erucic Ac C22:1 0.03 (0.00)b 0.03 (0.00)b 0.03 (0.00)b 0.00 (0.00)a 

Eicosatrienoic Ac C20:3 ND ND ND ND 

Arachidonic Ac C20:4 0.25 (0.01)b 0.26 (0.01)b 0.26 (0.01)b 0.19 (0.03)a 

Eicopentanoic Ac C20:5 ND ND ND ND 

Nervonic Ac C24:1 0.03 (0.00)b 0.03 (0.00)b 0.03 (0.00)b 0.00 (0.00)a 

Docosatrienoic Ac C22:3 0.01 (0.00)b 0.01 (0.00)b 0.01 (0.00)b 0.00 (0.00)a 

Docosapentaenoic Ac C22:5 w6 0.13 (0.01)a 0.13 (0.01)a 0.13 (0.01)a 0.13 (0.05)b 

Lignoceric Ac C24:0 ND ND ND ND 

Docosapentaenoic Ac C22:5 w3 ND ND ND ND 

Docosahexaenoic Ac C22:6 ND ND ND ND 

ΣSFA 69.27 (0.32)a 69.39 (0.50)a 69.37 (0.47)a 69.32 (2.55)a 

ΣMUFA 24.36 (0.23)a 24.26 (0.22)a 24.32 (0.21)a 24.90 (1.16)a 

ΣPUFA 4.01 (0.06)b 3.99 (0.07)b 3.99 (0.08)b 3.22 (0.42)a 

ΣN3 0.86 (0.03)b 0.86 (0.03)b 0.85 (0.03)b 0.59 (0.23)a 

ΣN6 3.06 (0.05)b 3.04 (0.06)b 3.04 (0.05)b 2.62 (0.20)a 

N3/N6 3.55 (0.05)a 3.56 (0.04)a 3.56 (0.07)a 5.03 (2.14)a 

PUFA/SFA 0.06 (0.00)b 0.06 (0.00)b 0.06 (0.00)b 0.05 (0.01)a 

PUFA+MUFA/SFA 0.41 (0.00)a 0.41 (0.01)a 0.41 (0.01)a 0.41 (0.04)a 

ΣTrans 3.14 (0.01)a 3.13 (0.03)a 3.11 (0.06)a 3.23 (0.72)a 
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Table A4. Fatty acid profile of reformulated cookies during storage (g of FA/100 g of 

FA). 

 Fatty acid D0 D7 D14 D21 

Caproic Ac C6:0 0.07 (0.00)a 0.06 (0.02)a 0.14 (0.04)a 0.01 (0.00)a 

Caprilic Ac C8:0 0.03 (0.00)c 0.04 (0.01)c 0.02 (0.00)b 0.00 (0.00)a 

Capric Ac C10:0 0.03 (0.02)a 0.07 (0.00)b 0.03 (0.00)a 0.03 (0.00)a 

Lauric Ac C12:0 0.03 (0.00)a 0.09 (0.00)b 0.03 (0.00)a 0.04 (0.00)a 

Myristic Ac C14:0 0.11 (0.00)a 0.36 (0.01)c 0.13 (0.01)b 0.13 (0.01)b 

Palmitic Ac C16:0 13.92 (0.06)a 14.34 (0.05)b 14.61 (0.33)b 14.09 (0.18)b 

t-Palmitoleic Ac C16:1Δ9t 0.05 (0.04)a 0.03 (0.00)a 0.11 (0.00)b 0.03 (0.03)a 

Palmitoleic Ac C16:1 1.13 (0.00)a 1.13 (0.01)a 1.09 (0.05)a 1.15 (0.02)a 

Stearic Ac C18:0 2.49 (0.02)a 2.65 (0.01)ab 2.70 (0.09)ab 3.00 (0.35)b 

ΣTrans isomers C18:1 0.19 (0.01)a 0.15 (0.02)a 0.13 (0.04)a 0.96 (0.62)b 

Oleic Ac C18:1 67.61 (0.32)a 66.93 (0.03)a 66.36 (1.75)a 67.68 (0.72)a 

c-Vaccenic Ac C18:1 2.71 (0.01)b 2.67 (0.00)ab 2.64 (0.07)ab 2.60 (0.05)a 

t-Linoleic Ac C18:2Δ9t.12t 0.01 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 0.02 (0.00)b 

c-t Linoleic Ac C18:2Δ9c.12t 0.24 (0.00)a 0.25 (0.00)a 0.26 (0.01)a 0.27 (0.03)a 

t-c Linoleic Ac C18:2Δ9t.12c 0.06 (0.00)a 0.06 (0.00)a 0.06 (0.00)a 0.09 (0.03)b 

Linoleic Ac C18:2Δ9c.12c 8.83 (0.03)a 8.78 (0.02)a 8.59 (0.23)a 8.42 (0.35)a 

Arachidic Ac C20:0 0.41 (0.01)a 0.39 (0.04)a 0.44 (0.01)a 0.43 (0.02)a 

γ-Linolenic Ac C18:3 0.03 (0.00)a 0.03 (0.00)a 0.03 (0.00)a 0.03 (0.00)a 

Eicosenoic Ac C20:1 0.24 (0.01)b 0.24 (0.01)b 0.23 (0.00)b 0.00 (0.00)a 

α-Linolenic Ac C18:3 0.64 (0.01)a 0.64 (0.01)a 0.61 (0.01)a 0.88 (0.04)b 

Eicosadienoic Ac C20:2 0.08 (0.01)a 0.04 (0.03)a 0.07 (0.02)a 0.09 (0.01)a 

Behenic Ac C22:0 0.09 (0.01)a 0.08 (0.00)a 0.09 (0.00)a 0.07 (0.04)a 

Brassidic Ac C20:1Δ13t 0.04 (0.00)a 0.04 (0.00)a ND ND 

Erucic Ac C22:1 0.02 (0.00)a 0.02 (0.00)a ND ND 

Eicosatrienoic Ac C20:3 ND ND ND ND 

Arachidonic Ac C20:4 0.43 (0.23)a 0.59 (0.01)a 0.70 (0.26)a 0.00 (0.00)a 

Eicopentanoic Ac C20:5 ND ND ND ND 

Nervonic Ac C24:1 0.02 (0.00)a 0.02 (0.00)a ND ND 

Docosatrienoic Ac C22:3 0.01 (0.00)a 0.01 (0.00)a ND ND 

Docosapentaenoic Ac C22:5 w6 0.08 (0.00)a 0.09 (0.00)a ND ND 

Lignoceric Ac C24:0 ND ND ND ND 

Docosapentaenoic Ac C22:5 w3 ND ND ND ND 

Docosahexaenoic Ac C22:6 ND ND ND ND 

ΣSFA 17.10 (0.06)a 18.03 (0.02)b 18.05 (0.43)b 17.78 (0.37)b 

ΣMUFA 72.47 (0.61)a 71.07 (0.02)a 70.47 (1.97)a 71.44 (0.70)a 

ΣPUFA 10.27 (0.27)a 10.37 (0.02)a 11.00 (2.02)a 9.42 (0.35)a 

ΣN3 0.81 (0.01)b 0.83 (0.01)bc 0.61 (0.01)a 0.88 (0.04)c 

ΣN6 9.37 (0.27)a 9.50 (0.02)a 10.32 (2.04)a 8.45 (0.35)a 

N3/N6 11.53 (0.17)a 11.44 (0.09)a 17.04 (3.80)b 9.62 (0.09)a 

PUFA/SFA 0.60 (0.01)a 0.58 (0.00)a 0.61 (0.12)a 0.53 (0.03)a 

PUFA+MUFA/SFA 4.84 (0.04)a 4.52 (0.01)a 4.51 (0.13)a 4.55 (0.15)a 

ΣTrans 0.57 (0.03)a 0.53 (0.02)a 0.57 (0.05)a 1.37 (0.67)b 
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Table A5. Fatty acid profile of reformulated cookies + BHA (g FA/100 g of FA) during 

storage. 

Fatty acid D0 D7 D14 D21 

Caproic Ac C6:0 0.02 (0.00)b 0.02 (0.00)b 0.01 (0.00)a 0.00 (0.00)a 

Caprilic Ac C8:0 0.02 (0.00)a 0.02 (0.00)a 0.02 (0.00)a 0.03 (0.02)a 

Capric Ac C10:0 0.02 (0.00)b 0.02 (0.00)b 0.02 (0.00)b 0.00 (0.00)a 

Lauric Ac C12:0 0.03 (0.00)b 0.03 (0.00)b 0.03 (0.00)b 0.00 (0.00)a 

Myristic Ac C14:0 0.12 (0.00)b 0.12 (0.00)b 0.12 (0.00)b 0.02 (0.00)a 

Palmitic Ac C16:0 12.47 (0.02)b 12.57 (0.02)b 12.55 (0.02)b 11.65 (0.44)a 

t-Palmitoleic Ac C16:1Δ9t 0.09 (0.06)b 0.12 (0.01)b 0.12 (0.01)b 0.01 (0.01)a 

Palmitoleic Ac C16:1 1.05 (0.01)a 1.05 (0.02)a 1.07 (0.06)a 1.00 (0.03)a 

Stearic Ac C18:0 2.72 (0.01)a 2.75 (0.02)a 2.76 (0.03)a 3.10 (0.49)a 

ΣTrans isomers C18:1 0.17 (0.06)a 0.20 (0.02)a 0.25 (0.03)a 0.88 (0.64)a 

Oleic Ac C18:1 68.72 (0.06)a 68.84 (0.04)a 68.70 (0.19)a 70.36 (1.59)a 

c-Vaccenic Ac C18:1 2.55 (0.01)a 2.57 (0.01)a 2.57 (0.01)a 2.46 (0.09)a 

t-Linoleic Ac C18:2Δ9t.12t 0.01 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 0.02 (0.00)b 

c-t Linoleic Ac C18:2Δ9c.12t 0.24 (0.01)a 0.24 (0.01)a 0.24 (0.00)a 0.25 (0.04)a 

t-c Linoleic Ac C18:2Δ9t.12c 0.05 (0.00)a 0.05 (0.00)a 0.05 (0.00)a 0.09 (0.04)a 

Linoleic Ac C18:2Δ9c.12c 9.31 (0.02)b 9.36 (0.07)b 9.41 (0.14)b 8.63 (0.27)a 

Arachidic Ac C20:0 0.42 (0.00)a 0.42 (0.00)a 0.45 (0.00)a 0.43 (0.03)a 

γ-Linolenic Ac C18:3 0.03 (0.00)a 0.03 (0.00)a 0.03 (0.00)a 0.03 (0.00)a 

Eicosenoic Ac C20:1 0.23 (0.00)b 0.23 (0.00)b 0.22 (0.02)b 0.00 (0.00)a 

α-Linolenic Ac C18:3 0.66 (0.01)a 0.67 (0.02)a 0.67 (0.02)a 0.90 (0.04)b 

Eicosadienoic Ac C20:2 0.13 (0.06)ab 0.13 (0.06)ab 0.15 (0.01)b 0.06 (0.01)a 

Behenic Ac C22:0 0.08 (0.01)a 0.08 (0.01)a 0.08 (0.00)a 0.07 (0.05)a 

Brassidic Ac C20:1Δ13t 0.03 (0.00) ND ND ND 

Erucic Ac C22:1 0.02 (0.00) ND ND ND 

Eicosatrienoic Ac C20:3 ND ND ND ND 

Arachidonic Ac C20:4 0.51 (0.05)b 0.49 (0.00)b 0.48 (0.01)b 0.00 (0.00)a 

Eicopentanoic Ac C20:5 ND ND ND ND 

Nervonic Ac C24:1 ND ND ND ND 

Docosatrienoic Ac C22:3 ND ND ND ND 

Docosapentaenoic Ac C22:5 w6 ND ND ND ND 

Lignoceric Ac C24:0 ND ND ND ND 

Docosapentaenoic Ac C22:5 w3 ND ND ND ND 

Docosahexaenoic Ac C22:6 ND ND ND ND 

ΣSFA 15.88 (0.01)a 16.02 (0.04)a 16.02 (0.02)a 15.30 (0.87)a 

ΣMUFA 72.61 (0.06)a 72.71 (0.02)a 72.57 (0.14)a 73.82 (1.50)a 

ΣPUFA 10.91 (0.01)b 10.68 (0.03)b 10.74 (0.11)b 9.63 (0.30)a 

ΣN3 0.84 (0.01)b 0.67 (0.02)a 0.67 (0.02)a 0.92 (0.05)b 

ΣN6 9.94 (0.06)b 9.88 (0.07)b 9.92 (0.12)b 8.65 (0.27)a 

N3/N6 11.83 (0.12)b 14.68 (0.45)c 14.78 (0.47)c 9.40 (0.45)a 

PUFA/SFA 0.69 (0.00)a 0.67 (0.00)a 0.67 (0.01)a 0.63 (0.04)a 

PUFA+MUFA/SFA 5.26 (0.01)a 5.21 (0.01)a 5.20 (0.01)a 5.47 (0.40)a 

ΣTrans 0.59 (0.07)a 0.62 (0.02)a 0.67 (0.03)a 1.25 (0.72)a 
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Table A6. Fatty acid profile of butter and olive oil (g of FA/100 g of FA). 

Fatty acid Butter Olive oil 

Caproic Ac C6:0 1.10 (0.73) 0.00 (0.00) 

Caprilic Ac C8:0 1.12 (0.33) 0.00 (0.00) 

Capric Ac C10:0 3.15 (0.64) 0.00 (0.00) 

Lauric Ac C12:0 4.01 (0.52) 0.00 (0.00) 

Myristic Ac C14:0 14.06 (0.89) 0.00 (0.00) 

Palmitic Ac C16:0 39.20 (1.39) 13.59 (0.04) 

t-Palmitoleic Ac C16:1Δ9t 0.37 (0.01) 0.02 (0.00) 

Palmitoleic Ac C16:1 2.31 (0.07) 1.16 (0.03) 

Stearic Ac C18:0 10.04 (0.82) 2.57 (0.01) 

ΣTrans isomers C18:1 1.90 (0.24) 0.20 (0.19) 

Oleic Ac C18:1 19.62 (0.80) 71.98 (0.14) 

c-Vaccenic Ac C18:1 0.63 (0.14) 0.00 (0.00) 

t-Linoleic Ac C18:2Δ9t.12t 0.10 (0.06) 0.00 (0.00) 

c-t Linoleic Ac C18:2Δ9c.12t 0.51 (0.04) 0.24 (0.00) 

t-c Linoleic Ac C18:2Δ9t.12c 0.21 (0.08) 0.00 (0.00) 

Linoleic Ac C18:2Δ9c.12c 1.59 (0.03) 7.85 (0.08) 

Arachidic Ac C20:0 0.17 (0.02) 0.42 (0.00) 

γ-Linolenic Ac C18:3 0.04 (0.00) 0.00 (0.00) 

Eicosenoic Ac C20:1 0.09 (0.02) 0.21 (0.00) 

α-Linolenic Ac C18:3 0.50 (0.04) 0.67 (0.03) 

Eicosadienoic Ac C20:2 0.00 (0.00) 0.17 (0.07) 

Behenic Ac C22:0 0.00 (0.00) 0.06 (0.00) 

Brassidic Ac C20:1Δ13t 0.00 (0.00) 0.00 (0.00) 

Erucic Ac C22:1 0.00 (0.00) 0.00 (0.00) 

Eicosatrienoic Ac C20:3 0.00 (0.00) 0.00 (0.00) 

Arachidonic Ac C20:4 0.00 (0.00) 0.50 (0.05) 

Eicopentanoic Ac C20:5 0.00 (0.00) 0.00 (0.00) 

Nervonic Ac C24:1 0.00 (0.00) 0.00 (0.00) 

Docosatrienoic Ac C22:3 0.00 (0.00) 0.00 (0.00) 

Docosapentaenoic Ac C22:5 w6 0.00 (0.00) 0.00 (0.00) 

Lignoceric Ac C24:0 0.00 (0.00) 0.00 (0.00) 

Docosapentaenoic Ac C22:5 w3 0.00 (0.00) 0.00 (0.00) 

Docosahexaenoic Ac C22:6 0.00 (0.00) 0.00 (0.00) 

ΣSFA 71.75 (1.10) 16.96 (0.04) 

ΣMUFA 23.74 (1.47) 73.46 (0.21) 

ΣPUFA 2.13 (0.06) 9.12 (0.06) 

ΣN3 0.50 (0.04) 0.47 (0.23) 

ΣN6 1.63 (0.03) 0.67 (0.03) 

N3/N6 3.29 (0.27) 8.30 (0.12) 

PUFA/SFA 0.03 (0.00) 12.45 (0.36) 

PUFA+MUFA/SFA 0.36 (0.039 0.54 (0.00) 

ΣTrans 3.09 (0.23) 4.87 (0.03) 
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Table A7. Sugar and fiber content of cookies. 

