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ABSTRACT 

The growing scientific recognition that food components, which significantly influence the human 

health, carry out people looking for foods rich in bioactive compounds having functional effects 

on the prevention of nutrition-related diseases. Anyway, the level of functional compounds in 

foods, as well as the functional effects exerted by the food, depend on different factors. Among 

them, the thermal treatments applied to cook food may have positive or negative impact on food 

bioactive properties. 

The aim of the present work was to compare the impact of innovative (steam-oven; sous-vide) and 

traditional (boiling, convection oven) cooking methods on the main bioactive compounds of 

vegetable (cauliflower) and animal (salmon and sardine fillets) foods. 

Concerning vegetable foods, two varieties (Depurple and Cheddar) of colored cauliflowers 

(Brassica Oleracea L. var. botrytis) were considered and the effects of different cooking procedures 

were evaluated on the levels of lipid-soluble (tocopherols) and hydrophilic (phenols) antioxidants 

and glucosinolates.  

As regards animal foods, the impact of cooking was assessed on bioactive compounds and 

oxidative status of widely consumed fish fillets: salmon and sardine. Variations in term of fatty 

acid profile, tocopherols ( and ), peroxide and TBARS values were monitored in both fillets as 

consequence of cooking treatments. In addition, changes of the levels of peculiar salmon 

antioxidant compounds (astaxanthin and coenzyme Q10) and of an innovative marker for 

oxidative status (percentage of oxidized CoQ10 on total CoQ10 amount) were evaluated in salmon 

fillets.  

Our findings highlighted that cooking treatments can induce two opposite effects on food 

bioactive compound concentration: a reduction of compound level as effect of thermal 

degradation and/or an increase of extractability of compounds as effect of matrix softening. The 

extents of the two opposite effects were simultaneously related to processing operative conditions, 

structure of food matrix and chemical nature of the specific compound.  
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GENERAL INTRODUCTION 

Nowadays, most of the consumed foods are rarely ready for direct consumption. Local markets 

supply a wide range of products to the consumer, fresh, raw and manufactured food such as 

canned meat, dried fish, packed fruit etc. nonetheless both product types are usually submitted to 

additional processing that transform the selected food into ready to eat products. For this purpose, 

the cooking treatments play a fundamental role in culinary preparations (Ruiz-Rodriguez et al., 

2008) today as since its discovery. 

 

1. Cooking discovery and human evolution 

The origins of cooking cannot be exactly traced, it was believed that primitive humans have begun 

to cook 250,000 years ago (R. Wrangham & Carmody, 2010). Successively to the discovery of fire, 

maybe raw meat happened to fall in a fire for error and man has found out that it was tastier and 

easier to chew. The roasting cooking method had been so discovered. Cooking definitely changed 

our ancestors’ lives for the better and according to the primatologist Richard Wrangham it also 

supports changes in hominin biology. Probably the earliest genetic impact of cooking was the 

reduction of tooth and jaw size that accompanied the evolution of Homo ergaster dating 

approximately 1.9 million years ago (Aiello & Wheeler, 1995; R. W. Wrangham et al., 1999). 

Another hypothesis is that the following decrease in tooth size and jaw size started around 100000 

years ago was proved from later modifications in cooking technique, such as the adoption of 

boiling (R. Wrangham & Conklin-Brittain, 2003). In parallel with the decrease in teeth size H. 

erectus’s brain was 50 percent larger than that of its predecessor, H. habilis (Gorman, 2008). Other 

differences found out between human and other great apes regard digestive anatomy, human in 

fact possesses smaller gut volume, longer small intestine, smaller cecum and colon, and faster gut 

passage rate of humans (Hladik et al., 1999). According to Aiello ancestral humans also underwent 

marked increases in body size and brain (Aiello & Wheeler, 1995). Summarizing all these 

evolutionary humans changing some hypotheses have been formulated.  Taking into account the 

relatively small size of human guts, 60% of the expected size for a primate, combined with the 

calculated same basal metabolic rate as any other primate, the consequence is that remain a quite 

good spare energy quantity (Aiello, 1997). This extra energy could allow the rapid growth in brain 

size and given the chance to developed cognitive capacity and expanded a more flexible and 

complex brain. Certainly, considering that gorillas foraging and eating around 8-10 hours per day 

and supported by calculations we can assess that our hominid ancestors could never have eaten 

enough raw food to support our large, calorie-hungry brains so as claim Wrangham the secret to 

our evolution is cooking (Gorman, 2008). Cooking it wasn’t only the reason we have been able to 

evolve small guts due to more digestible food, the crucial point is that it also releases more calories. 
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(Carmody & Wrangham, 2009) In this regard studies have reported that for high proportion of 

raw food diet correspond to a low Body Mass Index BMI (Koebnick et al., 1999). Many raw-

foodists apparently do not limit their food intake in fact it is common that their hunger persist 

despite they eat frequently (R. W. Wrangham, 2009). Further confirmations of low energy intake 

evidenced that women eating predominantly raw food have higher rates of amenorrhea or 

menstrual irregularities than those eating cooked food (Koebnick et al., 1999). 

We can conclude that cooking brought many benefits, for instance it contributed to food energy 

release, in specific increased digestibility of starch and protein in addition increase also the 

bioavailability of nutrients. As a consequence, reduced costs of digestion for cooked versus raw 

meat moreover reduced energetic costs of deoxification and defence against pathogens (Carmody 

& Wrangham, 2009). Another benefit of cooking is that it makes inedible foods, such as tubers, 

edible. Furthermore, the quality of life has improved in fact eating cooked food means have frees 

up time to do more interesting things. No less important are the sensory quality of food; its taste, 

texture and flavor are usually nicer when cooked.  

All these advantages coming up from cooking are the reasons why to this day cooking continues 

in every known human society. 

 

1.2 Thermal processing of food 

Among the thermal processing employed in food preparations we can divided it in two main 

temperature categories; pasteurization and sterilization (Figure 1). 

 

 

Figure 1: Thermal processing of food (Safefood 360, Inc. 2014) 
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1.2.1 Pasteurization 

Pasteurization is a method in which the harmful microorganisms such as bacteria, viruses, 

protozoa, molds and yeasts are partially killed by heat treatment, employing a temperature below 

100°C, usually between 60°C and 95°C (Stehlik, 2008). The heating can be generated by hot water, 

dry heat, or electric current, and after the heat treatment products are rapidly cooled at 4°C. This 

traditional physical process of food decontamination is still in common use today due to its 

efficiency. (Simpson, 2009) Two are the approaches employing in industrial pasteurization: the 

utilization of a high temperature for a short time (HTST), or the use of a low temperature for a 

longer time (LTLT). One example of high-temperature short-time pasteurization is represented 

by the common pasteurized milk that is undergoes at the temperature of 71.7°C for 15 seconds. 

On the contrary in the pasteurization of milk, beer, and fruit juices is commonly used low 

temperature approach, in fact the liquid is maintained at 62.8°C for 30 min. This kind of treatment 

is sufficient to destroy the most heat resistant nonspore-forming pathogenic organisms like 

Mycobacterium tuberculosis and Coxiella burnetiid. (Iordache et al., 2017) Due to the direct relationship 

between the pH and the type of microorganism, pasteurization industry follows exact parameters: 

for foods with a pH value of 3.5 or less, 79.5°C is a sufficient temperature, foods with a pH range 

between 3.5 and 4 the recommended temperature is of  85°C and for foods with a pH range of 4 

to 4.3, the temperature rises to 90.5°C. 

 

1.2.2 Sterilization 

The aim of sterilization is the destruction of all bacteria including their spores contained in food. 

Heat treatment of foodborne products must be severe enough to inactivate the most heat resistant 

bacterial microorganisms, which are the spores of Bacillus and Clostridium. Amongst the two 

groups of microorganisms that produce spore Clostridium is more heat resistant than Bacillus. 

For this purpose, food products filled in sealed containers are exposed to temperatures above 

100°C in pressure cookers. This process requires temperatures above 100°C that depend on the 

type of product, usually ranging from 110-121°C must be reached inside the product. 

Temperatures of 110°C inactivate most Bacillus spores within a short time, while in the case of 

Clostridium temperatures of up to 121°C are needed to kill the spores within a relatively short 

time. As we saw the choice of temperatures is relative to the type of microorganism that is present 

in the food. It is known that Clostridium botulinum microorganism and many other types of sporing 

and nonsporing bacteria are inhibited from growth at pH 4.6. As result also for sterilization a 

fundamental factor on deciding the severity of the process is represented by the pH of the 

product. From the microbial point of view, it would be easy to eliminate completely the risk of 

any surviving microorganisms, but it would employ very intensive heat treatment with the 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/microorganisms
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/protozoa
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/beers
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fruit-juices
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/mycobacterium-tuberculosis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/coxiella
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consequent degradation of sensory quality or nutritional value losses (destruction of vitamins and 

protein components). In order to comply with the above aspects, a time-temperature compromise 

between the microbiological safety and the product quality preservation should be reached. 

The two typical forms of sterilized product are: 

- In package sterilized, in which product is already packed into containers and the container of 

product is then sterilized. The most common apply example is the canning; many different types 

of product such as vegetables, meat and fruit are canning processed. 

- Ultra heat treatment (UHT) or aseptically processed products in which the product and the 

package is sterilized separately then the package is filled with the sterile product and sealed under 

specific conditions. 

 A case of UHT application is for the milk sterilization; the milk is subjected to a temperature of 

135°C for 1 second. 

 

1.2.3 Domestic cooking treatments 
In addition to thermal treatment processing in industrial scale also people in their home subject 

food to cooking methods. Among the widespread used traditional cooking methods there are 

boiling, steaming, baking, roasting and frying. In addition to these many innovative technologies 

are developed in the last years due to the increased attention paid to domestic cooking treatments. 

Two successful innovative technologies that involve the use of a new oven category are the 

steaming and the sous vide oven cooking. 

1.2.3.1 Steam oven cooking 

Like in the traditional methods also for the innovative steam oven the food is cooked not in water 

direct contact but with water vapor that is generated through a small boiler present in the oven. 

The novel steam oven lets you to choose each time which kind of program you prefer used. This 

innovative culinary technique offers many advantages, for instance is possible setting the amount 

of steam used for different food cooking. Moreover, seems that cooking with steam program 

reduce time and energy around of 20%. The cooking oven resulting from the combination 

program between thermo-ventilated and steam program show higher quality level due to 

homogeneous cooking compare to traditional oven cooking. Furthermore, oven steam cooking is 

healthily convenient because leaching of minerals and vitamins does not occur and nor does the 

formation of carcinogenic substances caused by small burns on roasted food (Warshaw et al., 

1974). 
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Figure 2: Commercial steam oven (Panasonic NN DS58HB - Steam Combination Oven) 

 
1.2.3.2 Sous vide cooking 
The term 'sous vide', originally from French, meaning simply 'under vacuum'. The sousvide 

technology is defined as “raw materials or intermediate foods that are cooked under vacuum at 

controlled temperatures and cooking times inside bags" (Schellekens, 1996). Sous vide products are 

heating at quite low cooking temperature (65 °C - 95 °C) for a long time of cooking. Subsequently 

if the food is not direct consumed there is the possibility to storage it at 1°C - 4 °C after a quick 

cooling; the shelf life of sous vide products varies between 6 and 42 days (González-Fandos et al., 

2005). For the first time the sous vide method was described by Sir Benjamin Thompson in 1799, 

who used air as thermoreactor fluid instead of water. Later it was rediscovered by American and 

French engineers in the mid-1960s, who developed this technology as a method of preserving 

industrial foods. Successively in 1974, sous vide cooking was adopted by Georges Pralus for the 

Troisgros restaurant (Pierre and Michel Troisgros) in Roanne, (France). Pralus also discovered 

that the "Foie gras" cooked in this way retained its original appearance, without lost its fat and 

reaching a better consistency. Another pioneer of the sous vide was Bruno Goussault, who did 

many researches on the effects of temperature on different foods and became a famous chef’s 

instructor of this method. Therefore, the chefs started using this method in the 70s, but only in 

the early 2000s did sous vide cooking begin to spread in many restaurants around the world, and 

after 2010 it was well-known and used globally (Baldwin, 2012). 
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a)                                                                                             b)                                                                                   

 

Figure 3: Sous vide cooking technologies a) sous vide commercial oven (AEG BSE792320M) b) Commercial roner (TF 14.1550.01) 

 

Food can be cooked with sous vide technology in two ways as showed in Figure 3: 

- using the roner which consist in a thermostatic bath cooking with a constantly and continuously 

water stirring. The apparatus is resistance provide in order to heat the water present in the suitable 

container. 