 Fiber 

(%) 

Sugars (%) 

 

Fructose Galactose Glucose Lactose Maltose Sacharose 
Total 

sugar 

Reducing 

Sugars 

Control 1.70 0.15 <0.1 0.15 0.28 <0.1 23.70 24.30 0.57 

Control + BHA 1.00 0.24 <0.1 0.27 0.22 <0.1 23.60 24.30 0.72 

Reformulated  2.60 0.14 <0.1 0.18 <0.1 0.19 30.20 30.70 0.50 

Reformulated + BHA 2.70 <0.1 <0.1 <0.1 <0.1 0.29 29.40 29.70 0.29 
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Olive and echium oil gelled emulsions: simulated effect of processing temperature, 

gelling agent and in vitro gastrointestinal digestion on oxidation and bioactive 

compounds. 
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Abstract 

The impact and relative relevance of in vitro gastrointestinal digestion, processing 

temperature (room temperature or 180ºC), and gelling agent (GA) (carrageenan and 

alginate) on the bioactive compounds and oxidation status of olive and echium oils 

gelled formulations with 40% lipid incorporation was assessed. In vitro digestion was 

not affected by the GA, with >90% lipolysis in all formulations, but was the most 

relevant variable, promoting oxidation (MDA) regardless of the oil type, GA or 

temperature applied. Tocopherols and phenolic decreased with digestion, which could 

be interpreted as a protective response to pro-oxidative conditions during digestion. 

Temperature decreased olive oil phenolics. Gelification of echium oil using alginate 

reduced secondary oxidation products formation in comparison with carrageenan, with 

oxidation degrees after digestion equivalent to those shown with olive oil. The use of 

alginate with olive oil resulted in the most stable formulations, although not protecting 

its minor bioactive compounds from thermal degradation. 

Objective 5 

To evaluate the effect of in vitro digestion on the bioaccessibility of bioactive 

compounds present in the developed ingredients and products (cookies). 



 

 



Results – Chapter 7 159 

 

 
 

Title:  Olive and echium oil gelled emulsions: simulated effect of processing temperature, 

gelling agent and in vitro gastrointestinal digestion on oxidation and bioactive compounds. 

Authors: Gutiérrez-Luna, Katherine
a
., Ansorena, Diana*

a
., Cruz, Rebeca

b
., Astiasarán, 

Iciar
a
., Casal, Susana

b
 

Affiliations: 

a
Department of Nutrition, Food Science and Physiology, Faculty of Pharmacy and Nutrition - 

University of Navarra. 

Postal address: C/Irunlarrea s/n 31008 Pamplona, Spain. 

b
Laboratório de Bromatologia e Hidrologia, Faculdade de Farmácia - Universidade do Porto, 

Porto, Portugal 

*Corresponding author.; Tel.: +34-9-4842-5600 (ext. 806263) dansorena@unav.es (Diana 

Ansorena), kgutierrez@alumni.unav.es (Katherine Gutiérrez-Luna.); sucasal@ff.up.pt 

(Susana Casal), iastiasa@unav.es (Iciar Astiasarán.), rcruz@ff.up.pt (Rebeca Cruz). 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:kgutierrez@alumni.unav.es
mailto:sucasal@ff.up.pt
mailto:iastiasa@unav.es
mailto:rcruz@ff.up.pt


Results – Chapter 7 160 

 

 
 

Abstract 

The impact and relative relevance of in vitro gastrointestinal digestion, processing 

temperature (room temperature or 180ºC), and gelling agent (GA) (carrageenan and alginate) 

on the bioactive compounds and oxidation status of olive and echium oils gelled formulations 

with 40% lipid incorporation was assessed. In vitro digestion was not affected by the GA, 

with >90% lipolysis in all formulations, but was the most relevant variable, promoting 

oxidation (MDA) regardless of the oil type, GA or temperature applied. Tocopherols and 

phenolic decreased with digestion, which could be interpreted as a protective response to pro-

oxidative conditions during digestion. Temperature decreased olive oil phenolics. 

Gelification of echium oil using alginate reduced secondary oxidation products formation in 

comparison with carrageenan, with oxidation degrees after digestion equivalent to those 

shown with olive oil. The use of alginate with olive oil resulted in the most stable 

formulations, although not protecting its minor bioactive compounds from thermal 

degradation. 

Keywords: in vitro digestion, echium oil, olive oil, gelled emulsion, delivery system 
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1. Introduction 

Fat replacers are being developed using different technological approaches such as 

microemulsions, gelled emulsions, oleogels, hydrogels, nanoparticles, among others, aiming 

not just to mimic fat technological properties and decrease their caloric impact on food 

products, but also to deliver bioactive compounds (Gayoso et al., 2017; Muñoz-González, 

Ruiz-Capillas, Salvador, & Herrero, 2021). Vegetable oils are one of the main ingredients to 

these delivery systems, as they bring a wide range of possibilities referring to fatty acid 

composition, phytosterols, tocopherols and phenolic compounds (Dubois et al., 2007; 

Zarrouk et al., 2019; Prasad et al., 2021). Evidence suggests that delivering vegetable oils and 

bioactive compounds by structured systems can not only preserve their function but also 

improve their stability and bioavailability (Dong, Wei, & Xue, 2021; Gayoso, Ansorena, & 

Astiasarán, 2019). Additionally, recent studies showed that the application of these 

vehiculation systems in foodstuff has a promising future in the food industry due to their 

technological versatility and positive consumer response (Gutiérrez-Luna, Ansorena, & 

Astiasarán, 2022b). Therefore, there is an increased interest on the stability and fate of the 

lipid bioactives present in fat replacers or alternative fat sources during processing and after 

being ingested has increased (Van Hecke & De Smet, 2021). However, only limited 

information is available about the changes that these processes might inflict on bioactive 

compounds and their potential benefits (Salvia-Trujillo et al., 2019; Comunian et al., 2021; 

Mella et al., 2021). 

Gastrointestinal lipid digestion complies a sequence of physicochemical and enzymatic 

events that allows the body to absorb dietary lipids, fat-soluble vitamins and other minor 

compounds that can be present in the food matrix (Bauer, Jakob, & Mosenthin, 2008). 

However, this process also leads to secondary reactions that might negatively affect these 

compounds, namely lipid oxidation (Alberdi-Cedeño, Ibargoitia, & Guillén, 2020), due to the 

complexity of the pro-oxidative environment that includes mechanical (chewing, tongue 

movement and muscle relaxation and contraction) and chemical contributors (pH, ionic 

strength, enzymes, proteins) (Gayoso et al., 2019; Mao & Miao, 2015). Among the most 

common lipid oxidation markers, presence of 4-hydroxy-2-hexenal, 4-hydroxy-2-nonenal and 

malondialdehyde (MDA) can be highlighted (Hecke, Goethals, Vossen, & Smet, 2019) being 

the later one of the most abundant aldehydes generated during secondary lipid oxidation 

(Barriuso, Astiasarán, & Ansorena, 2013). Therefore, it is of great interest to assess the 
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products derived from these reactions, especially when they might interfere in the 

bioavailability of the ingested compounds.  

As different structures and formulations are used in emulsified lipids, their behavior during 

heating and digestion will differ as well. In this sense, studying different fatty acid 

arrangements, gelling agents and heat treatments could give a glimpse of the benefits or 

disadvantages of their use and combination for the delivery of bioactive lipidic compounds 

(Comunian et al., 2021). Extra virgin olive oil (Olea europea L.) (O), a well-known 

monounsaturated vegetable oil and a key ingredient of the Mediterranean diet and Echium oil 

(Echium plantagineum L.) (E), an excellent source of omega-3 fatty acids, have great 

potential to be incorporated into fat replacers due to their health-related properties 

(Minkowski et al., 2010; Comunian et al., 2016; Gutiérrez-Luna et al., 2022; Alongi et al., 

2022). However, gelling agents (GAs) can strongly interfere in lipid digestion, as they can 

affect oil droplet size and stability of the system or perform differently with pH changes in 

each phase of digestion (Tan, Zhang, Muriel Mundo, & McClements, 2020). In this sense, 

alginate (A) and carrageenan (C) are two algae polysaccharides often used for the 

development of structured food ingredients (Alejandre, Ansorena, Calvo, Cavero, & 

Astiasarán, 2019; Gutiérrez-Luna et al., 2022b) and their use in combination with vegetable 

oils offers the alternative to study the possible advantages of algae-based delivery systems. In 

fact, a previous paper optimized gelled emulsions using different hydrocolloids in 

combination with O or E, aiming to behave as butter replacers (Gutiérrez-Luna et al., 2022b), 

with promising results for alginate and carrageenan. However, the in vitro digestibility of 

bioactive compounds in all vegetable/algae origin delivery systems has not been explored 

enough yet (Comunian et al., 2021). Emulsion breakdown and lipolysis during digestion 

depends, among other factors, on the structuring agent, surfactants of choice and the effect of 

the matrix (Guo, Ye, Bellissimo, Singh, & Rousseau, 2017; Mat, Le Feunteun, Michon, & 

Souchon, 2016). Additionally, considering that the food matrices where these ingredients 

would be incorporated might be subjected to different cooking processes (baking, 

microwaving), the effect of temperature exposure is also an interesting variable to explore. 

The goal of this study was to assess the effect of in vitro gastrointestinal digestion of four 

formulations of gelled emulsions using O or E, and alginate or carrageenan, subjected or not 

to previous heating (180 ºC) on the presence of bioactive compounds and oxidation status of 

the lipids.  



Results – Chapter 7 163 

 

 
 

2. Material and Methods 

2.1.Materials 

Echium oil (E) (Echium plantagineum L.) was kindly donated by NEWmega™ Echium Oil 

De Wit Specialty Oils (De Waal, Tescel, The Netherlands) and was enriched with a mix of 

tocopherols by the manufacturer. Extra virgin olive oil (O) (Olea europaea L.) (Urzante. 

Variety Hojiblanca, Spain) was purchased in a local supermarket. k-Carrageenan (C) was 

obtained from Grama aliment (San Sebastián, Spain) and Alginate (A) as Binder 1.0 (alginate 

and calcium sulphate) from BDF Natural Ingredients (Girona, Spain). Polysorbate 80 (PS80) 

was obtained from Sigma-Aldrich Chemical Co. (MO, USA). α-Amylase from human saliva 

(A1031; 852 U/ mg protein), pepsin from porcine gastric mucosa (P7000; 674 U/mg protein), 

pancreatin from porcine pancreas (P1750; 4 × United States Pharmacopeia specifications), 

lipase from porcine pancreas (L3226; 419 U/mg protein, activity using olive oil substrate) 

and bile extract (B8631) were obtained from Sigma-Aldrich Chemical Co. (MO, USA). The 

standards used for phenolics quantification (tyrosol, hydroxytirosol and syringic acid) were 

from Sigma-Aldrich, while those for fatty acid methyl esters analysis were from Supelco Inc 

(USA). Methanol and acetonitrile were of high-performance liquid chromatography (HPLC) 

grade (Riedel-de Häen, Germany). Heptane, isopropanol, and cyclohexane (all >99% purity), 

were purchased from Carl Roth (Germany). 2-thiobarbituric acid (TBA), trichloroacetic acid 

(TCA), and sodium chloride (99.5% purity) were purchased from Panreac (Barcelona, Spain), 

and the 1,1,3,3-tetramethoxypropane (TEP, >95%) and anhydrous sodium sulphate (Na2SO4, 

analytical grade) from Merck (Germany).  

2.2.Design 

The effect of in vitro digestion over the bioactive compounds present in 4 types of gelled 

emulsion formulations, previously exposed or not to heat treatments simulating standard food 

processing practices was investigated (Figure A1). The formulations used were previously 

optimized by our group (Gutiérrez-Luna et al., 2022b) and consisted oil-in-water emulsions 

prepared with 40% oil (olive oil or echium oil), 1.20% alginate or 0.75% carrageenan, 0.12% 

PS80, as detailed below. Samples were produced in three independent replicates, for each oil 

/ gelling agent / thermal treatment combination / digestion with a total of 48 samples (2 oils × 

2 gelling agents × 2 temperatures × digestion/non-digestion × triplicate).  

2.3.Gel preparation 
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Gelled emulsions containing alginate were prepared as follows: the oil phase (40% for both 

formulations) containing the hydrophobic surfactant (0.12% Polysorbate 80) was added to the 

aqueous phase (water) and homogenized during 1-2 min (16000 rpm, Ultra-Turrax® 

T25basic). Once the two phases were unified, alginate was added (1.20%) and blended until a 

homogeneous mixture was achieved (2 min approx.). For those formulated with carrageenan, 

the method described by Poyato, Ansorena, Berasategi, Navarro-Blasco, & Astiasarán (2014) 

was followed. In this case, the oil phase containing the hydrophobic surfactant was added to 

the aqueous phase that included 0.75% of C and homogenized. Both phases were previously 

heated separately to 70°C. After homogenization (3 min), the emulsions were cooled to room 

temperature, allowing the carrageenan to polymerize. All the gels were kept overnight under 

refrigeration (4ºC) before heat treatment. 

2.4.Heat treatments 

The stability of samples was evaluated at two different temperatures: room temperature (RT) 

(24 ± 1ºC) or 180ºC (common temperature for baking processes). The time of exposition to 

these temperatures was 28 min, according to the baking conditions reported by Gutiérrez-

Luna et al., (2020). After heating treatments, samples were kept frozen (-20ºC) until analysis.  

2.5.In vitro digestion 

The in vitro digestion model for each type of gelled emulsion included three steps (oral, 

gastric and intestinal digestion) and it was based on the procedure described by Gayoso et al., 

(2016) including modifications following the Infogest method (Brodkorb et al., 2019). 

Briefly, 2.5 g of gelled emulsion were mixed with 20 mL of distilled water in a Falcon tube 

and homogenized for 5 s with an Ultra-Turrax® (T25 basic). Tubes were then warmed at 

37°C (water bath) to initiate the simulated oral digestion. Then, 625 μL of α-amylase (1.3 

mg/mL solution in 1 mM CaCl2) was added. The pH was adjusted to 6.5 with 1 M NaHCO3 

and the samples were incubated in a water bath at 37°C for 2 min with magnetic stirring to 

complete the oral step. For the gastric digestion, on the same tubes, 825 μL of pepsin (160 

mg/mL solution in 0.1 M HCl) was added, pH was adjusted to 2.5 with 3M HCl and the 

incubation time was 2 h at 37°C. In the simulated intestinal phase, 5 mL of pancreatin-bile-

lipase extract (4 mg of pancreatin + 25 mg of bile extract mL/solution in 0.1 M NaHCO3) 

were added to the gastric mixture. The digestion continued for another 2 h at 37°C after 

adjusting the pH to 7.5 with 1 M or 0.1 M NaHCO3. After intestinal digestion, samples were 
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immediately frozen and kept at -20ºC until analysis. Samples were defrosted under 

refrigeration and subsequently centrifuged (10000 g, 4°C for 5 min, Eppendorf centrifuge 

5810R) to separate the micellar fraction (upper phase of digesta that represents the 

bioaccessible fraction (Gayoso et al., 2019)) and the residual fractions for analysis.  

Blanks with added enzymes and reagents in the absence of sample were run in parallel to 

ascertain the background contributions caused by the chemical environment in the assay. 

All samples analyzed correspond to the intestinal phase. 

2.6.Tyrosol and Hydroxytyrosol analysis  

2.6.1. Extraction 

Polyphenol extraction protocols for non-digested and digested samples were based on 

Romero & Brenes (2012) and Bellumori et al., (2019) fitted to the characteristics of the 

samples and are described below. Chromatographic conditions were the same for both types 

of samples.  

For non-digested samples, one gram of gelled emulsion or 400 mg of the oils was weighed 

into a 10 mL Falcon, followed by 40 µL of internal standard (IS) [0.15 mg/mL Syringic acid 

in MeOH/H2O] and 2.5 mL HCl 2M (MeOH:H2O, 80:20) for direct aglycon hydrolysis. 

Tubes were vortexed for 30 s and kept under continuous agitation at 25ºC for 6 h. After this 

period, 2.5 mL ACN:H2O (50:50 v/v) were added followed by 30 s vortexing. A 2 mL 

portion of the mixture was transferred to a micro tube and centrifuged for 10 min at 16000 g. 

The upper phase was transferred to a 10 mL Falcon tube and deffated with 2 mL of hexane. 

Tubes were further vortexed and centrifuged for 3 min at 2000 g, the upper phase was 

rejected and the remaining lower hydroalcoholic phase was filtered (disposable filter PVDF 

0.22 µm), and concentrated under N2 flow to 200 µL prior to injection. 

When processing digested samples, two milliliters of digested sample were measured in a 10 

mL Falcon tube plus 250 μL of internal standard (0.15 mg/mL Syringic acid in MeOH/H2O) 

and 5 mL MeOH/H20 (80:20). Tubes were vortexed for 1 min and sonicated (ultrasound bath) 

for 15 min at room temperature. Afterwards, samples were centrifuged at 2800 g for 25 min. 

Supernatant was collected and transferred to a new tube for a second centrifugation step at 

16000 g for 5 min. In a 4 mL vial, 300 μL of hydroalcoholic extract (supernatant) was mixed 

with 300 μL of H2SO4 1M and left for 2 h at 80⁰C. Then, 400 μL H2O was added and the 
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mixture was transferred to a 1.5 mL microtube for centrifugation at 16000 g for 5 min. The 

clear upper phase was transferred to a vial for analysis. 

2.6.2. Chromatographic conditions 

Hydroxytyrosol (HTyr) and tyrosol (Tyr) were analyzed by HPLC-PDA (Jasco, Japan), in a 

Jasco system equipped with two integrated pumps (PU–4180), an auto-sampler (AS–4150), a 

column oven (ECOM Eco2000, Czech Republic), and a photodiode array detector (Jasco 

MD—4010, Japan). Separation was accomplished on a C18 column (Gemini® 5 µm NX-C18 

110 Å, 150 x 4.6 mm, Phenomenex, USA) using an eluent gradient of water and acetonitrile, 

both with 0.1% of formic acid at a flow rate of 1 mL/min. Quantification was performed at 

280 nm based on individual calibration curves of HTyr and Tyr standards and the results 

expressed as mg/kg of oil. 

2.7.Lipid extraction for further chromatographic analyses 

Lipid extraction followed the Bligh & Dyer (1959) method, with modifications. Samples (oil, 

gelled formulations and digested samples, with an estimated fat content of approx. 45 mg) 

were weighted/measured in a 10 mL tube. A solution of NaCl 1% (H2O) was added up to 1.5 

mL, followed by 1.5 mL of chloroform, 2 mg TriC11:0 [triundecanoin, from a 10 mg/mL 

solution in Chloroform] (IS for Fatty acids), 15 μg Tocol [from a 1 mg/mL solution in 

Hexane] (IS for Vit E), 50 μL butylhydroxytoluene (BHT) (1% in MeOH) and “a spatulatip” 

of ascorbic acid. Then, 3 mL of methanol (MeOH) was added and vortexed. Finally, 1.5 mL 

of chloroform and 1.5 mL of NaCl 1% (H2O) were added and the mixture was vortexed and 

centrifuged for 10 min at 3000 g. The aqueous phase was transferred to a new tube, while the 

organic phase (lower phase) was reserved. The aqueous phase was treated by lowering the pH 

(<1.5) with HCl 3M (450 μL) and further extracted with 3 mL of chloroform, vortexed and 

centrifuged under the same conditions. The aqueous phase was removed and both organic 

phases were combined. Anhydrous Na2SO4 was added to remove any remaining water in the 

solution. The organic phase containing the extracted lipids was divided into three portions for 

the analysis of vitamin E, glycerides and fatty acids. They were all dried under gentle N2 flow 

and reconstituted in adequate solvents as detailed below. 

2.8.Tocopherol analysis 

Tocopherols measurements were based on the ISO 9936:2016 standard with the addition of 

tocol as internal standard. Briefly, dried lipid extracts were reconstituted in 1 mL of hexane 
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and transferred to a 1.5 mL micro tube, vortex and centrifuged for 3 min at 16000 g. Samples 

were then transferred to vials for HPLC analysis, using the same Jasco equipment described 

above, with separation on a Luna Silica column (3 μm, 100 × 3.0 mm from Phenomenex, 

USA), with equivalent pre-column, operating at constant room temperature (23°C). The 

eluent was a mixture of n-hexane and 1,4-dioxane (97:3) (v/v) at a flow rate of 0.7 mL/min. 

A fluorescence detector (Jasco FP-2020 Plus) was used, with excitation wavelength at 290 

nm and emission wavelength at 330 nm. The concentrations were expressed as mg/kg of oil 

using calibration curves of alpha-tocopherol. 

2.9.Glycerides analysis 

Dried lipid extracts were diluted in THF (Tetrahydrofuran) to be analyzed by high-

performance size exclusion chromatography (HPSEC) on a Jasco (Japan) HPLC system, 

equipped with a styrene–divinylbenzene copolymer R column (pore size 10 nm; 60 cm × 7 

mm) (Phenomenex, Spain) and refractive index (RI) detection (Gilson, USA), using 

tetrahydrofuran as eluent (ISO 18395:2005). Results were expressed as % of total area. 

2.10. Fatty acids analysis 

Fatty acid profile was determined by gas chromatography (GC-FID) after acid 

transesterification. Lipid extracts were reconstituted in 0.5 mL of toluene and 1 mL of 

sulfuric acid 2% (MeOH) was added, vortex and placed (sealed) overnight (15 h) at 50ºC. 

Samples were cooled to room temperature and 1 mL of neutralizing solution (NaHCO3 and 

K2CO3 in H2O) and 1 mL of hexane were added. Vial was homogenized and centrifuged for 5 

min at 100 g. Upper phase (hexane) was transferred to a 2 mL vial for analysis. Results are 

expressed as ratios of areas of individual fatty acids to the area of IS in g/100 g of fatty acid 

methyl ester, calculated by internal normalization of the chromatographic peak areas. A 

mixture of fatty acid methyl esters (Supelco 37 FAME Mix) was used for identification 

purposes and TriC11:0 (triundecanoin) for quantification (Sigma, Spain). 

2.11. Malondialdehyde (MDA) analysis 

TBARs (thiobarbituric acid reactive substances) measurement in all samples, quantified as 

free MDA equivalents, was performed following the method described by Sobral, Casal, 

Faria, Cunha, & Ferreira (2020) with modifications. 150 mg of gelled emulsions or 400 μL of 

digested, standard or blank were measured and completed to 1mL with trichloroacetic acid 
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(TCA) at 7.5% for protein precipitation. 40 μL of BHT (4.5%); a lipophilic antioxidant, were 

added to avoid further oxidation during the experiment. Samples were centrifuged at 2800 g 

for 5 min. 500 μL of supernatant were transferred to a new micro tube and 500 μL of 

thiobarbituric acid (TBA) (40 mM) were added. Samples were stored overnight (24 h) in 

darkness at room temperature to help the reaction. Absorbance was read at 532 nm. MDA 

quantification was made using a standard curve with triethyl phosphate (TEP) (0.1-12.8 µmol 

dissolved in TCA 7.5%) and results were expressed as nmol/g of emulsion. Experiments were 

performed in duplicate and readings in triplicate. 

2.12. Statistical analysis  

Analysis was done using STATA/IC 12.1 program (StataCorp LP, TX, USA). One-way 

analysis of variance (ANOVA) was performed to evaluate statistical significance (p ≤ 0.05) 

among formulations or treatments. Multiple comparisons of means were done by the 

Bonferroni post-hoc procedure to evaluate significance (p ≤ 0.05) among formulations and 

treatments. Student t-test was used to compare the formulations before and after digestion. 

Values reported are the mean and standard deviations of all replicates. The influence of each 

variable (oil type, gelling agent, temperature and digestion) on MDA and tocopherols was 

studied by multiple regression analysis.  

3. Results and Discussion 

3.1.Lipolysis and lipid profile 

As shown in Figure 1, a high degree of hydrolysis was achieved after in vitro digestion on all 

formulations tested, so it can be assumed that the polymers used did not represent a barrier 

for gastric lipase activity. Free fatty acids (FFAs) were the main products of lipolysis after the 

digestion process, accounting for 62 to 83% of the total glyceride profile, being the highest 

completeness verified in E gelled samples. Also, independently from the oil phase used and 

heat treatment (RT or 180ºC), those gelled emulsions with carrageenan had higher content of 

FFAs than their counterparts formulated with alginate (on average 73%, 68%, 82% and 79% 

for OC, OA, EC and EA respectively). Triglycerides percentage dropped from 91-94 % to 

~0% in E gelled emulsions and OC gelled emulsions. Formulations with OA presented a 

lower rate of lipolysis as ~10% of triglycerides were still quantified after the digestion 

process. Di- and monoglycerides were <9% and <17% respectively, while the unknown 

fraction was no higher than 3.5%.  
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Alginate and carrageenan are considered indigestible as they are not significantly degraded 

by low gastric pH or microflora in the gastrointestinal tract, therefore not being substantially 

absorbed or metabolized (Corstens, Berton-Carabin, Schroën, Viau, & Meynier, 2018). 

Various studies using alginate had reported that this polymer had little influence on the rate 

and extent of lipid digestion when present at relatively low levels (0.1 and 0.2 wt%), but 

greatly retarded lipid digestion when the concentration slightly increased (0.4 wt%) (Qin, 

Yang, Gao, Yao, & McClements, 2016). This effect had been associated with the ability of 

the polymer to bind calcium strongly (from enzymes and salts) and to be resistant to digestion 

in the stomach and small intestine (Hu, Li, Decker, & McClements, 2010). In this sense, the 

polymer might trap the lipid droplets in a highly viscous calcium-alginate gel that slows 

down mixing and reduces enzyme access to lipid droplet surfaces during intestinal digestion, 

resulting in lipase activity inhibition (Li, Hu, Du, & McClements, 2011). However, in our 

results, the use of higher concentrations of alginate (1.20%) did not seem to influence the 

lipolysis rate when used with Echium oil, and only to a very reduced extent with olive oil 

(~90%). Since the same reduction in the lipolysis was not observed with alginate, the GA 

might be the main responsible for this effect, and therefore the gel structure formed with 

alginate managed to retard the action of enzymes, probably by hindering their accessibility. 

The chemical nature of triacylglycerols, with a prevalence of polyunsaturated fatty acids in 

echium oil against monounsaturated in olive oil, together with the action of the GA might 

impose a higher degree of triglycerides structural fitting in olive oil, making them less 

available to enzymes. The importance of the positional isomers in triacylglycerols for the 

lipolysis rate is also referenced in the literature (Ji, Shin, Hong, & Lee, 2019). 

Certain variability in the degree of lipolysis after in vitro gastrointestinal digestion of 

emulsion gels have also been reported in the literature. Mella et al. (2021) showed between 

15-47.9% of FFAs released in emulsion gels stabilized by whey protein isolate, prepared 

under different pH conditions and pressures of homogenization, pointing out that this great 

variability was highly influenced by the digestion method, rather than pH or pressure. 

Verkempinck et al., (2018) reported only 4.6% of digested triacylglycerol (TAG) in olive oil 

enriched emulsion gels stabilized by pectin and attributed this low lipolysis degree to a 

possible interaction of the fiber with digestive components, slowing down the TAG 

hydrolysis. Interestingly, a higher hydrolysis degree (72-77%) was obtained when pectin was 

used in combination with other emulsifiers like Tween 80 (PS 80) (Verkempinck et al., 2018) 
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as in our study. These results portray the important role of structuring agents on the efficiency 

of lipid digestion and whether they are fitted to the intended purpose (delivering a certain 

amount of components or retarding lipid digestion as a method to battle obesity) (Mella et al., 

2021).  

It can be hypothesized that lipase action and gastrointestinal environmental conditions can 

induce oxidative and detrimental effects that could be appreciated in the changes observed in 

the lipid fraction before and after digestion. Table 1 and 2 show the most relevant individual 

fatty acids (g/100g fat) and fatty acids sums together with w3/w6 ratio, respectively, for each 

analyzed sample. 

Both studied oils are mostly unsaturated (>70%), being the major fatty acids those of the C18 

series: oleic (18:1) in olive oil and echium oil, and γ- and α-linolenic (18:3), linoleic (18:2) 

and stearidonic (18:4) acid for echium oil (Carlini et al., 2021; Gutiérrez-Luna, Ansorena, & 

Astiasarán, 2022a). 

The undigested samples of gelled emulsions showed reduced quantitative changes among 

formulations, regardless of the type of GA used or the heat treatment applied. The effect of 

digestion however, seemed to be much more relevant in terms of quantitative fatty acid 

profile modifications. A significant decrease in every fraction (SFA, MUFA and PUFA) was 

observed after the digestion process. It can be hypothesized that part of the fat might have 

been affected by oxidative processes and also it could occur that it would have remained in 

the pellet after the digestion affected by separation conditions, meaning that it would pass to 

the colon, where it could be metabolized by microbiota or excreted in feces. The reduction 

was, in every case, higher for SFA than for PUFA, although this last fraction was expected to 

be the most affected one by the potential oxidation process occurring during digestion. Other 

authors have also reported a decrease in the PUFA fraction when digesting bulk oils (Gayoso 

et al., 2019) or some food matrices (chicken meat burgers (Sobral et al., 2020), mushrooms 

(Liu et al., 2021), muscle food from mammals, poultry and fish (Hecke et al., 2019)). 

Regarding the SFA decrease during digestion, this fact has also been reported in algae oil 

delivered by an oil-in-water emulsion or by a gelled emulsion (Gayoso et al., 2019) and in 

digested pork liver pate (Lucas-González, Pérez-Álvarez, Viuda-Martos, & Fernández-López, 

2021). Iriondo-Dehond et al. (2019) analyzing the bioaccessibility of lipids in digested spent 

coffee grounds found that half of the total fat was bioaccessible and half was excreted with 
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the insoluble fraction. These authors also found a significant reduction in the saturated fatty 

acids of the bioaccessible fraction as compared to the non-digested sample.  

3.2 Oxidation  

Oxidation status of the emulsion gels was assessed and quantified as MDA equivalents, in 

order to determine the influence of all studied factors (digestion, oil, GA and temperature) in 

this process (Table 3). Regression analysis applied to these data (Table A1) and the resulting 

equation led to conclude that the in vitro digestion process was the most determinant factor in 

MDA formation, followed by the type of oil and GA used, whereas the temperature applied 

was the less relevant factor. Thus, the in vitro digestion process significantly increased MDA 

formation between 2.8 to 5.7-fold for every type of sample. This high impact on oxidation 

could be expected since the digestion environment complies with all the factors leading to 

oxidation. The in vitro model aims to mimic the conditions undergone during the natural 

gastrointestinal digestion, including the enzymatic activity and pH changes of the three 

phases: oral, gastric and intestinal. In the oral phase, mechanical (simulated mastication) and 

enzymatic activity takes place, as food is mixed with saliva. Once in the gastric phase, 

proteins are significantly hydrolyzed, carbohydrates experiment little breakdown and lipids 

are only partially digested. It is in this phase where further dietary lipid peroxidation and 

destabilization of oil in water emulsions occurs (Gorelik, Ligumsky, Kohen, & Kanner, 2008; 

Guo et al., 2017). However, as oil droplets are often dispersed within complex structures, 

most of them may not be released at all during gastric digestion. Then, in the intestinal phase 

most food macronutrients (both pre-existing emulsified oils or emulsions formed in-situ in 

the duodenum or the stomach) are physically and chemically broken down with the aid of a 

number of enzymes (trypsin, chymotrypsin, pancreatic lipase, colipase, and α-amylase), 

which facilitates their absorption but also contributes to further oxidation. (Guo et al., 2017).  