- using a particular steam oven similar to that used for steaming but that possesses sous vide 

programs.  

 

1.3 Effect of thermal treatments on bioactive compounds of food 

As mentioned previously one of the effects generated by thermal treatment is not exclusively to 

increase it in energy but also in bioactive compounds. At this purpose many studies have been 

done in bioactive compound present in food following cooking treatments including phenolic 

compounds and glucosinolates for hydrosoluble compounds and tocopherols and fatty acids for 

hydrophilic one. By the other hand cooking treatment could generate not healthy compounds 

such as those involved in lipid fraction deterioration; in many researches primary and secondary 

lipid oxidation products were monitored. 

1.3.1 Lipid fractions: oxidative and bioactive compounds 

1.3.1.1 Primary and secondary lipid oxidation products 
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Lipid peroxidation is a complex process that results in rancidity and deterioration of fats and 

progresses via free-radical propagated chain reactions that occur in both plants and animals 

(Ramis-Ramos, 2003). Lipids can be oxidized by three main ways that are: autoxidation, 

enzymatic-catalysed oxidation and photo-oxidation. The enzymatic and photo-oxidation 

mechanisms compare to autoxidation are different only during initial phase (Figure 4) of the 

hydroperoxides formation (Upadhyay et al., 2016; R. Domínguez et al., 2019).  

 

 

Figure 4: Initiation radical reaction phase in lipid oxidation (R. Domínguez et al., 2019) 

 

In this way the formation of lipid radicals is followed by rearrangement and combination step that 

results in peroxyl radical generation. The peroxyl radical is capable of extracting a hydrogen atom 

from another polyunsaturated fatty acid and thereby starting a chain reaction (Halliwell & 

Gutteridge, 1984). This reaction named propagation (Figure 5) implying that one initial hit can 

result in the conversion of numerous PUFA to lipid hydroperoxides.  

 

 

Figure 5: Propagation radical reaction phase in lipid oxidation (R. Domínguez et al., 2019) 
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In sequence of their appearance, alkyl, peroxyl and alkoxyl radicals are involved. Lipid 

hydroperoxide (ROOH) is the first product of the lipid peroxidation reaction comparatively stable 

(Halliwell & Gutteridge, 1984) that successively, in the termination reaction step (Figure 6), cause 

a variety of secondary reactions with formation of aldehydes, ketones, acids, and other low-

molecular-weight volatile substances (Ramis-Ramos, 2003). 

 

 

 

Figure 6: Termination radical reaction phase in lipid oxidation (R. Domínguez et al., 2019) 

 

The primary and secondary lipid oxidation products cause a decrease in membrane fluidity and in 

the barrier functions of the membranes. Many products of lipid peroxidation such as 

hydroperoxides or their aldehyde derivatives inhibit protein synthesis, blood macrophage actions 

https://www.sciencedirect.com/topics/medicine-and-dentistry/aldehyde
https://www.sciencedirect.com/topics/medicine-and-dentistry/ketone
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and alter chemotactic signals and enzyme activity (Fridovich & Porter, 1981). Previous results 

indicate that lipid peroxidation has a role in the pathogenesis of several pathologies as 

neurodegenerative; Fiszman et al., 2003), inflammatory (Farooqui & Farooqui, 2011), infectious 

(M. Repetto et al., 1996), gastric (M. Repetto et al., 2003) and nutritional diseases (M. G. Repetto 

et al., 2010). 

For this reason there are many studies on oxidative levels of lipid-reach food products associated 

with culinary treatments (Ahn et al., 2001). 

Min et al. studied the oxidative level of patties prepared with separated meat of beef and pork 

loin, chicken breast and thigh muscles. The patties were packaged and cooked in a bag in a 95 °C 

water bath to an internal temperature of 75 °C followed by cooling for 2 h at 4 °C. The initial 

TBARS values of raw meats from different animal species did not show differences from each 

other. Farther during the seven days of storage, the TBARS values of raw pork loin, chicken 

breast, and chicken thigh meat did not increase significantly. Conversely, at days 3 and 7, the 

TBARS values of beef loin were significantly higher than all the other meats. The secondary 

oxidative products showed a different behavior in cooked meat, the TBARS values of all the meats 

were higher that the respective raw meats, in addition the TBARS level gradually increased with 

storage time. At the end of the seven days of storage TBARS values of cooked beef loin and 

chicken thigh meat were approximately two times greater than those of pork loin and chicken 

breast meat. (Min, Nam, Cordray, & Ahn, 2008) 

Bakar et all studied the peroxide and TBARS levels of frying, grilling, steaming and microwave 

Indo-Pacific king mackerel (Scomberomorous guttatus) slices. All cooking methods significantly (P< 

0.05) increased the total lipid content with the exception of steaming where a slight decrease was 

obtained. Apparently, the highest increase was obtained for grilled samples, but it was not 

significantly different from that of fried fish slices. Hydroperoxide and TBARS values increased 

in all processed samples but cooking treatments did not point out significantly differences in term 

of concentration. Different cooking methods didn’t effect Therefore, all the four cooking 

methods investigated had caused lipid oxidation in the fish slices. (Bakar, Rahimabadi, & Che 

Man, 2008) 

Another example of oxidative compounds study was conducted in fresh grass carp (C. idellus) fillet 

that were analyzed after the cooking processes of boiling, steaming, grilling, microwaving, pan-

frying and deep-frying cooking. Concerning peroxides level there were no significant differences 

in boiled, steamed, microwave or grilled fillets when compared with the raw one. Nevertheless, 

significant hydroperoxides decrease occurred in deep-fried fillets and an even greater decrease in 

the pan-fried samples. A possible explanation for the lower hydroperoxides in the fried products 
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is that the hydroperoxides would have been rapidly decomposed into various volatile and non-

volatile products under the higher temperature of frying. (J. Zhang et al., 2013) 

Similar results were founded by Weber et al. when investigated on cooked silver catfish (Rhamdia 

quelen). The fish fillets were fillets were undergone to one of the seven cooking methods that are: 

boiling, convectional baked, microwave, grilled, and deep fried in soybean oil, canola oil, or in 

partially hydrogenated vegetable oil. Concerning peroxides, they did not change for the boiled and 

grilled silver catfish fillets. While all the fried silver catfish fillets had a significant decrease in the 

peroxide value when compared to the raw, boiled and baked samples. In the TBARS analysis a 

significant value increase was observed in boiled and baked samples, especially for samples baked 

in microwave and conventional ovens. In contrast, no significant differences were observed in the 

TBARS value of grilled and fried samples, when compared with the raw. (Weber et al., 2008) 

 

1.3.1.3 Fatty Acids and Free Fatty Acids 

Fatty acids according to the presence and number of double bonds in their carbon chain are 

classified in three groups: saturated fatty acids (SFA) contain no double bonds, monounsaturated 

fatty acids (MUFA) contain one and polyunsaturated fatty acids (PUFA) contain more than one 

double bond.  

Unsaturated fatty acid (Figure 7) can be further categorized into three families consider the 

position of the first double bond starting from the methyl-end of the fatty acid chain: (i) omega-

3 (or n-3) fatty acids have the first double bond at the third carbon atom; (ii) omega-6 (or n-6) 

fatty acids have the first double bond at the sixth carbon atom ; (iii) omega-9 (or n-9) fatty acids 

have the first double bond at the ninth carbon atom. 

 

a) 
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b) 

 

Figure 7: Fatty acids classification: a) SFA and MUFA; b) PUFA (MacLennan & Ma, 2010) 

 

Long chain n-3 polyunsaturated fatty acids, including Ư-linolenic acid (ALA), eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA), are important to human health; they have been 

reported to protect against cardiovascular disease, neurodegeneration and to reduce inflammation 

(Rajaram, 2014; Calder, 2006; Thomas et al., 2015; Eser et al., 2013). Medical guidelines 

recommend the consumption of dietary n-3 PUFAs, as ALA because they cannot be synthesized 

in the human body. Lack of ∆12- and ∆15-desaturase enzymes in humans caused a low conversion 

efficiency of ALA to EPA and DHA in the metabolism. Thereby is necessary obtain EPA and 

DHA through our diet, mainly from marine-based food such as fish oil, fatty fish and seafood 

(Burdge & Calder, 2005). 

 Nevertheless, the structure of unsaturated fatty acids is oxidizable and as previously seen the lipid 

rancidity start by such compounds. For this reason, fatty acids behavior of cooked food is still 

studied. 

Leung et al. studied the fatty acids behavior in salmon fillet subject to three cooking treatments: 

boiling, pan-frying and oven-baking. It results that different cooking methods did not significantly 

reduce the concentration of AA (Arachidonic Acid Raw), AdA (Adrenic Acid), EPA and DHA 

of the salmons, nevertheless emerged large standard deviation of the mean (~ 50%) specially in 

fried or baked the salmon was observed. Contrariwise a significant increase in PV was found in 
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pan-fried and oven-baked salmon, and increased MDA was found in pan-fried salmon only, 

compared to other salmon samples (Leung, Galano, Durand, & Lee, 2018a). Fatty acids profile 

was also studied in meat-food matrix. For examples FAMEs profile was investigated in Popielno 

White male rabbits after boiling in water, roasting and sous vide. In the Rasinska et al. study cooking 

treatments impact differently the variation of rabbit fatty acids. For instance, cooking increased 

the level of C18:0 stearic, C14:0 in all processed samples but decreased the palmitic quantity C16:0 

in sous vide and in roasted meat. Cooked meat had significantly lower (6–14%) content of PUFA 

than the raw one, in the specific roasting resulted in a greater loss of linoleic acid (C18:2 9c12c). 

An even more pronounced effect of roasting was found for the main n-3 FA, the C18:3 9c12c15c, 

were the decrease was lower compare to boiling and sous vide samples. Regarding MUFA profile, 

all cooking decreased the content of oleic-C18:19c. Different is the behavior of the n-7 

palmitoleic-C16:1 acid, it content increased in sous vide meat but decreased in boiled and roasted 

meat (Rasinska et al., 2019). Different thermal treatment affect in the fatty acid were observed 

also in semimembranosus muscles of Polish Holstein-Friesian, black-and-white variety bulls 

cooked by convection, steam oven and by sous vide. As a result of steam cooking, the relative 

proportion of linoleic (18:2 n-6, P < 0.01) and alpha-linolenic (18:3 n-3, P < 0.5) acids increased 

in comparison to the raw beef. Similar behavior between steam and sous vide treatment was showed 

for arachidonic (20:4, n-6, P < 0.01) acid were thermal treatments increased the value. Therefore, 

steam cooking decreased the proportion of saturated fatty acids (SFA, P < 0.5), but increased the 

proportion of PUFA (P < 0.01), n-6 (P < 0.01), and n-3 (P < 0.5) fatty acids compared with the 

raw and sous vide samples. In the Modzelewska-Kapituła et al. study, the proportion of CLA and 

n-6/n-3 index were not affected by thermal treatment (Modzelewska-Kapituła et al, 2019). 

Free fatty acids (FFA) are fatty acids that are liberated from triacylglycerols (triacylglycerols) either 

by enzymic hydrolysis or as a result of hydrolytic rancidity of the fat (Figure 8). Determination of 

FFA is therefore an index of the quality of fats. (Bender, 2020; García-González et al., 2009) 

 

 

Figure 8: Hydrolysis of a triacylglycerol with formation of diacylglycerols and fatty acids. (Turner-walker, 2014) 
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The involved breaking ester bonds is due to moisture content, time and temperature conditions, 

determinant factor for cooking process too. Consequently, FFA levels are strongly connect to 

cooking treatments. Moreover, FFA are less stable than neutral fat, they are in fact more prone to 

oxidation and to turning rancid. (Ashworth, 2006) 

Considering the important information that FFA provide us on the food quality, here are reported 

some works on it. We focalized our attention in fish food matrix, object of study of this thesis. 