Of all samples, olive oil gelled emulsions presented the lowest MDA values before digestion 

being significantly higher in those formulated with carrageenan. The higher oxidation in 

echium oil formulations can be naturally attributed to the instability of its polyunsaturated 

fatty acids (70-75%), particularly those with three and four double bonds. The initial heating 

(70ºC) required for the preparation of carrageenan gels could also have contributed to early 

oxidative reactions (Mohanan et al., 2018; Rincón-Cervera et al., 2020), being this increase 

particularly visible in the olive oil formulations when comparing A and C emulsions. 

Previous assessment of long-term oxidative stability in olive and echium oil gelled emulsions 
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revealed the same tendency (Gutiérrez-Luna et al., 2022b), where formulations with olive oil 

and carrageenan showed a statistically significant increase in MDA values after Schaal oven 

test in comparison with alginate, while echium oil gels were at least 5–8 folds higher than 

their olive oil counterparts at 0 h and after 24 h, respectively. When assessing oxidative status 

of gelled olive oil, Alongi et al. (2022) reported that processing conditions, in particular the 

maintenance at relatively high temperatures during oleogels preparation, had a negative 

impact on the initial oxidative status of olive oil. 

An interesting approach to oxidation of the samples under heating and digestion is that it can 

be attenuated by the action of antioxidant bioactive compounds such as tocopherols and 

polyphenols. Thus, the presence of these components was assessed in order to conclude about 

their potential reduction while exerting their protective effect over other compounds such as 

fatty acids. 

3.3 Minor bioactive compounds 

Tocopherols are the major natural antioxidants in vegetable oils, being susceptible to losses 

during processing (temperatures, storage, air exposition) (Cao et al., 2015). Detailed profile 

of tocopherols in gelled samples is presented in Table 4. Tocopherol profile in O undigested 

gel samples ranged between 200-290 mg/kg of oil depending on the type of samples, and 

included α-, β- and γ-tocopherol, with α-tocopherol as the main type. On the other hand, E 

gels tocopherol profile ranged between 1600-2000 mg/kg of oil, and was composed mainly 

by γ-tocopherol, followed by δ-, α- and β-tocopherol. It should be mentioned that echium oil 

was enriched by the manufacturer with a mix of tocopherols and our results are considerably 

higher than those reported by other authors. Nevertheless, the proportions could still be 

compared to those found in the literature. Nogala-Kalucka, Rudzinska, Zadernowski, Siger, 

& Krzyzostaniak  (2010) and Minkowski et al. (2010) reported γ-tocopherol to be between 

77-94% of the total amount of tocopherols in fresh echium oil, which is similar to the % 

observed in our samples before digestion (~70%). 

As resembled in the regression analysis (Table A1), in vitro gastrointestinal digestion 

represented the leading cause for tocopherol decrease. After digestion, tocopherol losses for 

O gelled emulsions varied between 16-36% and for E gelled emulsions were 22-42%. For E 

gels, the reduction was similar for the two GA, confirmed with the regression analysis where 

GA did not represent a relevant factor in the reduction of tocopherol content. However, OA 
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formulations had lower tocopherol contents before digestion than OC ones, with the impact 

of the GA being apparently higher than the one from heating. Since these formulations do not 

require heating as the carrageenan ones, other processing step might induce tocopherol 

degradation, as homogenization, totalizing 4 to 5 minutes of air incorporation, a technological 

step that might worth further studies. However, after digestion, all olive oil formulations 

presented equivalent contents of tocopherol, reducing the significance of the apparent lower 

tocopherol content in alginate formulas. 

Even though the temperature effect was not statistically significant, results showed a reducing 

effect over tocopherols content in all samples, being higher for α-T and γ-T (major 

tocopherols for each type of oil) in O and E gelled emulsions respectively. Alongi, Lucci, 

Clodoveo, Schena, & Calligaris (2022) observed decreases of up to ~36% of α-tocopherol in 

O oleogels with heating requirement of 80 to 140ºC, structured using monoglycerides, rice 

wax, γ-oryzanol, β-sitosterol or ethylcellulose. This loss is significantly higher than our 

results, where α-tocopherol losses after heating at 180ºC were of 6.5% for OA and 17.9% in 

OC on average. This difference could be attributed to the proportions of oil in the 

formulations (oleogels are mainly composed by oil ~90%) and its higher exposure to 

temperatures during the gelation process (Pehlivanoğlu et al., 2018; Alongi et al., 2022).  

Numerous health benefits are attributed to HTyr and Tyr; two of the most studied olive oil 

phenols, for their biological effects on physiological processes acting as antioxidants, 

antiatherogenic, cardioprotective, anticancer, neuroprotective, antidiabetic (EFSA, 2011; 

Marković et al., 2019; Alberdi-Cedeño et al., 2020). Therefore, polyphenol hydrolysis and 

further extraction was applied to O and E samples. Whereas HTyr and Tyr were found in O 

samples (Table 5), those containing E did not show any polyphenolic compounds.  

Due to the extent of oxidation undergone by samples after heat exposure and digestion, a 

certain loss of both phenolic compounds was expected. In fact, data showed a high 

degradation of both HTyr and Tyr. HTyr content was between 15-17 mg/kg of oil in OC and 

OA gels at room temperature, and a highly significant loss was observed in OC 180 gels, with 

a loss of 87%. After digestion, no HTyr could still be detected in the micellar fraction and the 

Tyr contents were residual with both GA, representing less than 2% in all samples. The very 

low amounts of phenolic compounds found in the micellar fractions could be attributed to 

their degradation under digestion conditions (Alberdi-Cedeño et al., 2020). Moreover, the 

possibility of the polyphenols being entrapped in the residual phase, and therefore pass to the 
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large intestine were gut microbiota might obtain through their metabolism other compounds 

with potential beneficial health effects (Mithul-Aravind, Wichienchot, Tsao, Ramakrishnan, 

& Chakkaravarthi, 2021), deserved to be explored.  

Conclusions 

In vitro digestion showed to be the main contributor to O and E gelled emulsions oxidation, 

with higher impact than a short exposure to high temperature. Gelification using C, in 

comparison to A, seemed to have favored the formation of secondary oxidation products, 

especially when C was used in combination with highly polyunsaturated samples. The fatty 

acid profile and amounts (in both, O and E gelled emulsions) were modified by digestion, 

generally decreasing during the process. Tocopherols and phenolic content were also highly 

impacted by the digestion process and by heating, and their reduction could be interpreted as 

a protective response to pro-oxidative conditions. Nevertheless, olive and echium oil gelled 

emulsions formulated with A (1.20%) and C (0.75%) seemed to have great potential as 

delivery systems for unsaturated fatty acids, but further research is needed to understand 

better the behavior of structured oils under different conditions and improve their oxidative 

stability to avoid compromising their health benefits.  
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Table 1. Fatty acids (g/100 g of fat) in gelled emulsion samples before and after in vitro 

digestion. 

Echium oil gelled emulsions 

 
ECRT EC180 EART EA180 

Fatty acids Not digested Digested Not digested Digested Not digested Digested Not digested Digested 

C16:0 6.78 (0.08)b 2.36 (0.25)a 6.82 (0.07)b 2.99 (0.47)a 6.77 (0.05)b 2.59 (0.21)a 6.73 (0.07)b 2.19 (0.05)a 

C16:1 0.15 (0.02)b 0.08 (0.02)a 0.14 (0.01)b 0.08 (0.02)a 0.13 (0.01)b 0.07 (0.02)a 0.12 (0.01)b 0.05 (0.02)a 

C17:0 0.11 (0.00)b 0.04 (0.01)a 0.11 (0.00)b 0.06 (0.01)a 0.13 (0.03)b 0.05 (0.00)a 0.14 (0.04)b 0.04 (0.00)a 

C17:1 0.05 (0.00)c 0.04 (0.00)b 0.05 (0.00)c 0.04 (0.00)b 0.05 (0.00)c 0.03 (0.00)a 0.05 (0.00)c 0.03 (0.00)a 

C18:0 3.81 (0.01)b 1.01 (0.25)a 3.85 (0.04)b 1.58 (0.29)a 3.81 (0.05)b 1.24 (0.10)a 3.80 (0.02)b 1.02 (0.04)a 

C18:1c 15.55 (0.27)c 12.77 (0.63)b 15.54 (0.32)c 12.30 (0.15)b 15.56 (0.33)c 10.60 (0.48)a 15.50 (0.31)c 9.76 (0.24)a 

C18:2c 15.55 (0.34)c 13.07 (0.58)b 15.52 (0.32)c 13.26 (0.41)b 15.57 (0.32)c 11.42 (0.32)a 15.53 (0.33)c 10.71 (0.24)a 

C18:3n6 10.32 (0.20)c 9.00 (0.38)b 10.32 (0.15)c 9.23 (0.23)b 10.33 (0.24)c 8.04 (0.20)a 10.31 (0.15)c 7.56 (0.10)a 

C18:3n3 31.51 (0.23)d 26.44 (0.92)c 31.46 (0.15)d 27.11 (0.31)c 31.55 (0.12)d 23.68 (0.36)b 31.51 (0.11)d 22.42 (0.13)a 

C18:4 13.79 (0.23)c 10.90 (0.32)b 13.56 (0.20)c 11.19 (0.24)b 13.64 (0.26)c 9.80 (0.23)a 13.68 (0.22)c 9.22 (0.17)a 

C20:0 0.16 (0.00)c 0.07 (0.01)b 0.16 (0.00)c 0.08 (0.01)b 0.17 (0.03)c 0.06 (0.00)ab 0.16 (0.01)c 0.05 (0.00)a 

C20:1 nd nd nd nd nd nd nd nd 

Olive oil gelled emulsions 

 

OCRT OC180 OART OA180 

  Not digested Digested Not digested Digested Not digested Digested Not digested Digested 

C16:0 10.30 (0.38)c 5.06 (2.14)ab 10.60 (0.39)c 3.49 (0.21)a 12.49 (0.18)d 6.36 (0.26)b 12.69 (0.26)d 6.36 (0.30)b 

C16:1 1.22 (0.06)c 0.93 (0.10)b 1.23 (0.10)c 0.94 (0.06)b 1.19 (0.10)bc 0.72 (0.07)a 1.15 (0.09)bc 0.79 (0.05)a 

C17:0 0.12 (0.01)b 0.04 (0.03)a 0.10 (0.03)b 0.02 (0.01)a 0.10 (0.03)b 0.05 (0.02)a 0.12 (0.02)b 0.05 (0.02)a 

C17:1 0.18 (0.06)b 0.13 (0.04)ab 0.18 (0.05)b 0.13 (0.04)ab 0.17 (0.05)b 0.10 (0.03)a 0.17 (0.05)b 0.11 (0.03)a 

C18:0 3.08 (0.31)c 1.25 (0.65)ab 3.11 (0.34)c 0.76 (0.07)a 3.25 (0.28)c 1.44 (0.20)b 3.28 (0.30)c 1.42 (0.16)b 

C18:1c 72.06 (0.79)c 55.98 (1.70)b 71.68 (0.93)c 56.22 (0.56)b 70.18 (0.51)c 43.87 (0.44)a 70.16 (0.44)c 45.24 (0.83)a 

C18:2c 8.89 (0.72)c 6.76 (1.03)b 8.86 (0.79)c 6.86 (0.60)b 8.46 (0.82)c 5.24 (0.48)a 8.43 (0.80)c 5.40 (0.50)ab 

C18:3n6 0.01 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 0.00 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 0.01 (0.00)a 0.00 (0.00)a 

C18:3n3 0.75 (0.08)b 0.60 (0.07)b 0.75 (0.07)b 0.59 (0.06)ab 0.73 (0.08)b 0.47 (0.04)a 0.73 (0.07)b 0.47 (0.05)a 

C18:4 nd nd nd nd nd nd nd nd 

C20:0 0.46 (0.03)d 0.21 (0.06)b 0.46 (0.03)d 0.16 (0.01)a 0.46 (0.02)d 0.22 (0.01)b 0.32 (0.23)c 0.22 (0.01)b 

C20:1 0.21 (0.14)b 0.21 (0.00)b 0.30 (0.01)c 0.20 (0.01)b 0.27 (0.01)c 0.16 (0.01)a 0.27 (0.00)c 0.15 (0.01)a 

 

Data correspond to mean value. Standard deviations appear in parentheses for each type of oil. For each 

type of oil, values with different letters within rows are significantly different (p < 0.05) based on post 

hoc Bonferroni test. OC: Olive oil+Carrageenan.. OA: Olive oil+Alginate.. EC: Echium 

oil+Carrageenan.. EA: Echium oil+Alginate.. RT: Room temperature.. 180: Heated to 180ºC. nd: Not 

detected. 
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Table 3. TBARs values (nmol MDA/g of emulsion) for each sample, before and after in 

vitro digestion process. 

  
  

Before 

digestion 

After 

digestion 
p value  

Echium 

Oil 

EC RT 27.7 (2.2)b 133.7 (7.0)b <0.05 

EC 180 32.8 (2.6)c 152.5 (6.5)b <0.05 

EA RT 22.5 (1.8)a 62.0 (4.6)a <0.05 

EA 180 26.4 (2.2)b 74.0 (1.9)a <0.05 

Olive 

oil 

OC RT 13.2 (1.6)b 62.9 (5.5)b <0.05 

OC 180 17.7 (0.7)c 70.7 (3.8)c <0.05 

OA RT 11.2 (0.1)a 55.6 (4.5)a <0.05 

OA 180 11.3 (0.6)a 64.2 (4.5)b <0.05 
Data correspond to mean value. Standard deviations appear in parentheses. For each type of oil, values 

with different letters within columns are significantly different (p < 0.05) based on post hoc Bonferroni 

test. P values lower than 0.05 indicate significant differences between columns, according to student t-

test. OC: Olive oil+Carrageenan. OA: Olive oil+Alginate., EC: Echium oil+Carrageenan. EA: Echium 

oil+Alginate. RT: Room temperature. 180: Heated to 180ºC. 
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Table 5. Total hydroxytyrosol (HTyr) and tyrosol (Tyr) content in EVOO gelled emulsions 

before and after digestion (mg/kg of oil).  

 

  
Before digestion After digestion 

HTyr 

OC RT 18.0 (0.5)c nd 

OC 180 2.3 (0.8)a nd 

OA RT 15.5 (1.4)b nd 

OA 180 11.4 (3.2)b nd 

Tyr 

OC RT 103.3 (17.6)c 2.1 (0.2)a 

OC 180 40.4 (6.8)b 2.6 (0.2)a 

OA RT 120.5 (14.4)d 2.0 (0.2)a 

OA 180 19.0 (7.6)a 2.3 (0.3)a  
Data correspond to mean value. Standard deviations appear in parentheses. Values with different letters within 

rows are significantly different (p < 0.05) based on post hoc Bonferroni test. OC: Olive oil+Carrageenan., OA: 

Olive oil+Alginate., EC: Echium oil+Carrageenan. EA: Echium oil+Alginate.,. RT: Room temperature., 180: 

Heated to 180ºC. nd: Not detected 
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Figure 1. Glyceride distribution (%) before and after digestion. OC: Olive oil+Carrageenan. OA: Olive 

oil+Alginate. EC: Echium oil+Carrageenan. EA: Echium oil+Alginate. RT: Room temperature. 180: Heated to 

180ºC. 
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Supplementary material 

 

Figure A1. Experimental design.  

 

Table A1. Regression analysis 

Compound Regression model R
2
 

Tocopherol 

 

 

α 239.16-(79.64 × X1)-(60.49 × X2)+(0.78 × X3)-(20.32 × X4) 0.53 

β 3.88+(10.13 × X1)-(2.96 × X2)+(0.15 × X3)-(0.96 × X4) 0.71 

γ 165.93+(1056.37 × X1)-(219.46 x X2)+(18.12 × X3)-(72.79 × X4) 0.89 

δ 38.31+(313.36 × X1)-(55.59 × X2)-(3.38 × X3)-(18.57 × X4) 0.81 

MDA -9.01+(28.11 × X1)+(64.11 × X2)+(23 × X3)+(7.59 × X4) 0.82 
X1: Oil type., X2: Digestion status., X3: Gelling agent., X4: Temperature. R

2
 coefficient of determination. 
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As the nutritional quality of processed food gained increasing attention, multiple 

approaches to reduce and replace certain ingredients or fractions have been studied. 