Bakar et al studied the lipid characteristics in fryed, grilled, steamed and microwave Indo-Pacific 

king mackerel (Scomberomorous guttatus) slices. The FFA increased in all cooked samples but they 

were significant higher (P< 0.05) only in microwave and steamed samples. (Bakar et al., 2008)  

In Zhang et al. of 2013 study grass carp (C. idellus) fillet were undergone to boiling, steaming, 

grilling, microwaving, pan-frying and deep-frying cooking. FFA contents of the fillets were 

significantly reduced by all the cooking conditions applied. Probably the low FFA levels were due 

to the losses of volatile FFA during heating, in addition, the deactivation of lipase during the 

heating process might be occurred. These results are in agreement with those of Weber et al. who 

observed a decrease of FFA in different cooked silver catfish (Rhamdia quelen) fillets, including 

boiling, oven-baking, microwave-baking, grilling and frying. Al-Saghir et al. also reported a 

decrease of FFA in the steamed and fried New Zealand King Salmon (Oncorhynchus tshawytscha) 

fillets. (Al-Saghir et al., 2004) 

1.3.1.4 Tocopherols 

Tocopherols are fat-soluble class of compounds discovered in 1922 by the scientists Evans and 

Bishop-being isolated from green vegetables (Evans & Bishop, 1922). The general structure of 

tocopherols is shown in Figure 8 in fact they are founded in 4 conformations: Ư-, ư-, Ʊ-, and Ʋ-

tocopherol that differ in the number and position of methyl groups in the aromatic ring (Della 

Penna & Pogson, 2006). 

 

 

Figure 9: Tocopherols chemical structures 
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These amphipathic molecules with the polar chromanol ring and hydrophobic saturated side chain 

take part of vitamin E compounds. Among them Ư-tocopherol is believed to present the most 

biological antioxidant activity; protects cell membranes from oxidation by reacting with lipid 

radicals produced in the lipid peroxidation chain reaction (Cruz & Casal, 2013; Polat et al., 2013). 

The predominant reaction responsible for tocopherol antioxidant activity is hydrogen atom 

donation, where a tocopheroxyl radical is formed (Podsędek, 2007). Tocopherols can indirectly 

act as lipid peroxidation inhibitors, for example, protecting other antioxidants from oxidation. It 

is suggested that Ư-tocopherol have a synergitic interaction with ư-carotene, preserving it from 

reactive oxygen species (Munné-Bosch & Alegre, 2002).  

A deficiency of tocopherols may cause neuromuscular problems, being necessary for the integrity 

of Purkinje neurons and being associated with greater fat-free mass (Ulatowski et al., 2014). The 

cerebellar origin of tocopherols-deficiency-induced ataxia, the critical role of Purkinje neurons in 

projecting cerebellar cortex output and the known sensitivity of cerebellar Purkinje neurons to 

oxidative stress raise the possibility that integrity of Purkinje neurons is compromised. 

Tocopherols compounds have also potential clinical applications in multiple diseases (Peh et al., 

2016). For example, they protect cells against oxidative damage, and may therefore prevent 

chronic diseases, such as cancer, cardiovascular diseases and diabetes (Podsędek, 2007). 

Due to their healthy activities, tocopherols have been investigated in cooked food matrix.  

According to Lee at al. fresh cooked broccoli, chard, mallow, crown daisy, perilla leaf, spinach, 

and zucchini showed a significant increase in Ư-tocopherol, while cooking potato, sweet potato, 

and carrot lead to a significant decrease in Ư-tocopherol. The higher retention of Ư-tocopherol 

detected in green leafy or flower vegetables compare to root vegetables may be attributed to the 

increased extractability of Ư-tocopherol following denaturation of proteins and a complete 

breakdown of the plant cell wall which occur as a result of cooking. Additionally, there was a 

higher amount of Ʊ-tocopherol in cooked rather than raw vegetables. It was not found evident 

differences among the boiled, blanched and steamed vegetables samples (Lee et al., 2017). 

Polat et all studied the influence of the microwave cooking in tocopherols behavior of several 

selected fish species, which were red mullet (Mullus barbatus), two banded bream (Diplodus vulgaris), 

sand smelt (Atherina hepsetus), corb (Umbrina cirrosa), tub gurnad (Trigla lucerna), common sole (Solea 

solea), sea bream (Sparus aurata), whiting (Merlangius merlangus), pike (Esox lucius), Atlantic salmon 

(Salmo salar) and common pandora (Pagellus erythrinus).  From the study result that there were no 

differences in the levels of Ʋ‐tocopherol between raw and cooked common pandora and pike and 

also tub gurnad, while the others nine fishes showed the highest Ʋ‐tocopherol concentration for 

cooked fishes. The same trend was observed was observed in the Ʊ‐tocopherol content of raw 
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and cooked fish except for striped mullet, corb, pike and Atlantic salmon. As for ư‐tocopherol 

contents, increased valued were detected in cooked fish apart from striped mullet and pike species. 

ư‐Tocopherol was not detected in Atlantic salmon. Among the tocopherols family Ư‐tocopherol 

is the most present in fish food and it was founded in lower concentration in raw fish than in 

microwaved one apart from corb and sea bream (Polat et al., 2013). Contrary raw horse mackerel 

had higher tocopherols content than fried and grilled fish, while cooked seabass and hake 

contained considerable higher tocopherols amount than raw fish (Dias et al., 2003). In steamed 

salmon fillets or pan‐fried without oil, with olive oil, with corn oil, or with partially hydrogenated 

plant oil tocopherol levels remained almost stable (Sabri Al-Saghir et al., 2004).  Ruiz et al. 

investigated the content of tocopherols in raw and cooked broiler chicken and found lower 

tocopherols concentration in the cooked samples compared with raw meat (Juan A.  Ruiz et al., 

1999). In the baked meatloaves ‐tocopherol is strongly affected by increasing the temperature 

and baking time that contributed to a significant loss (Sabolová et al., 2017). 

 

1.3.2 Hydrophilic bioactive compounds 

1.3.2.1 Pholyphenols 

Polyphenols are widespread aromatic secondary metabolites present in the plant kingdom with 

highly diverse structures and comprising more than 8000 substances. Their molecular masses 

range from small molecules (<100 Da) such as phenolic acids to big molecules (>30,000 Da) of 

highly polymerized compounds. Polyphenols are generally classified into four main families 

following the function of the number of aromatic phenol rings that they contain as well as the 

structural elements than bind these rings together: (i) phenolic acids, (ii) flavonoids, (iii) lignans, 

and (iv) stilbenes (Figure 10) (Manach et al., 2004).  

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1745-4514.2011.00635.x?casa_token=5HORqLdhmboAAAAA%3A3sQTGzrnEtDNlxwaZLbdZ6m9HqviULqRQU5SNTBXBja6V_hNM6eCYFQiunRAORnY_8DRJQYtXKk-L4II#b29
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1745-4514.2011.00635.x?casa_token=5HORqLdhmboAAAAA%3A3sQTGzrnEtDNlxwaZLbdZ6m9HqviULqRQU5SNTBXBja6V_hNM6eCYFQiunRAORnY_8DRJQYtXKk-L4II#b29
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Figure 10: Phenolic acids and polyphenols classification (Lucci, Saurina, & Núñez, 2017) 

 

The name, polyphenols should denote the presence of various aromatic rings with one or several 

hydroxyl (-OH) groups such as in the case of flavonoids and minor non-flavonoid families (e.g., 

stilbenes and lignans). Nonetheless not all polyphenols showed such structural characteristics, 

some compounds such as phenolic acids, they in fact are considered an extended version of 

polyphenolic matter, thus being benzoic and cinnamic acids other important subfamilies. 

Regarding food polyphenols they are not always founded in raw form, often phenolic acids may 

occur combined with other organic compounds such as alcohols, sugars or organic hydroxy acids 

via ester bonds. For flavonoids, instead, glycoside derivatives (of glucose, galactose, rhamnose, 

etc.) are very abundant in vegetal matrices (Lucci et al., 2017). The main reasons for the interest 

in polyphenols center around their role in the prevention of various diseases. For instance, it was 

proved that the healthy activity of some polyphenols related to metabolic risk factors that includes 

insulin resistance, hyperinsulinemia, impaired glucose tolerance, type 2 diabetes mellitus, 

dyslipidemia, and visceral obesity defined as the Metabolic syndrome. In particular that study 

investigated the positive effect due to a rich diet of oleuropein and hydroxytyrosol present in olive 

oil, resveratrol present in red wine, ellagic acid and ellagitannins in nuts (Finicelli et al., 2019). 

These widespread bioactive compounds have been studied also in relation to cooking treatments 

and it was demonstrated that bioavailability and content of phenolic compounds could be altered 

during processing. Cooking did not greatly influence the total phenolic acids of barley pasta. (De 
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Paula et al., 2017). However, some phenolic substances contained in raw black rice cannot be 

obtained during boiling because its thermal degradation  (Tang et al., 2016). Zhang & Hamauzu 

studied the conventional and microwave cooking influences in phenolics broccoli, it results a 

heavy loss, the extent of loss would be lower for other processes such as blanching and stir frying 

(D. Zhang & Hamauzu, 2004). In watercress samples all flavonols are lost in boiling water bath 

after 10 min (Giallourou et al., 2016). According to Sharma et al. also total phenolic content of 

the pineapple fruit leather decreased significantly when the extrusion cooking process increase in 

temperature (Sharma et al., 2016). Anthocyanin losses were observed in red cabbage, the greatest 

one was in stir-frying and boiling samples (62% and 55.5%, respectively), followed by microwave 

heating and steaming cabbages (46.1% and 17.5%, respectively) (Xu et al., 2014). Despite several 

studies reporting loss of anthocyanins during domestic and commercial processing (Brown et al., 

2008; Tian et al., 2016; Tian et al., 2016) some contradictory results have also been reported. For 

example, increase of total anthocyanins was observed in cooked colored-flesh potatoes after 

cooking treatments (Lachman et al., 2012; Lemos et al., 2012). 

 

1.3.2.2 Glucosinolates  

Glucosinolates ( -thioglucoside-N-hydroxysulfates) are thioglycosides that differ in the structure 

of the aglycone side chain. They occur naturally as salts of sulfate and are classified as aliphatic, 

aromatic, and indolic, depending on the amino acid from which they are derived (Figure 11) 

(Soledade et al., 2010). 

 

Figure 8: General structure of glucosinolates 

 

At least 120 different glucosinolates closely related taxonomic groups have been identified in 

plants, mainly in the Brassicaceae family (Fahey et al., 2001). 

Recent studies have shown healty effects of glucosinolates, such as regulatory functions in 

inflammation, stress response, phase I metabolism, and antioxidant activities, as well as direct 

antimicrobial properties (Bischoff, 2016). These sulfur-containing compounds showed also 

important cancer chemo-preventive activity (Wu et al., 2017). Glucosinolates in the presence of 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microwave-cooking
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/broccoli
https://www.sciencedirect.com/topics/food-science/blanching
https://www.sciencedirect.com/topics/food-science/stir-frying
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/watercress
https://www.sciencedirect.com/topics/medicine-and-dentistry/thioglycoside
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/aglycone
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/inorganic-salt
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sulfate
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water undergo biological hydrolysis thank to the myrosinase enzyme that cleaves off the glucose 

group from a glucosinolate (Bongoni et al., 2014). Some of the hydrolysis products such as goitrin, 

thiocyanate ion, several isothiocyanates, and nitriles may have antinutritional or toxic effects; 

others, especially isothiocyanates, are considered to be responsible for the protective, 

anticarcinogenic effects of a cruciferous-rich diet. Glucosinolate hydrolysis products also exert 

antifungal, antimicrobial, and insecticidal properties; they constitute in fact defense mechanism of 

the overall plant (Holst & Fenwick, 2003). Glucosinolates and their breakdown products show 

such promising results that recently we have started the exploration of these significant bioactive 

compounds in drug development and novel nutraceutical products (Petropoulos et al., 2017). 

In the same line an increasing number of researches have been done in that special compounds 

in regard to cooking effet. The glucosinolates content are generally notably affected by all cooking 

methods, even blanching could lead to the depletion of these water-soluble compounds in 

vegetables (Gliszczyńska-Šwigło et al., 2006). According to Hwang the concentrations of 

glucosinolates in fresh cauliflower (Brassica oleracea L. spp. botrytis) were decreased in steamed and 

boiled cauliflower compared with unprocessed cauliflower; this decrease was greatest in boiled 

cauliflower (Hwang, 2019). In the same line Song and Thornalley, after 30 min of boiling detected 

a progressive total glucosinolates decrease of 58% in Brussels sprouts, 65% in green cabbage, 75% 

in cauliflower, and 77% in broccoli (Song & Thornalley, 2007). During boiling it was proved that 

the loss of total glucosinolates enhanced with increased water volume and cooking time (Dekker 

et al., 2000; Jones, 2007). Baenas et al. studied the glucosinolates behaviour in two novel Brassica 

species: broccolini (Brassica oleracea var italica Group x alboglabra Group) and kale (Brassica oleracea 

var. sabellica L.). The selected steamed and stir-fried vegetables preserving better the total 

glucosinolates content, compared to the boiled one (Baenas et al., 2019). On the contrary, a total 

glucosinolate increase content was observed in red cabbage undergoes to microwave (Verkerk & 

Dekker, 2004). Also, some other cases of increase in glucosinolates for cooked Brassica vegetables 

by steaming were reported (Pellegrini et al., 2010). 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-hydrolysis
https://en.wikipedia.org/wiki/Myrosinase
https://www.sciencedirect.com/topics/nursing-and-health-professions/inorganic-ions
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/isothiocyanates
https://www.sciencedirect.com/topics/medicine-and-dentistry/glucosinolate
https://www.sciencedirect.com/topics/medicine-and-dentistry/antiinfective-agent
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/red-cabbage
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AIM OF THE THESIS 

The thesis was aimed at evaluating how the cooking treatments influenced the bioactive 

compounds of some selected foods. Traditional (boiling and convection-oven) and innovative 

(steam-oven and sous vide) cooking procedures were tested and compared. The investigated 

procedures presented differences in term of cooking time and temperature, heat transfer and 

presence of oxygen.  

For this purpose, it was assessed the: 

- impact of boiling and oven-baking treatments on the phytochemical profile of Depurple 

and Cheddar cauliflower (Brassica Oleracea L. var. botrytis) by UHPLC-HRMS (Orbitrap); 

- impact of boiling and oven-baking treatments on tocopherols profiles in Depurple and 

Cheddar cauliflower (Brassica Oleracea L. var. botrytis); 

- effects of different oven-baking treatments on antioxidant compounds levels and 

oxidative status of Atlantic salmon (Salmo salar) fillets; 

- influence of different oven-baking treatments and reproductive cycle on tocopherols 

levels and oxidative status of sardine (Sardina pilchardus). 

Cauliflower is part of Brassica family, known vegetables due to their health-promoting 

phytochemical contents. Cauliflowers and broccoli play a relevant global impact. According to 

FAOSTAT the production of cauliflowers and broccoli in the world duplicated from 1994 to 

2018 in which it increased from 12 203 658 to 26 504 006 tonnes. (FAOSTAT, 2018)  

Recently, the unusual cauliflowers varieties, such as Cheddar (orange cauliflower) and Depurple 

(violet cauliflowers) have attracted special consumer attention due to their high biodiversity visible 

not only in their outer appearance but also in their phytochemical profiles (Kapusta-Duch et al., 

2019; Neugart et al., 2018). In view of this, we choose these varieties as raw material for cooking 

tests. In this way was also possible to fully characterized the phytochemical profile of the less 

investigated cauliflowers.  

After that, in order to have a broader view of cooking treatments influences, we continue the 

investigation into others cooked consume food. For this reason, we focalized our attention in 

lipid fishes, rich source of bioactive fatty acids, fat soluble vitamins, and antioxidants.  

We selected two very different fish species in term of dimension, geographic area origin and 

growing way. On one hand we analyzed the widespread consumed farmed Norway salmon (Salmo 

salar), on the other hand we choose local caught sardine (Sardina pilchardus). Due to the diversity 

of the fishes some different bioactive compounds, such as astaxanthin, were valuated.  
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A wider point of view of the thermal influences in the selected fish was possible owing to the 

oxidative state investigation.  
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Chapter 1: 

Impact of cooking methods in phytochemical profile of Depurple and Cheddar 

cauliflower (Brassica Oleracea L. var. botrytis) by UHPLC-HRMS (Orbitrap) 

 

1. Introduction 

In the last couple of decades, vegetables from genus Brassica, known under the common name 

of cruciferous vegetables, were of intense interest due to the presence of attractive secondary 

metabolites. In particular, these Brassicaceae vegetables are essential sources of phenolic 

compounds in the human diet (Ahmed & Ali, 2013). The main phenolic compounds in 

brassicaceous vegetables are composed by flavonoids and hydroxycinnamic acid glycosides 

derivatives (Mageney et al., 2017). Phenolic compounds are a wide group of phytochemicals 

associated with the health benefits represented by their antioxidant (Aguilera et al., 2015; Zietz et 

al., 2010) and anti-inflammatory (Oueslati et al., 2015) activity. Moreover, these specialized 

metabolites are attributed to the management of obesity (Farhat et al., 2017), type 2 diabetes 

(Guasch-Ferré et al., 2017), metabolic syndrome (Chiva-Blanch & Badimon, 2017), 

neurodegenerative diseases (Hossen et al., 2017; Mattioli et al., 2019), atherosclerosis 

(Bahramsoltani et al., 2019), and cancer (Chen & Chen, 2013; Neugart et al., 2018; Russo et al., 

2017; Šamec et al., 2019).  

The Brassicaceae family is also characterized by a specific group of secondary metabolites known 

as glucosinolates; they are very relevant compounds present in the human diet almost exclusively 

in the considered vegetables (Neugart et al., 2018; Pellegrini et al., 2010a). Many studies have been 

carried out in glucosinolates and in their enzymatically hydrolyzed products, the isothiocyanates, 

due to their health-promoting properties. They are in fact associated with numerous therapeutic 

benefits (Mazumder et al., 2016) such as anti-cancerogenic (Abbaoui et al., 2018; Arumugam & 

Razis, 2018; Avato & Argentieri, 2015; Fujioka et al., 2016; Kumar et al., 2015), anti-inflammatory 

(Herz et al., 2016), as well as anti-diabetogenic (Guzmán-Pérez et al., 2016; Waterman et al., 2015) 

effects. 

In the last period, Cauliflower (Brassica oleracea L. var. botrytis) has obtained an increasing attention 

due to the variety proximity with broccoli, one of the most widespread investigated cruciferous 

species due to their high concentration of healthy compounds (Ahmed & Ali, 2013; Thomas et 

al., 2018). Furthermore, unusual cultivars of cauliflower have enjoyed commercially resurgence 

such as orange and violet cauliflower. The biodiversity of such vegetables is not only visible in its 
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outer appearance but also in the bioactive compounds content as well as in their chemical 

composition (Kapusta-Duch et al., 2019; Neugart et al., 2018).  

Recently, the attention about bioactive compounds present in food has considerably changed 

among consumers. The growing number of evidences that food and food components 

significantly influence human health carry out people looking for food that is directly associated 

to prevention of nutrition-related diseases and of physical and mental well-being improvements 

(Šamec et al., 2019). However, it is well known that the chemical composition of foods could be 

significantly influenced by the processing steps, being cooking the most commonly used technique 

for vegetable processing (Kapusta-Duch et al., 2019).  

Taking into account that Cauliflower belongs to those vegetables that are usually heat-treated 

before consumption, particular attention need to be given to the cooking step employed 

(Gliszczyńska-Šwigło et al., 2006). The cooking process could influence the profile and the 

contents of bioactive compounds following two contrary phenomena. The first one is the 

degradation of nutrients and bioactive compounds caused by different mechanism that involve, 

for example, thermal stability of the compounds, denaturation of enzymes or leaching due to the 

hydrophilic character of compounds. The other phenomena is the extractability of these interested 

compounds from the food matrix. About that, it is well known that the effect caused by cooking 

can lead to disruption of food matrix, increasing at the same time the bioaccessibility of some 

bioactive compounds (Kapusta-Duch et al., 2019).  

Considering the relevance of cooking treatment, many studies have been conducted. For instance, 

Sikora et al. studied the effect of boiling on the flavonoid content of selected brassica vegetables, 

including broccoli, and white and green cauliflower. Higher amounts of quercetin and kaempferol 

were found in fresh samples in comparison to the boiled ones, were a decrease of 51% and 57% 

in broccoli, 85% and 87% in white cauliflower and 67% and 71% in green cauliflower, 

respectively, were reported (Sikora et al., 2012).  

Do Reis et al. studied the behavior of phenolic compounds in Cauliflower with different cooking 

methods. They observed that microwave cooking yielded a phenolic content equal to that 

measured for fresh vegetables, while the other evaluated cooking treatments caused a significant 

reduction, especially for boiling where observed decrease was of a 30% in comparison to the 10-

13% decrease for steaming and sous vide (Dos Reis et al., 2015a). Ahmed et al. underlined the 

impact of some water cooking methods in accordance with other studies. In particular, it was 

observed a considerable loss of the total phenolic content for water-boiled and water-blanched 

white cauliflower, 51.90% and 37.69%, respectively. The other used treatments, steam-blanched, 

steam-boiled, stir-fried an microwaved, produced a significant decrease of the total phenolic 

content of 16.60%, 17.53%, 18.05% and 18.30%, respectively (Ahmed & Ali, 2013). Other non-
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traditional cooking treatments have also been evaluated. For example, Lafarga et al. cooked by 

sous vide different Brassica species, although no significant differences in the phenolic contents 

between samples treated by sous vide or steaming were observed for most of the varieties studied 

(Lafarga et al., 2018).  

Cooking procedures determined different changes on glucosinolate content too. For example, 

Pellegrini et al. reported a 37% and 25% loss on total glucosinolates for boiled and microwaved 

cauliflower, respectively, whereas steam-oven samples showed an opposite effect with a 18% 

increase on glucosinolate levels (Pellegrini et al., 2010a). Similar results were described by 

Gliszczyńska-Šwigło et al. that investigated the glucosinolates content in broccoli upon steam-

cooking, giving place to a 20% increase (Gliszczyńska-Šwigło et al., 2006). In another work, 

Bongoni et al. showed that steaming cooking limit the losses of glucosinolates, reporting only a 

decrease of 17% in comparison to the 50% loss when boiling treatment was employed (Bongoni 

et al., 2014).  Contents of hydrolyzed glucosinolate compounds present in Brassica also decreased 

significantly with boiling treatments, with a reduction of 11% and 42.4% for green and purpled 

cooked cauliflower, respectively (Kapusta-Duch et al., 2016). 

In the present work, the effects of different cooking procedures (boiling, steam-oven and sous 

vide), as well as the cooking time (10, 25 and 40 min), on the phytochemical profile of Depurple 

and Cheddar cauliflower (Brassica Oleracea L. var. botrytis) was investigated. A targeted ultra-high 

performance liquid chromatography-high resolution mass spectrometry (UHPLC-HRMS) 

method using a Q-Exactive Orbitrap mass analyzer was employed to obtain the cauliflower 

phytochemical profiles by means of accurate mass databases including phenolic and glucosinolate 

compounds. These phytochemical profiles were then employed as chemical descriptors to address 

sample discrimination based on cooking procedures and times by means of supervised (principal 

component analysis, PCA) and non-supervised (partial least squares regression-discriminant 

analysis, PLS-DA) chemometric methods. A detailed study of PLS-DA using variables importance 

in projection (VIPs) allowed a further identification of the most discriminant phytochemicals 

among the targeted phenolics and glucosinolates to propose them as future markers to assess 

sample cooking procedures and cooking times.  

 

2. Materials and methods 

2.1 Reagents and materials 

LC-MS grade water, methanol (MeOH), acetonitrile (ACN), acetone for pesticide residue analysis 

(purity ≥ 99.8%), as well as formic acid (≥ 98%) from Sigma-Aldrich (Steinheim, Germany) were 

employed. Nitrogen used for the quadrupole-Orbitrap system was provided by Linde (Barcelona, 

Spain).    
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2.2 Instrumentation 

Regarding the chromatographic separation, an Accela UHPLC system (Thermo Fisher Scientific, 

San José, CA, USA) equipped with a quaternary pump and an autosampler was employed. The 

separation was carried out by using an Ascentis Express C18 column (150 × 2.1 mm, 2.7 µm 

partially porous particle size) and following a previous developed method, at a flow rate of 300 

µL·min-1, with water (solvent A) and acetonitrile (solvent B), both acidified with 0.1% formic 

acid, as the constituents of the mobile phase (Barbosa et al., 2018). Gradient elution program: 0-

1 min, isocratic conditions at 10% B; 1-20 min, linear gradient until 95% B, 20-23 min, isocratic 

step at the previous composition; and from 23 to 30 min, back to initial conditions and re-

equilibration of the column. The chromatographic column was kept at room temperature and the 

injection volume employed (in full loop mode) was 10 µL.   