Besides salt and sugar, fat amount, and its quality and origin have been the aim of most 

reformulation strategies.  

Fat consumption is essential for the appropriate function of our body (Golding et al., 

2011) but the excess of certain types of fats is related to several negative health issues 

specially due to the link between saturated (SFAs) and trans fats (TFAs) with 

cardiovascular disease (Fattore & Massa, 2018; D Mozaffarian et al., 2009; Whitworth, 

2018), neurodegenerative disorders (Barnard et al., 2014) and cancer (Nishida & Uauy, 

2009). For these reasons, dietary guidelines suggest a restriction on the intake for 

saturated (≤10% of total energy intake) and trans fats (as low as possible), and 

recommend replacing these fats with cis-monounsaturated and cis-polyunsaturated fat 

sources (EFSA, 2010; Dariush Mozaffarian & Wu, 2011; U.S. Department of Health 

and Human Services & U.S. Department of Agriculture, 2015; WHO, 2018). 

Besides its biological function, fat plays important technological roles in food products 

making it a hard and challenging task to reduce it and/or replace it (Merlino et al., 2022). 

In bakery products, where fat can be as high as 30-40% (artisan biscuits, butter cookies), 

substitution can represent a great impact in the technological and sensory properties of 

the final products.  

In addition to these health and technological aspects, in recent years, concerns about the 

environmental impact of food production have been added. For this reason, the research 

community and the food industry have aimed to explore alternatives to reduce the use of 

ingredients of animal origin, promoting alternative sources of healthier fats and the use 

of by-products that favor circular economy. All included in the sustainable development 

goals of the 2030 Agenda of the United Nations (Asamblea General de las Naciones 

Unidas, 2015). 

Apart from the environmental and healthy aspects, the viability and simplicity of the 

strategies have also been taken into account. There are different strategies to 

reformulate foodstuffs including complex techniques with significant economic impact 

for the processing line, as it could be the elaboration of encapsulated ingredients. In this 
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work more simple technologies have been chosen, including gels and emulsions easy to 

elaborate, that do not imply extra investment for the industry. 

Following the international guidelines for food reformulation, and in the frame of the 

Sustainable development goals of the 2030 Agenda of the United Nations, this work 

aimed to assess the quality of lipid fraction and to propose diverse strategies to reduce 

fat content and to modify the fatty acid profile of bakery products by incorporating 

unsaturated vegetable sources of lipids. Other compounds inherently present in 

vegetable oils were also assessed (tyrosol, hydroxytyrosol, sterols and tocopherols).  

1. Overview of lipid fraction in commercial bakery products  

Among commercially available bakery products, those with high amounts of fat are of 

great interest as possible targets for reformulation. As there is a wide number of 

variations for all products (different manufacturing processes and ingredients), a more 

specific characterization is needed to accurately approach reformulation alternatives.  

In this context, the fatty acid composition of a particularly “high fat product” (20-35% 

total fat content) elaborated industrially or handcrafted was analyzed to assess their 

quality, especially related to TFA content (Chapter 1). 

Industrially made biscuits, as any other industrial product, have a very standardized 

method of elaboration and raw materials (usually of consistent composition, quality, and 

origin), therefore little variation is expected. On the other hand, artisan crafted products 

don't usually follow this description. They can vary in ingredient amounts or substitute 

them for a similar one as a result of seasonal availability or provider (Blundel, 2002; 

Buckley, 2013). 

Results showed that a higher fat content was found in artisan made biscuits (29.46%) 

when compared to their industrial counterparts (26.85%). Also a wide variability in 

fatty acid composition and distribution of SFA, MUFA and PUFA was observed among 

artisan brands, which could be attributed to the use of different sources of fat in each 

production batch. 

Even with all the variation found in artisan brands, a common feature was observed in 

five out of seven brands of biscuits: the SFA fraction was higher than 50% of the total 
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fatty acid composition. The major fatty acid identified in the SFA fraction of samples 

analyzed in this work was palmitic acid, followed by stearic acid, lauric acid and 

myristic acid, as it was also observed in previous studies including biscuits and other 

bakery products (Ansorena et al., 2013; Caponio et al., 2006; Da Silva Lima et al., 2015; 

Kandhro et al., 2008; Santos et al., 2015). The presence of these fatty acids suggested 

the use of palm-based fats and oils (Caponio et al., 2006). 

A remarkable finding of this work was referred to the TFA content of industrial and 

artisan biscuits. Artisan brands showed, in general, higher values than industrial brands, 

with means ranging from 0.62 to 0.83 g/100 g of total fat and from 0.99 to 3.50 g/100 g 

of total fat, for industrial and artisan samples respectively. None of the industrial 

samples included in this study exceeded the maximum limit stablished by the regulation 

of 2% of trans fats/total fat. However, artisan brands TFA values showed high 

variability among brands and two of them presented a mean content higher than 2% 

(AECOSAN, 2015), including one brand that exceeded 4%. 

Even with stablished regulations and more standardized manufacturing processes, great 

variability is found among the same category of products and showcases the need to 

implement strategies to improve their quality.  

2. Reformulation strategies 

Several strategies have been explored to approach the issues related to the quality and 

amount of fat in food products. Chapter 2 dives into recent scientific evidence of the 

current alternatives, including simple steps such as changing the source of fat for 

healthier ones, and more complex ones that include the design of new functional 

ingredients that, besides mimicking fat, introduce other valuable nutrients and bioactive 

compounds to the food products.  

Vegetable oils are the main ingredient when formulating fat substitutes and will 

determine the fatty acid composition of the ingredient, playing an important role in the 

oxidative stability of it (Chapters 3 & 4). Additionally, the selection of structuring 

agents is an important variable since, it can also affect the quality and functionality of 

the fat substitute (Chaves et al., 2018).  
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Among the structured oils/fat proposed as fat replacers are hydrogels (Chapter 2), 

emulsion gels (Chapters 2, 4, 6 & 7) and oleogeles, formulated using a variety of 

sources of lipids and different types of structuring agents (fibers, gums, waxes, proteins, 

mucilages). Every fat replacer can perform differently (nutritionally and technologically) 

depending on its composition, % of use (substitution), gelling agent used and the matrix 

in which it is incorporated. 

Although reformulation strategies have many positive aspects (easy to implement, wide 

variety of ingredients, versatile applications), implementing these alternatives represent 

a challenge when it comes to maintain desirable technological and sensory properties, 

which tend to deteriorate with fat replacement above 65% (Psimouli & Oreopoulou, 

2013). Nutritionally, the use of structured oils and gel-like emulsions has been used to 

successfully replace fat and produce healthier, good quality baked products. Chapters 5 

and 6 address some of these issues in two different reformulated food products.  

3. Vegetable oils characterization 

Commonly used fats in the bakery manufacturing process are characterized by their 

semisolid state at room temperature due to their elevated content of saturated fatty acids. 

Among these fats are butter, margarine, lard, shortening, palm oil, etc (Merlino et al., 

2022). 

As an alternative to these fat sources, the use of vegetable oils has been of growing 

interest to the scientific community and the food industry owing to the variety and 

versatility that they offer (Green & Wang, 2020; Z. S. Zhang et al., 2020). In this sense, 

Chapter 3 covers the study of saponifiable and unsaponifiable fraction of five 

conventional and non-conventional vegetable oils: extra virgin olive oil, flaxseed oil, 

hempseed oil, moringa oil and echium oil.  

Probably the best known of the oils is extra virgin olive oil, as it is the base of the 

Mediterranean diet and valued for being rich in monounsaturated fatty acids (~70% 

oleic acid). Another well-known oil is linseed or flaxseed oil and is one of the main 

sources of omega-3 fatty acids from vegetables (Berto et al., 2020).  

Non-conventional oils, from which there is less information available about their 

properties, fatty acids and minor components, such as echium oil, hempseed oil and 
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moringa oil have showed promising results for future applications in the food industry. 

The oils included in this work are those obtained from Echium (Echium plantagineum 

L.), Hempseed (Cannabis sativa L.) and Moringa (Moringa oleifera L.) (Chapter 3). 

Saponifiable fraction 

The analysis of the FA profile revealed that the five oils presented a similar percentage 

of unsaturated fraction (72–74%), being polyunsaturated fatty acids (PUFA) the major 

one in echium oil, hempseed oil, and linseed oil, whereas MUFA was the major one in 

moringa oil and extra virgin olive oil. Regarding the PUFA-rich oils, SFA fraction was 

lower (p < 0.05) for linseed oil, and MUFA fraction was lower (p < 0.05) in hempseed 

oil as compared to the others, whereas no statistically significant differences were 

noticed for the PUFA fraction among them. Nevertheless, certain particular features can 

be highlighted for each oil.  

For linseed oil and hempseed oil, their high quality fatty acid profile comes especially 

from the concentration of α-linolenic acid (56.42 and 15.77 g/100 g oil, respectively) 

and linoleic acid (57.35 and 16.89 g/100 g oil, respectively), which have demonstrated 

positive health benefits, including lipid metabolism and cardiovascular health (Hammad 

et al., 2016; Montserrat-De La Paz et al., 2014; Tvrzicka et al., 2011). 

Echium oil was characterized by the presence of stearidonic acid (12.09 g/100 g oil), a 

fatty acid commonly found in the seeds and leaves of the boragenase plant family (e.g. 

echium, borage, corn gromwell, evening primrose, and blackcurrant) (Guil-Guerrero, 

2007; Walker et al., 2013). Stearidonic acid is the metabolic intermediate between α-

linolenic acid and EPA or DHA, and interestingly, it has been observed that it displays 

similar biological functions as EPA and DHA (Y. Li et al., 2017). Additionally, the 

concentration of α-linolenic acid was 32.82 g/100 g oil, higher than that in hempseed oil. 

Moringa oil presented a quite similar saponifiable fraction to extra virgin olive oil. 

Results showed that both oils had comparable amounts of oleic acid (72.08 and 70.22 

g/100 g oil, respectively). However, some differences were distinguished in the SFA 

and PUFA fraction. Whereas higher palmitic acid was observed in extra virgin olive oil 

as compared to moringa oil, moringa oil showed significantly higher values for stearic, 

arachidic, eicosenoic and, above all, behenic acid. The fatty acid distribution presented 
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in this study was comparable with the results obtained by Ayerza(h) (2019), who 

studied the oil extracted from moringa seeds from three different locations in Ecuador. 

Extra virgin olive oil fatty acids composition has been extensively studied and our 

results are comparable to the literature (Berasategi et al., 2012; Kyçyk et al., 2016; 

Maestri et al., 2019), even though great variation among varieties, manipulation, and 

storage conditions of this oil can be expected.  

Unsaponifiable fraction 

The characterization of the unsaponifiable fraction of all oils showed the presence of 

sterols and, additionally, in MUFA rich oils squalene was also noticed.  

All identified plant sterols, except for cycloartenol, were 4-desmethylsterols 

(campesterol, stigmasterol, sitosterol, Δ5 and Δ7-avenasterol), to which efficient 

cholesterol lowering capacity has been widely described. As regards to cycloartenol, it 

is a 4,4-dimethylsterol, that has been recently associated to anticancer, anti-

inflammatory and antinociceptive activities (T. Zhang, Xie, et al., 2020). 

Sterol content of the three PUFA-rich oils ranged between 360 and 516 mg/100 g oil, all 

of them were phytosterols, except traces of cholesterol identified in linseed oil. 

However, statistically significant differences in the quantitative distribution of the 

individual compounds were observed, hempseed oil being the one with the lowest value.  

Sterol profile in echium oil was characterized by the highest content of campesterol 

among the studied oils (170.62 mg/100 g oil), accounting for a 34% of total sterols. 

Important amounts of sitosterol (153.41 mg/100 g oil) and Δ5-avenasterol (73.55 mg) 

were also found. Our results are comparable to those reported by Carlini et al., (2021), 

Rincón-Cervera et al., (2020) and Nogala-Kalucka et al., (2010), where they also 

identified campesterol as the most abundant sterol in echium oil. This is a rather unusual 

finding, as sitosterol is normally the largest sterol in seed oils (Fernández-Cuesta et al., 

2012; Zarrouk et al., 2019; T. Zhang, Wang, et al., 2020).  

In hempseed oil, sitosterol was the major component comprising up to 76% of the total 

sterol content, higher than that found in echium oil and linseed oil, where it represented 

just a third of their sterol concentration. The rest of hempseed oil sterol’s profile was 

composed by campesterol, Δ5-avenasterol, cycloartenol, and <5 mg/100 g oil of 
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stigmasterol and other unknown compounds. Similar amounts and distribution has been 

described in previous studies who also found sitosterol as the major sterol (Liang et al., 

2015; Montserrat-De La Paz et al., 2014; Tańska et al., 2016).  

In the case of MUFA characterized oils, moringa oil and EVOO’s sterol concentration 

was significantly different, being 2.9 folds higher in moringa oil (439.24 mg/100 g oil) 

than in extra virgin olive oil (147.18 mg/100 g oil). Sitosterol was found to be the major 

sterol in both types of oil, but in significantly higher amounts in moringa oil. In the 

same line, higher concentrations of stigmasterol, campesterol, Δ5-avenasterol, and Δ7-

avenasterol were also found in moringa oil. Cycloartenol was the only sterol found to be 

higher (five fold) in extra virgin olive oil than in moringa oil. Moringa oil had the 

highest content of stigmasterol among the studied oils, representing up to 19% of the 

sterol content. Other authors have reported matching results but point out that the sterol 

composition can be modified by different factors and that there is scarce information on 

commercial varieties of moringa (Lalas & Tsaknis, 2002; Leone et al., 2016; Zhao et al., 

2019).  

Regarding extra virgin olive oil phytosterol concentration, the literature offers a wide 

range, from 800 to 2600 mg/kg oil, being predominantly sitosterol, Δ5-avenasterol, and 

campesterol (Berasategi et al., 2012; Kyçyk et al., 2016). Our results are within these 

ranges (1471.8 mg/kg oil), but just as in every vegetable oil, the sterol fraction in extra 

virgin olive oil can be affected by several factors including growing conditions, cultivar, 

fruit maturation, oil extraction, refining procedures, and storage conditions (Almeida et 

al., 2020; Kyçyk et al., 2016; C. Li et al., 2011; Lukić et al., 2013). 

In addition to the phytosterols found in moringa oil and extra virgin olive oil, squalene 

was also detected in both oils and represented ∼90% of the total unsaponifiable fraction 

in EVOO, while it was <1% in moringa oil. Squalene is an intermediate hydrocarbon in 

the biosynthesis of phytosterols and terpenes in plants and could be partially responsible 

for the health benefits attributed to extra virgin olive oil, with some associated 

beneficial properties such as being a natural antioxidant, decreasing serum cholesterol 

concentrations, also photoprotective, tumorprotective, cardioprotective, and anticancer 

properties (Gaforio et al., 2015; Kalogeropoulos, 2010).  
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Additionally to sterols and squalene, in the unsaponifiable fraction were quantified a 

number of compounds that could not be identified (reported as unknown). Identification 

was not possible due to lack of standards and literature data to compare mass spectra. 

Even though the unknown fraction was found in all samples, the oil with the highest 

unknown content was echium oil with almost 14%. For the rest of oils, unknown 

components were between 0.6 and 3.8% of total area. 

4. Development of functional ingredients as fat replacers 

The formulation of the functional ingredients (emulsion and gelled emulsion) developed 

in this work and their applications are described in Table 2 (Methodology, Section 2, 

page 37).  

Emulsions 

Flaxseed or hempseed oil (10%) based emulsions, stabilized by inulin (15%) and chia 

seeds (5%) were developed to serve as a butter replacer in aerated matrices such as 

muffins. The proportions used for this ingredient were set based on preliminary testing 

to achieve a stable complex, homogeneous and with the minimum amount of oil that 

would allow to achieve a minimum of 30% reduction of fat in the intended reformulated 

product when used as substitute of at least 50% of butter. 