On the other hand, concerning the mass spectrometric acquisition, a Q-Exactive Orbitrap HRMS 

(Thermo Fisher Scientific), which was coupled to the UHPLC system by using a heated-

electrospray ionization source (HESI-II) operating in negative mode, was employed. Nitrogen 

was used for the H-ESI sheath, ion sweep and auxiliary gases at flow rates of 60, 0 and 10 a.u. 

(arbitrary units), respectively. Moreover, a capillary voltage of -2.5 kV, vaporizer temperature of 

350 °C, ion transfer tube temperature of 320 °C and an S-Lens RF level of 50%. were set. The Q-

Exactive Orbitrap system, which was tuned and calibrated for both positive and negative modes 

every 3 days using commercially available Thermo Fisher calibration solutions, was operated in 

negative full MS mode (m/z 100-1,500) at a mass resolution of 70,000 full width at half-maximum 

(FWHM) at m/z 200, with an automatic gain control (AGC) target of 1.0E6 with a maximum 

injection time of 200 ms.           

The control of the whole LC-MS system, and the data acquisition and processing was carried out 

by using Xcalibur software v2.1 (Thermo Fisher Scientific). 

 

2.3 Samples and sample treatment 

Fresh Brassica oleracea L. var. botrytis, Depurple cauliflower and Cheddar cauliflower (were cultivated 

and purchased at the Producer AGRINOVANA s.r.l. of Petritoli (Fermo, Italy). Vegetable 

samples were prepared for analyses directly after harvest. The first step of processing (before 

thermal treatment) included leaf and damaged part removing, washing in running water, and 

dividing the heads into roses 3-4 cm in diameter and 4 cm in length with a weight of 9-12 g. A 

stainless-steel knife was used for cutting the cauliflower. The vegetables were mixed in order to 

obtain the representative average laboratory samples and divided in 300 g portions for the cooking 

procedure. Analyses of fresh vegetables were carried out immediately after the pretreatment. 
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The boiled samples were cooked for 10 and 25 minutes using an induction hob and a stainless 

steel pot with a diameter of 18 cm and in 1.5 L of unsalted water. For the steamed samples, 

cauliflowers were placed in a glass plate with a diameter of 22 cm. The other two procedure taken 

into consideration were oven baking methods: steam-oven (SO) and sous vide (SV). SO was 

achieved by steam injection in the oven chamber and the cauliflowers were cooked at 95°C for 

10, 25 and 40 min. For SV cooking, cauliflowers were vacuum-packed in a polypropylene heat-

resistant (up to 120 °C) bag designed for this culinary technique, using a vacuum sealer. Then, 

plastic bags were submitted to steam oven cooking, as previously reported. After cooking, the 

samples were cooled down, milled and immediately freezing at -18°C. Successively the samples 

were freeze-drying and the powder stored under vacuum. 

Sample extraction procedure was carried out following a previously described method with some 

modifications (Barbosa et al., 2018) 0.3 g of dry vegetable sample were extracted with 3 mL of an 

acetone:water:formic acid (70:29.9:0.1 v/v/v) solution by sonication for 15 min, and then were 

vortexed for 1 min. The supernatant extracts were obtained after centrifugation (3400 rpm, 15 

min) and filtration (0.45μm nylon filters, Whatman, Clifton, NJ, USA), and they were kept at -4 

°C until their UHPLC-HRMS analysis. 

Besides, in order to assess the repeatability of the proposed method and to evaluate the robustness 

of the chemometric results, a quality control (QC) sample was created by mixing 75 μL of each 

of the analyzed sample extracts. UHPLC-HRMS analyses were performed randomly, and QCs, as 

well as acetonitrile blanks, were analyzed every ten samples. 

 

2.4 Chemometric data analysis 

HRMS raw data was processed by ExactFinderv2.0 software (Thermo Fisher Scientific) by 

applying a user target accurate mass database list comprising 65 characterized phytochemicals. 

Parameters including chromatographic retention time, accurate mass errors, isotopic patterns, and 

production spectra with stepped normalized collision energies were used for identification and 

confirmation purpose. 

Stand Alone Chemometrics Software (SOLO 8.6) obtained from Eigenvector Research was 

employed for the calculations using PCA and PLS-DA. A theoretical background description of 

these chemometric procedures is described elsewhere (Massart et al., 1997). 

The X-data matrices dimension in both PCA and PLS-DA analysis was 90 (samples abd QCs) × 

85 (peak area signal variables) for Depurple cauliflowers and 90 (samples abd QCs) × 74 (peak 

area signal variables) for Cheddar cauiflowers. Normalization pretreatment with respect to the 

overall phytochemical concentration was applied to provide similar weighs to all of the samples.  
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Figure also show the full HRMS spectra for each sample fingerprint at a given chromatographic 

retention time. As can be seen, important differences can be observed in the chromatographic 

fingerprints obtained (distribution and abundance of signals). However, in this work, UHPLC-

HRMS fingerprints (metabolomics approach) were not employed for sample characterization. In 

contrast, the obtained HRMS spectral data was processed by means of an accurate mass database 

of specific phytochemicals using TraceFinderTM software. This accurate mass database included a 

total of 65 phytochemical compounds (Table 1) belonging to different families (flavonoids, 

glucosinolates, etc.). Then, in order to obtain the cauliflower phytochemical profiles, a threshold 

signal of 5E5 was established in the TraceFinderTM screening software in order to consider that a 

compound could be tentatively present in the analyzed sample. In addition, other confirmation 

parameters such as accurate mass measurements (with errors lower than 5 ppm) and isotope 

pattern fits (with values higher than 85%) were also employed. After raw data processing of 

UHPLC-HRMS fingerprints by TraceFinderTM, a report for each sample extract is provided with 

those screened compounds that have been found, and tentatively identified, according to the 

above mention criteria (Table 2). It should be noted that TraceFinderTM does not differentiate 

among isobaric compounds (a match is given when an m/z value is found within the compounds 

included in the accurate mass database employed in accordance with the established screening 

criteria). In addition, the detection of the same phytochemical (the same exact m/z value) at 

different chromatographic times within the same analyzed sample can be observed (see Table 2, 

for example, for 1-methoxy-3-indolylmethyl).  

 

Compound 
Chemical 
Formula 

Accurate mass 
m/z [M-H]- 

caffeoyl-quinic acid C16H18O9 353.08781 
citric acid C6H8O7 191.01973 
courmaroyl-diglucoside C21H28O14 503.14063 
disinapoylgentiobiose C34H42O19 753.22475 
ferulic acid C10H10O4 193.05063 
ferulic acid-rhamnosylglucose with a 48 amu grup C26H32O13 551.17701 
feruloyl-disinapoyl-gentionbiose C44H50O22 929.2721 
feruloylglucose C16H20O9 355.10346 
Is 3-glucoside-7-glucoside, Is 3-diglucoside C28H32O17 639.15667 
Is 3-sinapoylglucoside-7-glucoside C39H42O21 845.21458 
kaempferol 7-glucoside C21H20O11 447.09328 
Km 3-caffeoyl-diglucoside-7-glucoside, Qn 3-p-
coumaroyldiglucoside-7-glucoside 

C42H46O24 933.23063 

Km 3-caffeoylsophorotrioside-7-glucoside, Km 3-
caffeoyl-triglucoside-7-glucoside, Qn 3-p-
coumaroyltriglucoside-7-glucoside 

C48H56O29 1095.28345 
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Km 3-diglucoside, Km 3-glucoside-7-glucoside C27H30O16 609.14611 
Km 3-diglucoside-7-glucoside with HCOOH C34H42O23 817.20441 
Km 3-disinapoyldiglucoside-7-glucoside, Km 3-
sinapoyldiglucoside-7-sinapoylglucoside 

C55H60O29 1183.31475 

Km 3-feruloylsophoroside-7-glucoside C43H48O24 947.24628 
Km 3-feruloylsophorotrioside-7-glucoside C49H58O29 1109.2991 
Km 3-glucoside-7-rhanmoside C27H30O15 593.15119 
Km 3-hydroxyferuloylsophoroside-7-glucoside C43H48O25 963.24119 
Km 3-hydroxyferuloylsophorotrioside-7-glucoside C49H58O30 1125.29401 
Km 3-p-coumaroyldiglucoside-7-glucoside, Km 3-
p-coumaroylsophoroside-7-glucoside 

C42H46O23 917.23571 

Km 3-p-coumaroylsophoroside-7-diglucoside C48H56O28 1079.28853 
Km 3-sinapoylferuloylsophoroside-7-glucoside C54H58O28 1153.30418 
Km 3-sinapoylsophoroside-7-glucoside, Qn 3 
sophoroside-7-sinapoylrhamoside 

C44H50O25 977.25684 

Km 3-sinapoylsophorotrioside-7-glucoside C50H60O30 1139.30966 
Km 3-sophoroside-7-glucoside C33H40O21 771.19893 
Km 3-sophoroside-7-sinapoylrhamnoside C44H50O24 961.26193 
Km 3-sophorotrioside-7-glucoside C39H50O26 933.25175 
Km aglycone with 7 glucoside and 3 acyl glucosyls C42H48O24 935.24628 
malic acid C4H6O5 133.01425 
methyl citric acid C7H10O7 205.03538 
Protocatechuic C7H6O4 153.01933 
Qn 3 hydroxyferuloylsophoroside-7-glucoside C43H48O26 979.2361 
Qn 3-caffeoylsophoroside-7-glucoside C42H46O25 949.22554 
Qn 3-caffeoylsophorotrioside-7-glucoside C48H56O30 1111.27836 
Qn 3-disinapoylsophorotrioside C55H60O30 1199.30966 
Qn 3-hydroxyferuloylsophorotioside-7-glucoside C49H58O31 1141.28893 
Qn 3-sinapoyldiglucoside-7-glucoside, Qn 3-
sinapoylsophoroside-7-glucoside, Qn 3-
sinapoyltriglucoside, Qn 3-
sinapoylsophorotrioside 

C44H50O26 993.25175 

Qn 3-sinapoylsophoroside C38H40O21 831.19893 
Qn 3-sinapoyltriglucoside-7-glucoside C50H60O31 1155.30458 
Qn 3-sophoroside-7-glucoside C33H40O22 787.19385 
Qn diglucoside, Qn 3-diglucoside, Qn 7-
sophoroside 

C27H30O17 625.14102 

rhamnosyl-ellagic acid C20H16O12 447.0569 
salicyloyl-glucose C13H16O8 299.07724 
sinapic acid C11H12O5 223.0612 
sinapic acid-glucose C17H22O10 385.11402 
sinapoyl-feruloylgentiobiose C33H40O18 723.21419 
sinapoylgentiobiose C23H32O15 547.16684 
trisinapoylgentionbiose C45H52O23 959.28266 
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(R)-2-hydroxy-3-butenyl C11H19NO10S2 388.03776 
1-methoxy-3-indolylmethyl C17H22N2O10S2 477.06431 
2-phenylethyl C15H21NO9S2 422.0585 
2-propenyl C10H16KNO9S2 395.98308 
3-(methylsulphinyl)propyl C11H21NO10S3 422.02548 
3-butenyl C11H19NO9S2 372.04285 
3-indolylmethyl C16H20N2O9S2 447.05374 
4-(methylsulphinyl)butyl  C12H23NO10S3 436.04113 
4-(methylthio)3-butenyl C12H21NO10S3 434.02548 
4-(methylthio)butyl C12H23NO9S3 420.04622 
4-hydroxy-3-indolylmethyl C16H20N2O10S2 463.04866 
4-mercaptobutyl C11H21NO9S3 406.03057 
4-methoxy-3-indolylmethyl C17H22N2O10S2 477.06431 
4-pentenyl C12H21NO9S2 386.0585 
benzyl C14H19NO9S2 408.04285 

 

Table 1: TraceFinderTM Accurate mass database employed 
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Target Name +/- Area 
RT 

(min) 
Formula 

Exact 

m/z 

[M-H]- 

Accurate 

m/z 

[M-H]- 

Delta 

m/z 

Isotopic 

Pattern 

Score (%) 

(R)-2-hydroxy-3-butenyl - 7,92E+06 1,14 C11H19NO10S2 388,03776 388,03818 1,08 100 