Stabilizing agents used in the emulsion were inulin and chia seeds mucilage. Inulin is a 

mixture of linear fructose polymers with reduced energetic value and dietary fiber 

behavior (Giarnetti et al., 2015). Inulin has the ability of forming a particle gel network 

when mixed with water or other aqueous solutions and can easily be used to replace fat 

(Giarnetti et al., 2015; Paradiso et al., 2015; Psimouli & Oreopoulou, 2013; Rodríguez-

García et al., 2012; Zbikowska et al., 2017). On the other hand, chia mucilage is a 

transparent mucilaginous gel exuded when chia seeds (Salvia hispanica L.) are 

immersed in water. This gel is composed essentially of soluble dietary fiber (Reyes-

Caudillo et al., 2008; Santos Fernandes & Salas-Mellado, 2017) and due to its 

properties, it has been studied as a possible replacer for vegetable fat in different food 

matrices (Borneo et al., 2010; Felisberto et al., 2015; Santos Fernandes & Salas-

Mellado, 2017).  
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Characteristics of both vegetable oils selected for the development of the emulsions are 

described in Chapter 3.  

Gelled emulsion 

Extra virgin olive oil or echium oil (40%) based gelled emulsions, stabilized by 

different gelling agents (carrageenan; alginate or collagen + cellulose) were developed. 

As it will be explained further along, some of these functional ingredients were 

subjected to in vitro digestion (Chapter 7) and also to the development of reformulated 

cookies (Chapter 6).  

The formulations used in these functional ingredients were optimized in order to 

produce a self-standing gelled emulsion with hardness values similar to those of butter 

at room temperature and with no syneresis issues. So, different amounts of gelling 

agents were tested. 

From the optimization process it was observed that hardness values were directly 

related to the concentration of gelling agent regardless the type of oil used, as the major 

presence of the polymers allowed a greater cross-linking density, important factor, 

among others, for the physicochemical properties of gels. Formulations with <0.5% of 

carrageenan, <1% alginate and <3% collagen + cellulose were not self-standing and 

more of a viscous type of liquid, therefore hardness was not measured and these 

concentrations were discarded.  

Hardness and syneresis values of the selected formulations are shown in Table 5. 

Formulations were selected based on the results of a one-way ANOVA and multiple 

comparisons tests between the developed gelled formulations and the butter data that 

served as control (241.74 g) for hardness. For syneresis, the minimum value (among 

formulations with different % of the same gelling agent) was aimed. 
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Table 5. Hardness and syneresis values of the selected formulations for gelled 

emulsions. 

Oil type Gelling agent Hardness (g)  Syneresis 72 h (%) 

Extra Virgin 

Olive Oil 

Alginate 1.20% 254.70 (28.93) 2.54 (0.18) 

Collagen + Cellulose 3.25% 236.97 (49.91) 1.06 (0.34) 

Carrageenan 0.75% 354.10 (74.46) 1.22 (0.20) 

Echium oil 

Alginate 1.20% 238.27 (35.51) 2.55 (0.06) 

Collagen + Cellulose 3.25% 332.43 (29.98) 0.77 (0.10) 

Carrageenan 0.75% 284.82 (26.94) 1.30 (0.07) 

Collagen + cellulose formulations, in spite of the oil used, were the ones with the lowest 

syneresis values of the selected gelled emulsions. It could be hypothesized that it was 

due to a higher concentration (3.25%) that enabled it to be more stable, compared to the 

other two (1.20% for alginate 0.75% for carrageenan). In relation to this, it has been 

described that an increase in polymer concentration could be a possible mean to prevent 

syneresis when testing a particular type of polymer (Mizrahi, 2010). Also, the synergy 

of collagen and cellulose in a multi-component gel can enhance the functionality and 

stability of the final product (Banerjee & Bhattacharya, 2012; Boy et al., 2016). 

As the gelled emulsions were formulated to act as butter replacer and this might as well 

affect the color of the product in which it is incorporated, color was also assessed using 

the CIE L*a*b* system. Color parameters of the resulting fat replacer might be 

influenced by the type of oil and the type of the gelling agent used (Oomah et al., 2002; 

Yilmaz & Ögütcü, 2015). Some differences were observed for all three-color 

parameters between those formulations with echium oil and extra virgin olive oil. L* 

value in all echium oil gelled emulsion was significantly equal to that of butter (100.95-

101.54 and 101.58, L* values in echium oil and butter, respectively), while in olive oil 

formulations was lower (93.65-94.40). These color differences could be attributed to the 

color of the oils. Olive oil gel samples showed lower a* values and significantly higher 

b* as compared to echium oil ones, consistent with the green and yellowish tones 

associated to the presence of chlorophylls and carotenoids in the oil (Moyano et al., 

2010). On the other hand, echium oil is a clear pale yellowish oil that resulted in gels 

with lower saturation values (Chroma 5.24-5.80). Lastly, when assessing ΔE (indicator 

of global color differences) compared to butter, values were <9 for olive oil gels 

and >25 for echium oil, confirming the influence of the oil in the color properties of the 
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gels and that the difference between butter and olive oil gelled emulsions was milder 

compared to echium oil samples. 

Oxidative stability 

Due to the high unsaturated fraction of the formulations, oxidative stability assessment 

is of relevance since products of lipid oxidation could contribute to the detriment of 

their sensory, technological and nutritional properties. Some measures related to lipid 

oxidation were also carried out in these gelled emulsions. 

TBARs values were mainly influenced by the type of oil. Those formulations including 

olive oil remained stable and presented lower MDA values after exposure to Schaal 

oven test, except for the statistically significant increase that was noticed in gels 

elaborated with carrageenan. On the other hand, echium oil gels TBARs value were, at 

least, 5–8 fold higher than their olive oil counterparts at 0 h and after 24 h, respectively. 

The unsaturation degree of echium oil, as well as the required heating for the 

preparation of carrageenan were the fundamental factors for the observed results.  

The first products of lipid peroxidation can decompose and produce various secondary 

volatile compounds. The volatile profile of a specific oil will depend on its FA profile, 

since different FAs degrade producing different compounds (Nogueira et al., 2019; 

Tomé-Rodríguez et al., 2021). Not all of these compounds are strictly produced by 

thermal oxidative degradation, some of them are produced through a chain of enzymatic 

reactions (known as lipoxygenase pathway (LOX)) (Malheiro et al., 2018; Vichi et al., 

2003). Of the total area of identified compounds, 35–45% was aldehydes, followed by 

alcohols (11–21%) and esters (21–27%). The volatile profile observed in the gelled 

emulsion samples was significantly influenced both by the required heating during the 

elaboration process and the temperature applied during the stability test, being these 

effects significantly more evident in the gelled samples including echium oil. After 24 h 

at 65ºC, an increase in the total content of volatile compounds was observed in most 

formulations. Characteristic molecular markers of oxidation in olive oil, including 

heptanal, (E)-2-heptenal, nonanal, several alkanes (decane, dodecane, tridecane, 

tetradecane, pentadecane and hexadecane) were identified. For echium oil gelled 

emulsions, oxidative markers like nonanal, dodecane and tetradecane experienced a 

significant increment and others like hexanal, (E,E)-2,4-heptadienal, (Z,E)-2,4-
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heptadienal, (E)-2-decenal, (E,Z)-decadienal, (E,E)-decadienal and various alkanes 

(dodecane, tetradecane, pentadecane) were produced. 

5. Reformulated bakery products 

Nutritional composition of reformulated products 

Once the functional ingredients were optimized and characterized, some of them were 

applied to obtain reformulated bakery products. Reformulated muffins were elaborated 

with emulsions (Chapter 5) and cookies with gelled emulsions (Chapter 6). Nutritional 

improvement, especially of the lipid fraction, of the reformulated products was the main 

objective. Proximal composition and applicable nutrition claims are shown in Table 6.  
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Muffins 

Muffin batters are a complex fat-in-water emulsion composed of an egg-sugar-water-fat 

mixture as the continuous phase and air as the discontinuous phase in which flour 

particles are dispersed. Thus, these products are characterized by a typical porous 

structure and high volume, which confer a tender, spongy texture and where fat plays an 

important role to achieve these properties (Matos et al., 2014; Sultan, 1989). For this 

reason, replacements of >50% of fat in these formulations with reduced fat ingredients 

and high-water content represent a risk of less aerated, denser and harder products.  

In this work, butter substitution in Muffins was carried out with a flaxseed oil or 

hempseed oil emulsion (Chapter 5). The main component of this ingredient was water, 

so that it would drastically reduce its caloric value. Inulin and chia seeds mucilage were 

also part of the formulation, as they would act as gelling agents and sources of fiber and 

omega-3 FAs (Methodology Section 2, page 37). Previous studies reported acceptable 

results when using these ingredients alone to replace up to 25% of fat in bakery matrices, 

therefore the combination of them seemed to be a promising strategy to increase the rate 

of fat substitution and improving the nutritional profile of the products. 

Butter substitution was 50, 75 and 100% and compared to a control formulation 

(elaborated with butter). All levels of replacement resumed in a significant reduction of 

energy value compared to the control, reaching 30% when the substitution was 100% 

which is the minimum necessary to be considered by law as “reduced energy value”. 

This reduction in the energy value derives directly from the >30% decrease in fat 

content in all modified formulations, allowing them to be considered by law as “reduced 

fat”. 

The muffins were elaborated with whole wheat flour (11% of fiber), thus all 

formulations, including the control, had a fiber content of >3 g/100 of product. 

Moreover, the use of inulin and chia seeds, both very rich in fiber (92.6% and 34%, 

respectively), increased the percent of this nutrient in the reformulated products, 

especially in the case of total butter substitution (from 1.3 to 1.6- fold). Martínez-

Cervera et al., (2011) observed an increase of 47% and 84% (compared to the control) 

of dietary fiber content in chocolate muffins when replacing 50% and 75% of fat using 

cocoa fiber.  
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Slight differences were found for carbohydrates and protein content in modified 

products, as a consequence of the ingredient composition used in the reformulations.  

Ultimately, total substitution of butter in muffin formulations using either emulsion 

resulted in improved nutritional quality, reducing up to 78% of fat (included SFAs and 

TFAs) and increasing fiber and omega-3 FA content. These modifications allowed 

bearing the nutrition claims of “Reduced energy value”, “Reduced fat”, “Source of fiber” 

and “High content of omega-3”. 

Cookies 

Butter cookies are traditionally made with different proportions of sugar, butter, eggs 

and flour, and are characterized by their crumbly texture. In these types of products, 

higher fat content leads to more tender cookies, lower hardness values and a better 

mouthfeel and taste, for which is expected that the use of fat replacers would notably 

impact these properties. 

Control cookies were formulated with equal parts of butter and flour (40.35% of each) 

and 19.30% white sugar. For this work (Chapter 6), two variations of each product were 

elaborated, a control with and without antioxidant, and reformulated cookies with 100% 

of fat replacement with and without antioxidant. The functional ingredient used for 

cookie reformulation was a gelled emulsion elaborated with olive oil and stabilized with 

alginate (Methodology, Section 2, page 37) which was developed and optimized in 

Chapter 4.  

Total butter substitution in the cookie formulation resulted in a significant reduction of 

total fat content (~40%) and a different fatty acid profile. The most abundant fraction in 

control cookies was SFAs (myristic acid ~14%, palmitic acid ~40% and stearic acid 

~10%) and in reformulated cookies was MUFAs, as olive oil was the lipid source. 

Carbohydrates, protein and fiber content were modified mainly by the reduction of fat 

and the slight increase of water content in the formulation.  

The reformulated cookies could bear the claims of “Reduced fat”, “Reduced saturated 

fat” and “High monounsaturated fat”. 
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Sensory properties of reformulated products 

Certainly, all reformulation processes must be accompanied by adequate sensory 

characteristics in order to be accepted by consumers. In fact, it has been reported that 

sensory experience overrides the impact of nutrition information on consumers’ choice 

(Lima et al., 2019). In our work, both reformulated products, muffins and cookies, were 

subjected to sensory evaluation by non-trained consumers to assess taste, aroma, texture, 

juiciness, color, general acceptability and purchase intention using as a reference a 

control version of each product (Chapters 5 and 6). 

Scores for each attribute in both types of analyzed products are included in Table 7. 
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According to the literature, hedonic scales usually reveal lower aroma and flavor 

acceptability when evaluating sweet bakery products where the fat has been removed or 

replaced (Garvey et al., 2020; Peris et al., 2019). For reformulated muffins, the hedonic 

test showed slight differences for flavor and general acceptability in samples formulated 

with hempseed oil emulsion, being the lower scores assigned to the total replacement. 

For samples with flaxseed emulsion no differences were found in any of the parameters 

among samples (control and reformulated samples). In the case of cookies, the 

differences between control and reformulated products were somehow more notorious 

when BHA was used, and slightly lower values were observed for every sensory 

property including general acceptability. This fact is not easy to explain since BHA is a 

widely used antioxidant, not just in bakery products but in a broad range of food 

products to prevent or delay lipid oxidation and, according to its properties, BHA does 

not impart color, taste or other sensory qualities to food products (García-García & 

Searle, 2015; U.S. Department of Health and Human Services, 2021).  

Reformulated cookies were perceived as a lot harder and less sweet, while control 

cookies were more crumbly, buttery and sweeter. Also, reformulated cookies showed 

significant differences in all attributes (except aroma) and general acceptability. The 

lowest values were assigned to the reformulated cookie with BHA. The only exception 

was in color, where the control sample had the lowest punctuation. Similar outcomes 

are found in the literature, where authors indicate that harder, drier and less flavored 

cookies are produced when fat level decreases (Yilmaz & Ögütcü, 2015). It has been 

highlighted by other authors that structural properties of cookies are largely dependent 

on the fat component of the formulation and that texture is one of the decisive aspects in 

consumer acceptability (Laguna et al., 2014). Although scores were not particularly 

high for the reformulated cookies, all were above 5 (on a 1 to 9 scale) for all attributes, 

which means panelists liked the new products. Also, as it has been highlighted by other 

authors, general acceptability and purchase intention of the reformulated products could have 

been positively impacted if the panelists would have been informed of the nutritional 

composition and associated nutrition claims of the products (Benson et al., 2018; Grasso et al., 

2014). 

Attending to the purchase intention, no differences were found among muffin samples 

when flaxseed oil was used, regardless of the % of substitution. On the other hand, it 
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appears that the use of hempseed oil had a certain negative effect over the taste, 

acceptability, and intention to purchase the products, particularly in the 100% 

replacement, where statistical differences as compared to control were found. In cookies, 

no differences were found between reformulated cookie (without BHA) and the control.  

With these scores, it can be concluded that high levels of fat replacement with 

functional ingredients can produce high quality products, with desirable sensory 

properties. 

Shelf life of reformulated bakery products 

The shelf-life of a food product can be defined as the period it will retain an acceptable 

level of eating quality from a safety and organoleptic point of view, and depends on 

four main factors, namely formulation, processing, packaging, and storage conditions 

(Galić et al., 2009). Reformulated products were assessed during a period of 21 days of 

storage at 23°C (Chapters 5 & 6) through the measurement of moisture, water activity 

(Aw), instrumental color and texture changes, and TBARs (Figures 2, and 3, and Table 

8).  

Moisture and Aw 

As expected, all modified formulations had significantly higher moisture than the 

control due to the higher water content in the functional ingredient as compared to 

butter. Similar behavior was reported by several authors when replacing margarine for 

chia mucilage in cakes or incorporating fiber sources into the formulations (Giarnetti et 

al., 2015; Grigelmo-Miguel et al., 2001; Santos Fernandes & Salas-Mellado, 2017).  

Regarding evolution during storage, factors such as packaging materials and water 

binding capacities of ingredients, besides the initial amount of water, seem to be 

relevant aspects for moisture modifications. Moisture content during storage time for 

reformulated products is shown in Figure 2.  

For muffins, samples with the highest fat replacement levels showed the largest water 

loss, trying to equilibrate moisture content with their surrounding atmosphere (7.87 - 

8.38% in total replacements). Control sample showed a 7.66% loss, whereas the rest of 

samples with intermediate fat replacements showed values between 2.98% and 5.25%. 
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Hussain et al., (2019) found similar water losses in muffins where water chestnut and 

barley flour were incorporated. However, different to our results, Artunduaga & 

Gutiérrez (2019) reported no significant changes in moisture content of the control 

samples during aging, while all the fat-replaced (using betaglucans from Ganoderma 

lucidum to replace 20, 30, 40 and 50% of vegetable fat) cakes displayed a significant 

decrease (between 5.23% and 6.43%) after 14 days of storage.  

 

Figure 2. Moisture content (%) of reformulated bakery products measured at day 0, 7, 

14 and 21 of storage. 

In cookies, control cookies and reformulated ones had an overall opposite behavior. In 

spite of experimenting a drop in moisture content after day 7 of storage, after 21 days 

control cookies lost ~3% of moisture, while reformulated ones gained between 5 to 27%. 

Regarding Aw in muffins, values in all formulations at day 0 were comparable to the 

ranges (0.952 to 0.918) found in literature for cakes and muffins (Schmidt & Fontana, 

2008) and showed a decreasing trend over time. Samples with 50% substitution 

presented the lowest Aw, an effect that could be attributed to the inulin and chia 

mucilage present in the functional ingredient with high water binding capacity. 
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Texture and color 

Texture properties of muffins, including hardness, are significantly affected by time and 

storage conditions, the ratio of ingredient combination, and their functionality 

(Pancharoen et al., 2019).  

The effect of reformulations in hardness during storage was not clear, as significant 

differences were found only for 50% substitution samples that showed higher values (P 

< 0.05) as compared to the control at day 0. Other authors have reported an increase in 

hardness when replacing part or all fat in aerated matrices such as cakes and muffins 

using different fat replacers (Chung et al., 2010; Felisberto et al., 2015; Luna Pizarro et 

al., 2013; Sandra Martínez-Cervera et al., 2015). However, in our case higher 

replacement levels led to softer products. The behavior observed in this study can be 

attributed to the combined effect of the substitution of fat by an oil-in-water emulsion, 

stabilized by the presence of inulin and chia mucilage. The effect of storage was evident 

in every sample, observing a trend to harden over time, maybe related to the loss of 

moisture.  

Crumb color parameters (L*, a*, b*) were significantly affected by the partial and total 

substitution of butter using either flax or hempseed oil functional ingredient. A trend to 

increase was observed in L* value through the storage days within each formulation, 

this change being statistically significant and more noticeable in control samples. 

Contrary to our results, a decreased lightness has been observed when using chia 

mucilage or different fibers as fat replacement during storage (Aranibar et al., 2019; 

Marchetti et al., 2018; Psimouli & Oreopoulou, 2013; Santos Fernandes & Salas-

Mellado, 2017). 

In reformulated cookies hardness increases with higher levels of fat replacers and 

decrease in fat level, and that the type of emulsion used seems to be a determining 

factor (Chugh et al., 2013; Rakshit & Srivastav, 2022; Sanz et al., 2017).  The use of the 

gelled emulsion produced harder cookies (p<0.05) compared to the control cookies at 

day 0. Similar effects on hardness after far substitution in cookie formulations are also 

found in the literature (Manaf et al., 2019; Sanz et al., 2017). 
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During storage time, control cookies and reformulated ones behaved in opposite ways. 

While control cookies showed an increase in hardness values, reformulated cookies 

experimented a decreasing trend. This could be related to the fluctuations in moisture 

content during storage (Rakshit & Srivastav, 2022). Paciulli et al., (2020) also registered 

slight softening in shortbread cookies with emulsion filled gels based on inulin and 

extra virgin olive oil as butter substitute. 
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Table 8. Color parameters and hardness (N) for muffin and cookie formulations during 

storage time. 

 

Color

L * a * b *

Day 0 61.15 (0.45) 4.39 (0.35) 24.24 (0.64) 33.86 (4.03)

Day 7 94.75 (1.88) 4.24 (0.50) 23.22 (0.59) 53.70 (4.44)

Day 14 94.51 (2.75) 4.40 (0.19) 24.40 (1.13) 62.62 (7.75)

Day 21 89.25 (2.56) 4.82 (0.43) 26.81 (0.78) 87.14 (19.05)

Day 0 56.31 (1.51) 4.96 (0.53) 23.58 (1.43) 42.15 (5.87)

Day 7 57.80 (1.43) 4.46 (0.52) 21.75 (0.38) 52.93 (1.62)

Day 14 57.86 (1.28) 4.94 (0.37) 22.08 (0.64) 77.48 (7.85)

Day 21 63.38 (1.22) 5.80 (0.51) 25.17 (0.28) 94.09 (10.11)

Day 0 55.87 (1.71) 4.42 (0.50) 21.01 (0.19) 34.57 (5.68)

Day 7 57.61 (0.80) 4.42 (0.27) 21.09 (0.31) 62.21 (6.62)

Day 14 62.81 (1.03) 5.42 (0.31) 21.87 (0.79) 88.48 (7.44)

Day 21 63.71 (1.45) 5.24 (0.21) 22.76 (0.80) 100.46 (1.98)

Day 0 55.62 (2.70) 4.43 (0.28) 20.54 (1.14) 25.53 (1.86)

Day 7 56.26 (1.59) 4.15 (0.22) 19.42 (0.51) 59.08 (4.17)

Day 14 61.58 (1.34) 4.93 (0.42) 20.50 (0.19) 67.73 (4.30)

Day 21 55.66 (1.47) 4.08 (0.43) 17.93 (0.69) 67.68 (1.47)

Day 0 60.91 (1.83) 3.91 (0.28) 21.72 (0.44) 50.68 (2.36)

Day 7 56.54 (3.24) 4.25 (0.23) 20.03 (0.64) 74.56 (9.82)

Day 14 59.17 (2.21) 3.67 (0.39) 20.47 (0.70) 80.99 (7.33)

Day 21 63.95 (0.43) 5.07 (0.33) 22.88 (0.10) 94.09 (7.32)

Day 0 55.59 (2.08)  4.46 (0.36) 20.80 (0.65) 37.51 (15.01)

Day 7 62.31 (0.73) 5.42 (0.53) 22.83 (0.49) 81.49 (6.27)

Day 14 62.63 (1.03) 5.23 (0.40) 21.66 (0.59) 91.81 (7.86)

Day 21 63.08 (1.43) 5.05 (0.08) 21.61 (0.67) 92.12 (10.89)

Day 0 57.32 (0.83) 4.57 (0.22) 21.71 (1.23) 25.63 (2.04)

Day 7 59.31 (1.14) 5.68 (0.25) 21.69 (0.42) 51.94 (7.60)

Day 14 53.07 (0.48) 4.40 (0.43) 18.28 (1.13) 63.31 (4.45)

Day 21 58.54 (2.28) 4.97 (0.38) 20.19 (0.98) 73.06 (2.33)

Day 0 105.49 (2.14) 1.22 (0.64) 4.12 (3.53) 31.82 (8.07)

Day 7 96.63 (0.75) 0.22 (0.12) 3.95 (1.41) 38.86 (5.38)

Day 14 97.46 (0.89) 0.38 (0.29) 2.41 (1.15) 38.90 (7.54)

Day 21 99.64 (1.67) 0.47 (0.21) 1.46 (0.93) 40.65 (4.66)

Day 0 94.72 (1.63) 0.95 (0.46) 4.06 (3.46) 31.30 (2.78)

Day 7 97.79 (0.66) 0.26 (0.16) 3.70 (0.21) 38.90 (6.83)

Day 14 97.59 (1.39) 0.76 (0.19) 2.31 (1.05) 40.59 (6.13)

Day 21 100.04 (1.05) 0.31 (0.17) 1.50 (0.69) 39.79 (6.09)

Day 0 81.46 (1.38) 0.33 (0.07) 1.40 (0.14) 48.83 (6.08)

Day 7 96.24 (0.78) 0.21 (0.14) 2.63 (0.70) 46.44 (4.89)

Day 14 97.12 (0.69) 0.26 (0.13) 1.72 (0.34) 43.84 (3.31)

Day 21 97.16 (0.84) 0.38 (0.26) 2.07 (0.21) 42.26 (3.35)

Day 0 95.21 (1.26) 0.48 (0.19) 1.28 (0.53) 44.76 (4.33)

Day 7 92.36 (0.49) 0.83 (0.36) 1.52 (0.43) 43.08 (7.45)

Day 14 96.94 (0.24) 0.18 (0.06) 2.09 (0.62) 40.96 (1.37)

Day 21 89.53 (6.98) 0.62 (0.33) 2.04 (0.30) 40.54 (1.50)

Hardness (N)

Muffins

Control

H50

H75

H100

F50

F75

F100

Cookies

Control 

Control + 

BHA

Reformulated

Reformulated 

+ BHA
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Color parameters for control cookies and reformulated ones differed from the starting 

point (day 0) (p≤ 0.05), especially in a* and b* values. During storage, no clear effects 

were observer, except for b* (yellow-blue) in both control cookies, that slightly 

decreased but the differences were not statistically significant. Similar decreases in b* 

value were reported by (Caleja, Barros, Antonio, Oliveira, & Ferreira, (2017) when 

evaluating different antioxidants in cookie formulations for a 60 days storage period. 

Oxidative stability 

Bakery products containing high amounts of fat are prone to oxidative reactions that 

compromises quality, functional properties, and reduce shelf-life (Daglioglu et al., 2004; 

Zawada et al., 2015).  
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Figure 3. TBARs values during storage time for (a) muffins and (b) cookies, measured 

at day 0, 7, 14 and 21. 

MDA values for muffins (Chapter 5) and cookies (Chapter 6) did not represent an 

oxidation problem, despite the upward trend observed in cookie formulations during the 

storage period. As the control samples included butter, which is characterized by a high 

content of saturated fatty acids and more stable under pro-oxidative conditions, lower 

initial values were observed in cookies. Differently, in control muffins slightly higher 

MDA values were observed compared to those reformulated samples. It could be 
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hypothesized that the behavior observed responded to the amount of fat present in the 

sample, which in the control was at least 1.6 fold higher than in the reformulated 

muffins.  

In all cookie samples, an increase in MDA was observed with time, being higher in the 

reformulated samples. The effect of the BHA was noted as those formulations without it 

had statistically significant higher values than those that included BHA. Although the 

values increased, the results could not be considered an oxidation problem, since all of 

them remained below 57.6 µg MDA/g of fat (<1 µg for cookies), which is considered 

the reference value for rancidity (Bialek et al., 2016; Izzreen & Noriham, 2011).  

Other authors have reported significant increases in oxidative degradation of the fatty 

fraction of biscuits formulated with two different types of margarine during 6 months of 

storage (Caponio et al., 2009). 

6.  In vitro gastrointestinal digestion assays 

An increased interest on the stability and fate of the lipid bioactives present in fat 

replacers, alternative fat sources and different food matrices, during processing and after 

being ingested has increased (Van Hecke & De Smet, 2021). 

Bioaccessibility of functional bioactives and foods can be modulated by several 

physical and physiological factors that need to be studied. For this purpose, different 

approaches have been proposed, among of which static in vitro gastrointestinal 

digestion experiments are being highly used. 

Gastrointestinal lipid digestion complies a sequence of physicochemical and enzymatic 

events that allows the body to absorb dietary lipids, fat-soluble vitamins and other 

minor compounds that can be present in the food matrix (Bauer et al., 2008), but also 

causes other secondary reactions as consequence of the pro-oxidative environment 

(Alberdi-Cedeño et al., 2020).  

The effect of in vitro gastrointestinal digestion was studied in cookies (Chapter 6) and 

in gelled emulsions (formulated with olive oil or echium oil, with alginate or 

carrageenan) (Chapter 7). Additionally, the effect of temperature exposure (room 

temperature or 180ºC for 28 min) was also considered when assessing gelled emulsions. 
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The formulation of the gelled emulsions subjected to this assay are presented in Table 2 

(Material and Methods, Section 2. Functional ingredients). 

Lipid profile and oxidation was assessed in both systems (cookies and gelled emulsions), 

whereas in the gelled emulsion lipolysis and minor bioactives were also evaluated. 

Lipolysis  

A high degree of hydrolysis was achieved after in vitro digestion on all gelled emulsion 

formulations tested, so it can be assumed that neither carrageenan nor alginate 

represented a barrier for gastric lipase activity. The main products of lipolysis after the 

digestion process were free fatty acids (FFAs) and accounted for 62 to 83% of the total 

glyceride profile, being the highest in echium oil gelled samples. Also, independently 

from the oil phase used and heat treatment (room temperature or 180ºC), those gelled 

emulsions with carrageenan had higher content of FFAs than their counterparts 

formulated with alginate (on average 73%, 68%, 82% and 79% for olive oil + 

carrageenan, olive oil + alginate, echium oil + carrageenan and echium oil + alginate, 

respectively). In echium oil gelled emulsions and olive oil with carrageenan samples, 

triglycerides percentage dropped from 91-94 % to ~0%. Formulations with olive oil and 

alginate presented a lower rate of lipolysis as ~10% of triglycerides were still quantified 

after the digestion process. Di- and monoglycerides were <9% and <17% respectively, 

while the unknown fraction was no higher than 3.5%.  

Alginate and carrageenan are considered to be indigestible as they are not significantly 

degraded by low gastric pH or microflora in the gastrointestinal tract, therefore not 

being substantially absorbed or metabolized (Corstens et al., 2018). Various studies 

using alginate had reported that this polymer had little influence on the rate and extent 

of lipid digestion when present at relatively low levels (0.1 and 0.2%), but greatly 

retarded lipid digestion when the concentration slightly increased (Qin et al., 2016). 

This effect had been associated with the ability of the polymer to bind calcium strongly 

(from enzymes and salts) and to be resistant to digestion in the stomach and small 

intestine (Hu et al., 2010). However, in our results, the use of higher concentrations of 

alginate (1.20%) did not seem to influence the lipolysis rate when used with echium oil, 

and only to a very reduced extent with olive oil (~90%). Since the decreasing effect in 

the lipolysis was not observed with alginate in our samples, the gelling agent might be 
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the main responsible for this effect (retarding the action of enzymes probably by 

hindering their accessibility). Also, the chemical nature of triacylglycerols together with 

the action of gelling agents might influence the degree of triglycerides structural fitting 

in the oils, making them more or less available to enzymes, being the responsible for 

some of the differences observed between echium oil and olive oil gelled emulsions. 

The importance of the positional isomers in triacylglycerols for the lipolysis rate is also 

referenced in the literature (Ji et al., 2019). 

Certain variability in the degree of lipolysis after in vitro gastrointestinal digestion of 

emulsion gels have also been reported in the literature, attributing it to the digestion 

method rather than processing conditions (pH or pressure) (Mella et al., 2021) or to a 

possible interaction of the fiber used for the formulation of emulsion gels with digestive 

components (Verkempinck et al., 2018).  

Lipid profile 

Olive and echium oils are mostly unsaturated (>70%), being the major fatty acids those 

of the C18 series: oleic (18:1) in olive oil and echium oil, and γ- and α-linolenic (18:3), 

linoleic (18:2) and stearidonic (18:4) acid for echium oil (Carlini et al., 2021; Gutiérrez-

Luna et al., 2022). After digestion, certain detrimental effects could be expected in the 

lipid profile as a result of lipase action and gastrointestinal environmental conditions. 

The undigested samples of gelled emulsions showed reduced quantitative changes 

among formulations, regardless of the type of gelling agent used or the heat treatment 

applied (Chapter 7). The effect of digestion however, seemed to be much more relevant 

in terms of quantitative fatty acid profile modifications. A significant decrease in every 

fraction (SFA, MUFA and PUFA) was observed after the digestion process for both 

gelled emulsions and cookies. It can be hypothesized that part of the fat might have 

been affected by oxidative processes and also it could occur that it would have remained 

in the pellet/residual phase after the digestion affected by separation conditions, 

meaning that it would pass to the colon, where it could be metabolized by microbiota or 

excreted in feces.  

For gelled emulsions the decrease was, in every case, higher for the saturated than for 

the polyunsaturated fraction, although this last fraction was expected to be the most 
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affected one by the potential oxidation process occurring during digestion. Also, SFAs 

physical properties (melting point, spatial configuration, packing, and hydrophobicity) 

could have been partially responsible for the observed results (Chabni et al., 2022). 

Other authors have also reported a decrease in the PUFA fraction when digesting bulk 

oils (Gayoso et al., 2019) or some food matrices (Liu et al., 2021; Sobral et al., 2020; 

Van Hecke et al., 2019). Regarding the SFA decrease during digestion, similar behavior 

has been reported when delivering algae oil by an oil-in-water emulsion or by a gelled 

emulsion (Gayoso et al., 2019) and in digested pork liver pate (Lucas-González et al., 

2021).  