1-methoxy-3-indolylmethyl - 3,33E+07 1,20 C17H22N2O10S2 477,06431 477,06461 0,62 100 

1-methoxy-3-indolylmethyl - 2,80E+06 3,71 C17H22N2O10S2 477,06431 477,06464 0,68 100 

1-methoxy-3-indolylmethyl - 1,85E+06 4,13 C17H22N2O10S2 477,06431 477,06458 0,56 100 

1-methoxy-3-indolylmethyl - 9,45E+07 4,85 C17H22N2O10S2 477,06431 477,06476 0,94 100 

1-methoxy-3-indolylmethyl - 1,96E+08 5,81 C17H22N2O10S2 477,06431 477,06461 0,62 100 

2-phenylethyl - 1,55E+06 1,18 C15H21NO9S2 422,05850 422,05835 -0,36 100 

2-phenylethyl - 6,35E+06 4,42 C15H21NO9S2 422,05850 422,05911 1,45 100 

3-(methylsulphinyl)propyl - 3,23E+07 1,11 C11H21NO10S3 422,02548 422,02597 1,16 100 

3-(methylsulphinyl)propyl - 2,14E+07 1,28 C11H21NO10S3 422,02548 422,02600 1,23 100 

3-(methylsulphinyl)propyl - 2,86E+06 1,64 C11H21NO10S3 422,02548 422,02618 1,67 100 

3-butenyl - 2,32E+06 1,17 C11H19NO9S2 372,04285 372,04312 0,73 99 

3-indolylmethyl - 1,14E+08 3,72 C16H20N2O9S2 447,05374 447,05432 1,30 100 

4-(methylsulphinyl)butyl  - 2,25E+06 1,10 C12H23NO10S3 436,04113 436,04138 0,58 100 

4-(methylsulphinyl)butyl  - 1,40E+06 1,27 C12H23NO10S3 436,04113 436,04141 0,65 100 

4-(methylthio)butyl - 1,75E+06 2,74 C12H23NO9S3 420,04622 420,04681 1,41 100 

4-hydroxy-3-indolylmethyl - 2,91E+06 1,17 C16H20N2O10S2 463,04866 463,04904 0,82 100 

4-hydroxy-3-indolylmethyl - 5,10E+06 2,06 C16H20N2O10S2 463,04866 463,04944 1,68 100 

4-mercaptobutyl - 3,99E+07 1,17 C11H21NO9S3 406,03057 406,03094 0,92 100 

4-mercaptobutyl - 2,04E+07 1,85 C11H21NO9S3 406,03057 406,03107 1,22 100 

4-methoxy-3-indolylmethyl - 3,33E+07 1,20 C17H22N2O10S2 477,06431 477,06461 0,62 100 

4-methoxy-3-indolylmethyl - 2,80E+06 3,71 C17H22N2O10S2 477,06431 477,06464 0,68 100 

4-methoxy-3-indolylmethyl - 1,85E+06 4,13 C17H22N2O10S2 477,06431 477,06458 0,56 100 

4-methoxy-3-indolylmethyl - 9,45E+07 4,85 C17H22N2O10S2 477,06431 477,06476 0,94 100 
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4-methoxy-3-indolylmethyl - 1,96E+08 5,81 C17H22N2O10S2 477,06431 477,06461 0,62 100 

benzyl - 6,87E+05 2,76 C14H19NO9S2 408,04285 408,04324 0,96 100 

caffeoyl-quinic acid - 2,13E+06 1,18 C16H18O9 353,08781 353,08810 0,83 85 

caffeoyl-quinic acid - 2,39E+06 2,92 C16H18O9 353,08781 353,08832 1,44 100 

caffeoyl-quinic acid - 2,58E+06 4,08 C16H18O9 353,08781 353,08813 0,92 100 

caffeoyl-quinic acid - 3,84E+06 4,36 C16H18O9 353,08781 353,08832 1,44 100 

citric acid - 2,57E+08 1,16 C6H8O7 191,01973 191,01985 0,64 100 

citric acid - 3,16E+06 1,36 C6H8O7 191,01973 191,01991 0,96 100 

citric acid - 1,67E+05 1,94 C6H8O7 191,01973 191,01997 1,28 100 

citric acid - 1,07E+05 2,04 C6H8O7 191,01973 191,02000 1,44 100 

citric acid - 4,88E+05 5,88 C6H8O7 191,01973 191,01978 0,24 100 

citric acid - 1,80E+05 6,83 C6H8O7 191,01973 191,01964 -0,48 100 

courmaroyl-diglucoside - 4,60E+05 4,13 C21H28O14 503,14063 503,14105 0,84 100 

disinapoylgentiobiose - 1,01E+06 6,96 C34H42O19 753,22475 753,22620 1,92 100 

disinapoylgentiobiose - 1,37E+06 7,52 C34H42O19 753,22475 753,22632 2,08 100 

ferulic acid-rhamnosylglucose with a 48 amu grup - 1,80E+06 4,79 C26H32O13 551,17701 551,17761 1,09 100 

feruloyl-disinapoyl-gentionbiose - 1,08E+06 6,61 C44H50O22 929,27210 929,27319 1,18 100 

feruloyl-disinapoyl-gentionbiose - 9,32E+06 8,05 C44H50O22 929,27210 929,27423 2,29 100 

feruloyl-disinapoyl-gentionbiose - 1,68E+06 8,49 C44H50O22 929,27210 929,27484 2,95 93 

feruloyl-disinapoyl-gentionbiose - 7,32E+05 9,23 C44H50O22 929,27210 929,27472 2,82 100 

feruloylglucose - 1,33E+06 4,66 C16H20O9 355,10346 355,10391 1,27 100 

feruloylglucose - 4,88E+05 5,25 C16H20O9 355,10346 355,10361 0,41 96 

Is 3-glucoside-7-glucoside, Is 3-diglucoside - 5,10E+06 5,53 C28H32O17 639,15667 639,15741 1,16 100 

kaempferol 7-glucoside - 3,92E+05 6,94 C21H20O11 447,09328 447,09341 0,30 85 

Km 3-diglucoside, Km 3-glucoside-7-glucoside - 1,01E+07 5,38 C27H30O16 609,14611 609,14679 1,12 100 

Km 3-diglucoside, Km 3-glucoside-7-glucoside - 1,40E+06 5,87 C27H30O16 609,14611 609,14691 1,32 100 
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Km 3-diglucoside-7-glucoside with HCOOH - 1,96E+06 3,13 C34H42O23 817,20441 817,20624 2,24 100 

Km 3-disinapoyldiglucoside-7-glucoside, Km 3-sinapoyldiglucoside-7-
sinapoylglucoside 

- 2,63E+05 7,55 C55H60O29 1183,3148 1183,3174 2,22 91 

Km 3-feruloylsophoroside-7-glucoside - 2,47E+06 5,84 C43H48O24 947,24628 947,24725 1,03 99 

Km 3-hydroxyferuloylsophoroside-7-glucoside - 1,86E+05 4,31 C43H48O25 963,24119 963,2439 2,81 31 

Km 3-p-coumaroyldiglucoside-7-glucoside, Km 3-p-coumaroylsophoroside-7-

glucoside 

- 2,32E+07 5,74 C42H46O23 917,23571 917,23724 1,67 100 

Km 3-sinapoylsophoroside-7-glucoside, Qn 3 sophoroside-7-sinapoylrhamoside - 3,11E+06 1,20 C44H50O25 977,25684 977,25714 0,31 100 

Km 3-sinapoylsophoroside-7-glucoside, Qn 3 sophoroside-7-sinapoylrhamoside - 1,18E+06 4,50 C44H50O25 977,25684 977,25916 2,37 100 

Km 3-sinapoylsophoroside-7-glucoside, Qn 3 sophoroside-7-sinapoylrhamoside - 1,79E+07 5,86 C44H50O25 977,25684 977,25787 1,06 100 

Km 3-sinapoylsophoroside-7-glucoside, Qn 3 sophoroside-7-sinapoylrhamoside - 5,06E+06 6,16 C44H50O25 977,25684 977,25818 1,37 100 

Km 3-sinapoylsophorotrioside-7-glucoside - 5,85E+05 4,31 C50H60O30 1139,3097 1139,3119 1,96 100 

Km 3-sophoroside-7-glucoside - 1,07E+06 3,39 C33H40O21 771,19893 771,20044 1,96 95 

Km 3-sophoroside-7-sinapoylrhamnoside - 1,29E+06 6,91 C44H50O24 961,26193 961,26068 -1,30 100 

Km aglycone with 7 glucoside and 3 acyl glucosyls - 4,62E+06 1,19 C42H48O24 935,24628 935,24860 2,48 100 

Km aglycone with 7 glucoside and 3 acyl glucosyls - 1,60E+08 5,33 C42H48O24 935,24628 935,24768 1,50 100 

Km aglycone with 7 glucoside and 3 acyl glucosyls - 6,09E+07 5,76 C42H48O24 935,24628 935,24792 1,76 100 

malic acid - 2,32E+06 1,50 C4H6O5 133,01425 133,01439 1,05 100 

malic acid - 1,19E+05 4,64 C4H6O5 133,01425 133,01437 0,93 97 

methyl citric acid - 1,11E+05 1,76 C7H10O7 205,03538 205,03548 0,47 100 

Protocatechuic - 1,46E+06 2,93 C7H6O4 153,01933 153,01947 0,92 100 

Qn 3-caffeoylsophoroside-7-glucoside - 7,71E+05 3,75 C42H46O25 949,22554 949,22675 1,27 100 

Qn 3-caffeoylsophorotrioside-7-glucoside - 3,76E+05 3,66 C48H56O30 1111,2784 1111,2805 1,94 100 

Qn 3-sinapoyldiglucoside-7-glucoside, Qn 3-sinapoylsophoroside-7-glucoside, Qn 3-
sinapoyltriglucoside, Qn 3-sinapoylsophorotrioside 

- 1,57E+05 7,18 C44H50O26 993,25175 993,25391 2,17 100 

Qn 3-sinapoylsophoroside - 1,24E+06 6,92 C38H40O21 831,19893 831,20062 2,04 100 

Qn 3-sinapoyltriglucoside-7-glucoside - 1,91E+06 4,04 C50H60O31 1155,3046 1155,3064 1,57 100 

Qn 3-sophoroside-7-glucoside - 1,04E+06 4,11 C33H40O22 787,19385 787,19519 1,70 97 
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Qn diglucoside, Qn 3-diglucoside, Qn 7-sophoroside - 7,22E+07 5,34 C27H30O17 625,14102 625,14172 1,13 100 

salicyloyl-glucose - 2,32E+06 1,61 C13H16O8 299,07724 299,07758 1,12 100 

salicyloyl-glucose - 3,17E+06 2,49 C13H16O8 299,07724 299,07755 1,02 100 

salicyloyl-glucose - 1,01E+05 3,40 C13H16O8 299,07724 299,07751 0,92 100 

salicyloyl-glucose - 5,36E+06 3,72 C13H16O8 299,07724 299,07742 0,61 100 

sinapic acid - 1,89E+05 6,45 C11H12O5 223,06120 223,06116 -0,19 100 

sinapic acid-glucose - 6,29E+06 4,66 C17H22O10 385,11402 385,11456 1,41 100 

sinapic acid-glucose - 7,36E+05 5,27 C17H22O10 385,11402 385,11438 0,93 100 

sinapoyl-feruloylgentiobiose - 4,11E+05 3,97 C33H40O18 723,21419 723,21588 2,34 100 

sinapoyl-feruloylgentiobiose - 1,13E+06 5,57 C33H40O18 723,21419 723,21594 2,42 96 

sinapoyl-feruloylgentiobiose - 5,99E+06 7,32 C33H40O18 723,21419 723,21613 2,68 100 

sinapoylgentiobiose - 3,96E+06 5,22 C23H32O15 547,16684 547,16748 1,17 100 

trisinapoylgentionbiose - 9,05E+06 7,83 C45H52O23 959,28266 959,28510 2,54 100 

trisinapoylgentionbiose - 1,45E+06 8,35 C45H52O23 959,28266 959,28546 2,92 98 

trisinapoylgentionbiose - 1,13E+05 9,50 C45H52O23 959,28266 959,28363 1,01 100 

 

Table 2: TraceFinderTM report obtained for a Depurple cauliflower sample sous vide processed for 25 min. 
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the sample phytochemical profile (both, compound distribution and content) depends on the 

cooking method employed and, as consequence, the proposed UHPLC-HRMS phytochemical 

profiles are good sample chemical descriptors to guarantee cauliflower cooking procedure when 

necessary. From the obtained results, it can also be deduced that the effects caused by the cooking 

procedure employed are different depending on the type of cauliflower. Thus, in the case of 

Depurple cauliflowers (Figure 3a), boiled samples is the group clustered more separated from the 

non-processed samples, while the opposite behavior was observed for the Cheddar cauliflowers, 

being the boiled samples grouped in between the non-processed samples and those that were 

either steam-oven or sous vide cooked. Specific changes on the phytochemical contents will be 

discussed in the next section. 

UHPLC-HRMS phytochemical profiles were also employed as chemical descriptors to evaluate 

the classification of samples according to the cooking time employed, independently of the 

cooking method. Figure 4 shows the obtained PLS-DA models for (a) boiled, (b) steam-oven, and 

(c) sous vide cauliflower samples. Again, preferably, 2D plots were employed, and 3D plots were 

only selected when necessary to improve sample grouping discrimination. As can be seen, samples 

tend to be grouped and distributed in different areas of the PLS-DA score plots according to the 

cooking time, independently of the cooking procedure employed. These results show that the 

proposed UHPLC-HRMS phytochemical profiles are also good chemical descriptors to address 

cauliflower sample classification in function of the cooking time period, demonstrating that 

changes in the phytochemical profile and contents are obtained, as expected, when increasing the 

cooking time. An important difference between the two groups of cauliflower samples analyzed, 

especially when steam-oven and sous vide cooking procedures were employed (Figures 4b and 4c, 

respectively), is that higher cooking time periods are required for Depurple cauliflowers to observe 

important differences in the phytochemical profiles. This can be noticed by the fact that Depurple 

raw and 10 min cooked samples appeared clustered together, in the same area of the plots, in 

comparison to the case of Cheddar cauliflowers, at least for steam-oven and sous vide procedures. 

Once it was demonstrated that the phytochemical profiles of the analyzed samples were 

considerably modified according to the cooking procedures and the cooking time, a study of the 

loadings plots was carried out in order to identify which variables (phytochemical signals found 

in the samples using TraceFinderTM software) were responsible for the observed discrimination.  

The observed changes in the cauliflower phytochemical contents will be discussed in the next 

section. 
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3.3. Qualitative changes on phytochemical contents 

 Based on the VIP study previously commented, histograms of the compounds selected 

as more discriminant for the sample classifications previously discussed were represented 

(normalized signal with respect the one of the closest QC) in order to observe the most important 

changes on the cauliflower phytochemical contents according to the cooking procedure and the 

cooking time. It should be mention that these are not quantitative results because of the lack of 

standards for all these chemicals. However, for each particular phytochemical, qualitative results 

regarding the increase or the decrease of its concentration level in the analyzed samples can be 

extracted from the obtained data, although no comparison between phytochemical levels can be 

done because response factors are compound-dependent.  

 

3.3.1. Depurle cauliflower 

Phytochemical variations based on the cooking procedure: figure 5, figure 6 and figure 7 showed 

the histograms obtained for boiled, steam-oven and sous vide of Depurple cauliflowers respectively. 

The histograms reported the concentration level variation of the most discriminant 

phytochemicals according to the cooking procedure employed. 

Boiling treatment: when the Depurple cauliflower samples are boiled, three are the trends that can 

be observed. For some compounds, higher concentration levels are found in the raw material (not 

cooked sample), and then the concentration is decreasing with the boiling period. In some cases, 

such as for citric acid (alphy-hydroxy acid) and km 3-diclucoside feruloylglucose (flavonol 

glycoside) this decrease is rapidly observed after a 10 min boiling process, and then comparable 

concentration levels are observed when increasing the boiling time to 25 min. In contrast, 

feruloylglucose (hydroxy-cinnamic acid) and methyl citric acid (alpha-hydroxy acid) showed a 

constant decrease of their concentration level with the increase of the boiling time, being almost 

not detected for the case of methyl citric acid at 25 min boiling time. A complete opposite trend 

was observed for phytochemicals like km aglycone with 7 glucoside and 3 acyl glucosyls (falvonol 

glycoside) and sinapic acid (hydroxycinnamic acid) where a clear increase in their concentration 

level by boiling was observed, being enhanced with the boiling time.  

Finally, some compounds such as km 3-sinapoylsophoroside-7-glucoside and km 3-p-

coumaroylsophoroside-7-diglucoside (both flavonol glucosides) experimented an increase in their 

concentration level while boiling the samples, but then at higher boiling times the concentration 

decreases again almost reaching the same concentration level than the raw material after boiling 

for 25 min. 
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Chapter 2:  

Impact of boiling and oven-baking treatments on tocopherols profiles in Depurple 

and Cheddar Cauliflower (Brassica Oleracea L. var. botrytis) 

 

1.Introduction 

According to Chun et al and IOM, Institute of Medicine, a report on Vitamin E has a 

Recommended Dietary Allowance (RDA) of 15 mg/day of Ư-tocopherol because is present in all 

products in highest quantity (Chun et al., 2006). Vitamin E can be found in many foods like 

vegetables, fruit, plants and plants oils. The two predominant forms of tocopherols are Ư- and Ʊ-

, particularly researched for their effect on human health. Ư-tocopherol can be found in almonds, 

avocados, hazelnuts, peanuts and sunflower seeds; ư-tocopherol in oregano and poppy seeds; Ʊ-

tocopherol in pecans, pistachios, sesame seeds and walnuts; Ʋ-tocopherol in edamame and 

raspberries. Fresh fruits and vegetables also contain good amounts of tocopherols, mostly with 

predominant concentrations of Ư- and Ʊ-tocopherol.  

Cauliflower is a plant that belongs to Brassicaceae family. It is a plant cultivated since ancient 

times and over the centuries many varieties and cultivars have been selected. 

Brassica varieties are divided into: 

- Brassica oleracea var. acephala, to which belong the Tuscan black cabbace and the 

Galician cabbage 

- Brassica oleracea var. alboglabra, the Chinese broccoli 

- Brassica oleracea var. italica, the broccoli cabbage 

- Brassica oleracea var. capitata, the cabbage used for the preparation of sauerkraut 

- Brassica oleracea var. capitata rubra, the red cabbage 

- Brassica oleracea var. costata or var. tronchuda, the Portuguese cabbage 

- Brassica oleracea var. gemmifera, the Brussels cabbage 

- Brassica oleracea var. gongylodes or L. var. caulorapa, the kohlrabi 

- Brassica oleracea var. sabauda, the savoy cabbage 

- Brassica oleracea var. sabellica, the kale 

- Brassica oleracea var. ramosa 

- Brassica oleracea var. botrytis (Figure 1) 
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 Figure 1: Brassica oleracea var. botrytis. green, white, orange and purple samples 

According to FAOSTAT, the largest global producers of broccoli and cauliflower are China, India 

and the United States (average 1994-201). Within the European Union, the major growers of 

broccoli and cauliflower are Spain, Italy and France (FAOSTAT, 2018). 

Cauliflower composition consists of glucosinolates, isothiocyanates, polyphenols, dietary fiber, 

proteins, tocopherols, carotenoids, minerals and other. Tocopherols in cauliflower are minor 

compounds if compared to glucosinolates and isothiocyanates, for which Brassica family is 

known, but they are relevant compounds for their nutritional value in a balanced diet (Campas-

Baypoli et al., 2009). 

Recently, colored cauliflower has appeared on the market, being selected to become a stronger 

source of polyphenols and carotenoids when compared to white cauliflower. Violet one contains 

more polyphenols, while orange one is rich in carotenoids.  

Table 1 reports the difference in tocopherol profile in white, orange and purple raw cauliflowers. 

 

Compound White Orange Purple 

α-Tocopherol 61.5±6.3 65.8±0.9 84.5±10.0 
-Tocopherol 151.4±1.0 151.4±0.5 152.5±0.3 

Total-Tocopherol 212.9±7.2 217.2±1.5 236.6±10.3 
 

Table 3: Values of tocopherols reported in μg/g ± standard deviation in raw white, orange and purple cauliflowers. 
Table taken from Guzman et al., 2012. 

 

Anyway, the phytochemicals levels in brassicaceous vegetables depend on different factors mainly 

related to plant’s genetic background, postharvest handling practices and technological treatments 

carried out after vegetable harvest. In particular, brassicaceous vegetable before consumption 

require a cooking process that may have positive or negative impact on vegetable bioactive 

properties. The heat treatment can induce two opposite effects on bioactive compounds 
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concentration: a reduction of phytochemicals level as effect of thermal degradation and/or an 

increase of extractability of compounds as effect of matrix softening. The extents of the two 

opposite effects are simultaneously related to processing operative conditions, structure of 

vegetable matrix and chemical nature of the specific compound (Palermo et al 2014). 

In some cases, blanching or boiling a matrix like broccoli can increase vitamin E content through 

large losses of water-soluble components compared to the raw sample. In other types of heat 

treatments or vegetable matrix there may be a decrease of the amounts of  contained within (Chun 

et al., 2006). 

As reported by Anna Podsedek et al., (Podsedek, 2007), the amounts of tocopherol and  

tocotrienols in Brassica vegetables are: broccoli (0.82 mg/100 g), Brussels sprouts (0.40 mg/100 

g), cauliflower (0.35 mg/100 g), chinese cabbage (0.24 mg/100 g), red cabbage (0.05 mg/100 g) 

and white cabbage (0.04 mg/100 g). Other researchers have also reported similar rank on the basis 

of concentration, but in their study total tocopherol values were about 2-fold higher. These 

differences are probably caused by the differing varieties and growing conditions. It was reported, 

by these authors that kale was the best source of Ư-tocopherol and Ʊ-tocopherol (2.15 mg/100 g), 

but generally it was reported that Ư-tocopherol was predominant tocopherol in all Brassica 

vegetables, except in cauliflower, containing predominantly Ʊ-tocopherol. 

In general, the best sources of lipid-soluble antioxidants are kale and broccoli. Brussels sprouts 

have moderate levels of the above-mentioned compounds, while cauliflower and cabbage are 

characterized by their relatively low amounts. 

According to Lee et al (Lee et al., 2017), in raw vegetables Ư-tocopherol was the major 

tocochromanol, in contrast, a low level of Ʊ-tocopherol was determined in raw broccoli, mallow, 

crown daisy, perilla leaf, and zucchini. Levels are in agreement with other studies that show green 

leafy vegetables have higher tocopherols, occurring mainly as Ư-tocopherol and situated inside 

chloroplasts. Cooking vegetables lead to a significant increase in Ư-tocopherol. Green leafy or 

flower vegetables have a higher retention of Ư-tocopherol than root vegetables, which may be 

attributed to the increased extractability of Ư-tocopherol following denaturation of proteins and a 

complete breakdown of the cell wall in plants which occur as a result of cooking. In addition, 

there was a trend toward higher retention of Ư -tocopherol in cooked rather than raw vegetables. 

This high content of tocopherols in cooked samples could be attributed to two reasons: the effect 

of heat treatment encountered during domestic cooking may cause softening of the tissue by cell 

disruption in plants and consequently result in the release of tocopherols from the lipids and then 

become more available for extraction or the heat treatment may also abolish the activity of 

tocopherol oxidase, which was found in all parts of plant like roots, stems, leaves, flowers and 

fruits. It has been suggested that oxidizing enzymes maybe involved in the loss of tocopherols 
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during food processing. Plant tissue damage, caused by cutting or mixing could activate oxidizing 

enzymes involved in the loss of tocopherols due to the collapse of cell compartments, but heat 

treatment could deactivate endogenous oxidative enzymes (Lee et al., 2017b). 

The purpose of this work was to demonstrate the effect of various cooking treatments on 

tocopherols profile, in a vegetable matrix such as cauliflower, Cheddar and Depurple varieties. 

The cooking methods taken into consideration were boiled, steam oven and sous vide. Each of 

these was compared with the raw version of cauliflower. 

 

2. Materials and method 

2.1 Standards and reagents 

Ư-tocopherol (>95%), Ʊ-tocopherol (>95%), Ʋ-tocopherol (>95%), ascorbic acid (>99.5%) were 

purchased from Sigma Aldrich (Milan, Italy) as well as all solvents HPLC grade used for standards, 

sample preparation and for liquid chromatography (hexane, isopropanol, acetic acid and ethanol). 