For cookies, after complete gastrointestinal digestion, two phases where obtained, 

micellar and pellet. Interestingly, 60 to 90% of the total fat in the digested sample was 

found to be in the pellet phase, which means that less than half of the fat could actually 

be absorbed after the digestion process. The bioaccessible fat amount was larger in 

reformulated cookies (35-40%) than in control cookies (10-25%), meaning that fatty 

acids could be more absorbed in reformulated products.  

The general decrease in fatty acids in the micellar phase could be related to the physical 

properties of the oils used, food matrix, surfactants, interaction of the fat droplets with 

the gastric environment and calcium concentration (Capuano & Janssen, 2021; Chabni 

et al., 2022; Vinarov et al., 2012). Also, it has been pointed out by other authors that 

physical properties based on the melting point of fats and oils influences 

bioaccessibility and micelles formed in the course of lipid digestion, causing the 

variation on the type and amount of fats that end up in each phase (Chabni et al., 2022). 

More than 70% of the bioaccessible fat from the reformulated cookies was composed by 

MUFAs, which could be interpreted as a successful delivery of unsaturated fatty acids 

by using the olive oil gelled emulsion as a butter replacer. (Iriondo-DeHond et al., 2019) 

reported that when digesting spent coffee grounds, where >75% of the unsaturated fatty 

acids in coffee grounds remained bioaccessible after in vitro digestion, including 

linoleic and oleic acids as the most abundant, followed by the SFA palmitic acid.  

Greater amounts of trans isomers were found in the pellet phase than in the micellar 

phase, which is a positive aspect since less trans fatty acids could be absorbed by the 

body.  
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Other interesting outcome was that those formulations with BHA had significantly 

higher fatty acids content in the bioaccessible phase than their counterparts without 

antioxidant, which could be attributed to the protective effect of BHA against degrading 

conditions during the gastrointestinal digestion process.  

Anyway, it has to be noted that in vitro gastrointestinal assays are model systems that 

intent to simulate in vivo conditions, therefore the results obtained in this study should 

be cautiously interpreted since the outcome may vary according to the model used and 

the extrapolation to the gastrointestinal environment.  

Oxidation  

Oxidation status of both types of samples (gelled emulsions and cookies) was assessed 

and quantified as MDA equivalents.  

Increases in lipid oxidation markers as a result of in vitro gastrointestinal digestions 

were expected since the digestion environment complies with all the factors leading to 

oxidation. A prominent increase in MDA was observed after the in vitro digestion 

process for both, cookies (Chapter 6) and gelled emulsions (Chapter 7) and its presented 

in Figure 4. Several studies have included this assessment in different food matrices, 

and reported a similar trend (Harahap et al., 2022; Sobral et al., 2020; Van Hecke et al., 

2017, 2019; Van Hecke & De Smet, 2021). 
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Figure 4. TBARs value before and after in vitro digestion in gelled emulsions (Chapter 

7) and cookies (Chapter 6). RT: Room temperature. 

In vitro digestion was the most determinant factor in MDA formation in gelled emulsion 

samples, followed by the type of oil and gelling agent used, whereas the temperature of 

exposure was the less relevant factor. Thus, the in vitro digestion process significantly 

increased MDA formation between 2.8 to 5.7-fold for every type of sample.  

Of all samples, olive oil gelled emulsions presented the lowest MDA values before 

digestion being significantly higher in those formulated with carrageenan. The higher 

oxidation in echium oil formulations could be attributed to the instability of its 

polyunsaturated fatty acids (70-75%), particularly those with three and four double 

bonds. The initial heating (70ºC) required for the preparation of carrageenan gels could 

also have contributed to early oxidative reactions (Mohanan et al., 2018; Rincón-

Cervera et al., 2020), being this increase particularly visible in the olive oil formulations 

when comparing alginate and carrageenan gelled emulsions.  

Previous assessment of long-term oxidative stability in olive and echium oil gelled 

emulsions revealed the same tendency (Chapter 4), where formulations with olive oil 

and carrageenan showed significant increases in MDA values after Schaal oven test in 
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comparison with alginate, while echium oil gels were at least 5–8 fold higher than their 

olive oil counterparts at 0 h and after 24 h, respectively. It has been pointed out by other 

authors that processing conditions, particularly the exposition to relatively high 

temperatures for long periods of time can exert a significant negative impact on the 

initial oxidation status of oils (Alongi et al., 2022; Shibata et al., 2015) 

When digesting cookies, the resulting MDA content was higher in control samples 

compared to the reformulated cookies. Even though the saturated profile of butter is 

expected to be more stable under oxidative conditions (Peng & Yao, 2017), the amount 

of fat present in control samples was almost twice the content of fat in the reformulated 

cookies and more oxidation products were detected.  

The extent of oxidation of foodstuff, especially under heating and digestion processes 

can be attenuated by the action of naturally present antioxidant bioactive compounds 

such as tocopherols and polyphenols or added food grade antioxidants such as butylated 

hydroxyanisole (BHA) (Caleja et al., 2017; Nanditha & Prabhasankar, 2009). 

The addition of an antioxidant (BHA) to cookie formulations had a mitigating effect on 

the production of MDA. Both control and reformulated cookies with BHA presented 

lower MDA values compared to their counter parts without BHA. 

Minor bioactive compounds 

Tocopherols, tyrosol and hydroxytyrosol were assessed in gelled emulsions (Chapter 7). 

Tocopherols are the major natural antioxidants in vegetable oils, being susceptible to 

losses during processing (temperatures, storage, air exposition) (Cao et al., 2015). 

Tocopherol profile in olive oil undigested gelled emulsions samples ranged between 

200-290 mg/kg of oil, and included α-, β- and γ-tocopherol, with α-tocopherol as the 

main type. On the other hand, echium oil gelled emulsions tocopherol profile ranged 

between 1600-2000 mg/kg of oil, and was composed mainly by γ-tocopherol, followed 

by δ-, α- and β-tocopherol. It should be mentioned that echium oil was enriched by the 

manufacturer with a mix of tocopherols and our results are considerably higher than 

those reported by other authors. Nevertheless, the proportions (before digestion) could 

still be compared to those found in the literature (Minkowski et al., 2010; Nogala-

Kalucka et al., 2010).  



General discussion 223 

 

 
 

In vitro gastrointestinal digestion was found to be the leading cause for tocopherol 

decrease as tocopherol losses varied between 16-36% for olive oil gelled emulsions and 

between 22-42% for echium oil counterparts. Gelling agent did not represent a relevant 

factor in the reduction of tocopherol content, as similar losses where obtain using either 

one in formulations with echium oil. However, formulations with olive oil and alginate 

had lower tocopherol contents before digestion than those with carrageenan, with the 

impact of the gelling agent being apparently higher than the one from heating. Since 

alginate formulations do not require a heating step in their elaboration as the 

carrageenan ones, other processing step might induce tocopherol degradation such as 

homogenization (air incorporation). However, after digestion, all olive oil formulations 

presented equivalent contents of tocopherol, reducing the significance of the apparent 

lower tocopherol content in alginate formulas. 

Temperature exposure had also a decreasing effect over tocopherols content in all 

samples, being higher in α-tocopherol and γ-tocopherol (major tocopherols for each 

type of oil) in olive oil and echium oil gelled emulsions respectively. Tocopherol losses 

were 6.5% and ~18% on average for olive oil gelled emulsions with alginate and 

carrageenan, respectively. This decreasing effect has also been pointed out by authors 

using different oil structuring techniques such as oleogelation, that requires heating up 

to 140ºC (Alongi et al., 2022).  

Two of the most studied bioactive compounds in olive oil are tyrosol and 

hydroxytyrosol, to which numerous health benefits are attributed (antioxidants, 

antiatherogenic, cardioprotective, anticancer, neuroprotective, antidiabetic) (Alberdi-

Cedeño et al., 2020; EFSA, 2011; Marković et al., 2019). Polyphenol hydrolysis and 

further extraction was applied to olive oil and echium oil gelled emulsion samples. 

Whereas HTyr and Tyr were found in olive oil gelled emulsion samples, those 

containing echium oil did not show any polyphenolic compounds.  

Due to the extent of oxidation undergone by samples after heat exposure and digestion, 

a certain loss of both phenolic compounds was expected. High degradation of both 

phenolic compounds was observed, with losses up to 87% in samples formulated with 

carrageenan after being exposed to 180ºC. After digestion, no HTyr could still be 

detected in the micellar fraction and the Tyr contents were residual with both gelling 
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agents, representing less than 2% in all samples. The very low amounts of phenolic 

compounds found in the micellar fractions could be attributed to their degradation under 

digestion conditions (Alberdi-Cedeño et al., 2020) or that they might have remained 

entrapped in the residual phase and passing to the large intestine (Mithul-Aravind et al., 

2021). 
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1.  Lipid fraction of bakery products has changed significantly through the years. 

Total fat content was higher for artisan biscuits (29.46%) than for the industrial ones 

(26.85%). Lipid profile revealed significant differences in SFAs and TFAs between 

both types of products, with lower values in industrial biscuits (44.15 g and 0.75 g/100 

g of total fat, respectively) compared to artisan biscuits (51.24 g and 1.81 g/100 g of 

total fat). Trans fatty acids didn’t seem to be a problem in most of the analyzed products 

since levels remained below 2 g/100 g of total fatty acids, except for two artisan 

samples with mean values higher than 2%.  

2. The saponifiable and unsaponifiable fractions of five vegetable oils were 

characterized. Echium and hempseed oils showed a high content of polyunsaturated fats, 

especially omega-3 fatty acids, while moringa oil was rich in oleic acid. Echium oil, 

hemp oil and moringa oil had higher sterol content than extra virgin olive oil. The 

squalene content in extra virgin olive oil was a singular aspect, since no other oil in this 

study presented a similar contribution of this compound. 

3. Two types of functional ingredients were developed as fat substitutes to be used 

in bakery products. Flaxseed or hempseed oil (10%) based emulsions, stabilized by 

inulin (15%) and chia seeds (5%), and extra virgin olive oil or echium oil (40%) based 

gelled emulsions, stabilized by different concentrations of carrageenan; alginate or 

collagen + cellulose. Both functional ingredients were rich in unsaturated fatty acids, 

had reduced caloric value (compared to butter) and showed a significant content of 

other bioactive compounds (fiber, plant sterols, tocopherols). 

4. Reformulated muffins with flaxseed or hempseed oil based emulsions were 

susceptible to bear the following nutrition claims for the partial (50 and 75%) butter 

replacements: “reduced fat content”, “source of fiber” and “source of omega-3 fatty 

acids”, and for the total replacement: “reduced fat content”, “reduced energy value”, 

“source of fiber” and “high content of omega-3 fatty acids”. Sensory properties were 

similar to those in the control muffin, although those reformulated muffins with 

flaxseed oil emulsion were evaluated better than those that included hempseed oil 

emulsion. 

5. Reformulated cookies with olive oil gelled emulsion as a total replacement for 

butter could bear the nutrition claim of “reduced fat content”, “reduced saturated fats” 
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and “high monounsaturated fat content”. Sensory properties of reformulated cookies 

had good general acceptability, although taste and texture received lower scores 

compared to the control cookies. 

6. The in vitro gastrointestinal digestion assays to which the developed products 

(gelled emulsions and cookies) were subjected showed that, in addition to an increased 

oxidation status, fat distribution and composition between bioaccessible phase and 

residual phase varied according to the nature of the lipid fraction digested. The content 

of tocopherols and phenolic compounds (tyrosol and hydroxytyrosol) was highly 

decreased after in vitro gastrointestinal digestion. Finally, the use of antioxidants in the 

formulations could have a positive effect in preserving the bioactive compounds in the 

formulation and decrease the extent of lipid oxidation.  
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1.  La fracción lipídica de los productos de panadería ha cambiado 

significativamente a lo largo de los años. El contenido total de grasa fue mayor para las 

pastas artesanales (29.46%) que para las industriales (26.85%). El perfil lipídico reveló 

diferencias significativas en ácidos grasos saturados (AGS) y ácidos grasos trans (AGT) 

entre ambos tipos de productos, con valores inferiores en pastas industriales (44.15 g y 

0.75 g/100 g de grasa total, respectivamente) en comparación con las pastas artesanales 

(51.24 g y 1.81 g/100 g de grasa total). Los ácidos grasos trans no supusieron un 

problema en la mayoría de los productos analizados ya que los niveles se mantuvieron 

por debajo de 2 g/100 g de ácidos grasos totales, excepto en dos muestras artesanales 

con valores medios superiores al 2%. 

2. Se caracterizaron las fracciones saponificable e insaponificable de cinco aceites 

vegetales. Los aceites de echium y cáñamo mostraron un alto contenido de grasas 

poliinsaturadas, especialmente ácidos grasos omega-3, mientras que el aceite de 

moringa fue rico en ácido oleico. Los aceites de echium, cáñamo y moringa presentaron 

un mayor contenido de esteroles que el aceite de oliva virgen extra. Hay que resaltar el 

contenido de escualeno en el aceite de oliva virgen extra, ya que ningún otro aceite de 

este estudio presentó un aporte similar de este compuesto. 

3. Se desarrollaron dos tipos de ingredientes funcionales como sustitutos de grasas 

para ser utilizados en productos de panadería. Emulsiones a base de aceite de lino o de 

cáñamo (10%), estabilizadas con inulina (15%) y semillas de chía (5%), y emulsiones 

gelificadas a base de aceite de oliva virgen extra o de echium (40%), estabilizadas con 

diferentes concentraciones de carragenato, alginato o colágeno + celulosa. Ambos 

ingredientes funcionales eran ricos en ácidos grasos insaturados, tenían un valor 

calórico reducido (en comparación con la mantequilla) y mostraban un contenido 

significativo de otros compuestos bioactivos (fibra, esteroles vegetales, tocoferoles). 

4. Los muffins reformulados con emulsiones a base de aceite de lino o de cáñamo 

eran susceptibles de presentar las siguientes declaraciones de propiedades nutricionales 

para los reemplazos parciales (50 y 75%) de mantequilla: "contenido reducido de grasa", 

"fuente de fibra" y "fuente de ácidos grasos omega-3"; y para el reemplazo total: 

“contenido reducido de grasas”, “valor energético reducido”, “fuente de fibra” y “alto 

contenido de ácidos grasos omega-3”. Las propiedades sensoriales fueron similares a las 
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del muffin control, aunque los muffins reformulados con emulsión de aceite de lino 

fueron mejor evaluados que los que incluían emulsión de aceite de cáñamo. 

5. Las galletas reformuladas con la emulsión gelificada de aceite de oliva como 

sustituto total de la mantequilla podrían llevar la declaración nutricional de “contenido 

reducido de grasas”, “reducido en grasas saturadas” y “alto contenido en grasas 

monoinsaturadas”. Las propiedades sensoriales de las galletas reformuladas tuvieron 

buena aceptabilidad general, aunque el sabor y la textura recibieron valoraciones más 

bajas que las galletas control. 

6. Los ensayos de digestión gastrointestinal in vitro a los que se sometieron los 

productos desarrollados (emulsiones gelificadas y galletas) demostraron que, además de 

un estado de oxidación aumentado, la distribución y composición de las grasas entre la 

fase bioaccesible y la fase residual variaba según la naturaleza de la grasa digerida. El 

contenido de tocoferoles y compuestos fenólicos (tirosol e hidroxitirosol) se redujo 

significativamente después de la digestión gastrointestinal in vitro. Finalmente, el uso 

de antioxidantes en las formulaciones podría tener un efecto positivo en la preservación 

de los compuestos bioactivos y disminuir el grado de oxidación de los lípidos. 
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Annex 1. Gelled emulsions elaborated with alginate (a), collagen + cellulose (b) and 

carrageenan (c), in combination with different vegetable oils. 

 

Annex 2. Regular Muffin (A) and reformulated muffin (75% butter substitution with  

flaxseed oil emulsion) (B). 
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Annex 3. Questionnaire for hedonic sensory test in Muffins 
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Annex 4. Questionnaire for hedonic sensory test in Cookies 

 

 

 

 



 

 