Sodium sulphate (99.0%) and potassium hydroxide (85%) were purchased from ITW Reagents 

(Milan, Italy). Ultrapure water was prepared using a milli-Q system (Millipore, Millford, MA, 

USA).  

 

2.2 Samples 

Fresh Brassica oleracea L. var. botrytis, Depurple and Cheddar cauliflower were cultivated and 

purchased at the Producer AGRINOVANA s.r.l. of Petritoli (Fermo, Italy). Vegetable samples 

were prepared for analyses directly after harvest. The first step of processing (before thermal 

treatment) included leaf and damaged part removing, washing in running water, and dividing the 

heads into roses 3-4 cm in diameter and 4 cm in length with a weight of 9-12 g. A stainless-steel 

knife was used for cutting the cauliflower. The vegetables were mixed in order to obtain the 

representative average laboratory samples and divided in 300 g portions for the cooking 

procedure. Analyses of fresh vegetables were carried out immediately after the pretreatment. 

The boiled samples were cooked for 10 and 25 minutes using an induction hob and a stainless 

steel pot with a diameter of 18 cm and in 1.5 L of unsalted water. For the steamed samples, 

cauliflowers were placed in a glass plate with a diameter of 22 cm.  

The other two procedure taken into consideration were oven baking methods: steam-oven (SO) 

and sous vide (SV). SO was achieved by steam injection in the oven chamber and the cauliflowers 

were cooked at 95°C for 10, 25 and 40 min. For SV cooking, cauliflowers were vacuum-packed 

in a polypropylene heat-resistant (up to 120 °C) bag designed for this culinary technique, using a 

vacuum sealer. Then, plastic bags were submitted to steam oven cooking, as previously reported.  
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After cooking, the samples were cooled down and milled for freeze-drying step. The samples were 

reduced to freeze-dried powder and kept under vacuum at -18°C. 

 

2.3 Sample preparation 

Saponification: 400 mg of freeze-dried sample was weighted in a centrifuge vial of 50 ml-screw 

top, added of 1 g of ascorbic acid, 0.1 g of sodium sulfate, 20 ml of ethanol, 4 ml of 80% KOH, 

shaked and placed in water bath at 85°C, for 30 min, shaking from time to time to prevent the 

sample from settling on the bottom of the vial. 

Tocopherol extraction: after 30 min, the sample was cooled in ice for 10 minutes, added of 12 ml 

of water, and extracted with 20 ml of hexane, vortexed for 15 s and centrifuged for 2 min at 3600 

rpm. The separated organic phase was transferred in a second vial of 50 ml. The procedure of 

extraction was repeated two more times: with 10 ml and 20 ml of hexane, pooling all the fraction 

in the second vial.  

Washing: the pooled phase was washed with 10 ml of water, shaking sweetly to avoid emulsions, 

centrifuging for 2 min at 3600 rpm and eliminating the water from the bottom of the vial. This 

procedure was repeated for three more times. The washed n-hexane extracts were placed in a flask 

with a frosted neck of 100 ml and taken to dryness with rotavapor at 35°C, added of 1 ml hexane 

and transfer on a vial (2ml), centrifuged (3600 rpm, 2 minutes) and moving the clear hexane on a 

HPLC vial, ready for injection. 

 

2.4 Tocopherol determination 

The prepared HPLC was loaded (2 µL, at 30°C) on a  Waters Ultra Pressure Liquid 

Chromatographic Acquity system (UPLC Acquity H-Class, Waters Corporation, Milford, CT, 

USA) equipped with a fluorimetric detector (FLD) and an Ascentis Express Hilic (15 cm x 2.1 

mm i.d., particle size 2.7 µm) set up at 30°C (column heater). An isocratic elution (8 min) of n-

hexane (95.5%), isopropanol (0.4%) and acetic acid (0.1%) at 0.3 mL/min was performed. FLD 

was set with an excitation wavelength of 290 nm and an emission wavelength of 330 nm. 

Tocopherols were identified by comparison of retention time with pure standards and quantified 

with external calibration. For the quantification, seven standard stock solutions of each tocopherol 

(Ư-T, Ʊ-T, Ʋ-T) in isopropanol were prepared in the range 3.5-100 µg/mL and analysed to obtain 

the calibration curve (correlation coefficients R2 = 0.996-0.999). 
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2.5 Statistical analysis 

All analyses were carried out in three parallel replications and mean ± SDs were calculated for the 

values obtained. The data were analyzed by the analysis of variance (ANOVA), one way. It was 

used to check the significance of differences between mean values of raw and cooked material. 

The significance of differences was estimated with the Tukey test at the critical significance level 

of p ≤ 0.05. The software used for statistical analysis was R-project. 

 

3. Results and Discussion 

3.1. Identification of tocopherols in cauliflower 

Figure 2 reports a UPLC profile of tocopherols in Cheddar and Depurple cauliflower. The 

compounds were recognized by comparing the retention times of pure standards with the sample. 

-tocopherol, Ʊ-tocopherol and δ-tocopherol were identified, thus for each compound a 

calibration curve was implemented to perform tocopherols quantification.  

Figure 2a shows the peaks of tocopherols detected by UPLC/FLD in purple cauliflower. The 

compounds detected in larger quantities were Ʊ-tocopherol followed by Ư-tocopherol. There is 

also a small amount of Ʋ-tocopherol, although not quantifiable. Figure 2b shows the peaks of 

tocopherols detected by UPLC/FLD in Cheddar cauliflower. The compounds detected in larger 

quantities were Ʊ-tocopherol followed by Ư-tocopherol and Ʋ-tocopherol. 
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b) 

Depurple Cauliflower α-T -T -T total α-T/ -T 

Raw 11.8±2.0a 26.0±9.3a <LOD 37.8±11.3a 0.47±0.09b 
Boiled 10 min 20.8±1.3c  66.3±8.3b  <LOQ 87.1±9.5b 0.44±0.02ab 
Boiled 25 min 29.7±2.8d 104.5±7.5c <LOQ 134.1±10.2c 0.39±0.01a 

Steamed 10 min 17.6±2.1bc 46.9±10.7ab <LOD 64.5±12.6ab 0.32±0.06ab 
Steamed 25 min 15.0±1.0ab 36.3±6.4a <LOD 51.4±7.3a 0.31±0.05ab 
Steamed 40 min 15.8±2.6ac 40.6±7.8a <LOD 56.3±10.3a 0.31±0.02ab 
Sous vide 10 min 12.8±1.8ab 27.8±7.7a <LOD 40.6±8.9a 0.28±0.11b  
Sous vide 25 min 14.5±0.6ab 34.1±3.7a <LOD 48.5±3.9a 0.30±0.05ab 
Sous vide 40 min 15.6±2.1ac 36.2±5.7a <LOD 51.8±7.8a 0.35±0.02ab 

 

Table 4: In the table shows the results of the analysis. Are reported the values for Ư-tocopherol, Ʊ-tocopherol, Ʋ-
tocopherol, total of tocopherols and the ratio between Ư-tocopherol and Ʊ-tocopherol respectively for Cheddar 
cauliflower (a) and for Depurple cauliflower (b). LOQ for alfa, gamma and delta tocopherols were 0.4, 0.3 and 0.4 
mg/kg, respectively. Values in each column having different lowercase letters are significantly different at p<0.05 

 
Considering the raw samples, tocopherol levels changed according to the cauliflower variety: in 

Cheddar sample, Ư-tocopherol showed a value of 8.4±0.6 mg/kg, Ʊ-tocopherol a value of 

17.9±3.8 mg/kg and Ʋ-tocopherol a value of 2.2±0.1 mg/kg. While, in Depurple raw sample, Ư-

tocopherol showed a value of 11.8±2.0 mg/kg and Ʊ-tocopherol a value of 26.0±9.3 mg/kg. 

According to (Guzman et al., 2012), Ʋ-tocopherol was not present in detectable quantities, both 

for Cheddar and Depurple variety.  

Considering the cooked samples, all heat treatments lead to an increase of tocopherols levels. It 

is supposed that the temperature degrades the molecular structure of cauliflower,  

facilitating the release of tocopherols compounds. In cooked Cheddar cauliflower, Ư-tocopherol 

value ranged from 10.1±2.1 to 26.6±2.8 mg/kg, Ʊ-tocopherol value ranged from 46.4±11.5 to 

150.7±20.6 mg/kg and Ʋ-tocopherol value ranged from 3.3±0.5 to 6.1±0.9 mg/kg. While for 

cooked purple cauliflower the value for Ư- and Ʊ-tocopherol ranged respectively from 12.8±1.8 to 

29.7±2.8 mg/kg and 27.8±7.7 to 104.5±7.5 mg/kg. As for the raw sample, in cooked sample Ʋ-

tocopherol was not present in detectable quantities. This high content of tocopherols in cooked 

samples could be attributed to two reasons: the effect of heat treatment encountered during 

domestic cooking may cause softening of the tissue by cell disruption in plants and consequently 

result in the release of vitamin E from the lipids and then become more available for extraction 

and the heat treatment may also abolish the activity of tocopherol oxidase, which was found in all 

parts of plant like roots, stems, leaves, flowers and fruits (Lee et al., 2017b). 
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3.2.1 Effect of time of heating on boiling treatment  

As showed in the figure 3, boiling (blue line) presents only two heating time, 10 and 25 minutes. 

The highest levels of all tocopherols were obtained after 25 minutes of heating. However, after 

10 minutes large quantities of tocopherols were reached until the maximum at 25 minutes. 

3.2.2 Effect of time of heating on sous vide 

Sous vide treatment (green line) presents three different heating time: 10, 25 and 40 minutes. From 

the graphics of Figure 3 it can be noticed a positive increase of all tocopherols between the three 

types of cooking times, but not statistically significant for 25 and 40 minutes. 10 minutes are 

enough to reach the maximum levels of all tocopherols which however are not different from raw 

sample levels for both cauliflower varieties. Only the Cheddar one at 25 and 40 min showed little 

higher incrementation of all tocopherols than raw samples.  

Our results are in disagreement with Dos Reis et al., (Dos Reis et al., 2015b) since their sous vide  

processing resulted in greater antioxidant capacity than boiling, steaming and microwaving in both 

cauliflower and broccoli. However, they did not consider tocopherols for the evaluation of 

antioxidant capacity. 

3.2.3 Effect of time of heating on steaming oven 

Reported in figure 3, steaming treatment (red line) presents three heating time: 10, 25 and 40 

minutes. In purple cauliflower, no significant differences were revealed among the Ʊ-tocopherol 

values in samples obtained at different cooking times. It is enough 10 min of cooking to reach the 

maximum levels Ư and Ʊ-tocopherols. The same trend is showed for Cheddar cauliflower.   
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Figure 3: Evolution of Ư-tocopherol, Ʊ-tocopherol and Ʋ-tocopherol (mg/kg dried) in Cheddar and Depurple  
cauliflower cooked with three different techniques: boiling (blue), steaming (red), sous vide (green) for different times of 
heating (0,10,25,40). Values are means of three replicates ± standard deviation. 
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4. Conclusions 

Cheddar and Depurple cauliflower showed different tocopherol profile as Cheddar one contained 

also Ʋ- tocopherol, not only Ư and Ʊ form. 

The temperature of thermal process (95°C) had a positive influence on the extractability of 

tocopherols, confirming that the degradation of bioactive compounds in vegetables is matrix 

dependent. 

As the purpose of this study was to verify which cooking technique in terms of highest 

concentration of tocopherols in a vegetable matrix such as cauliflower, it emerged that the best 

cooking technique is boiling with 131.8±19.9 mg/kg and 183.4±24 mg/Kg for the Cheddar one 

and 87.1±9.5 mg/kg and 134.1±10.2 mg/kg for the Depurple one. 

Steaming and sous vide techniques at the times of 25 and 40 seem to have the same effect in terms 

of extraction, showing smaller quantity of tocopherols in all three forms Ư-, Ʊ- and Ʋ- than boiling. 

Steaming and sous vide consist in a non-direct contact with water, which did not enhance the 

extraction of bioactive compounds such as tocopherols.  

This study provides information on traditional and innovative cooking methods and their effect 

on tocopherols, compounds which are less investigated in a matrix such as cauliflower. 
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Chapter 3: 

Effects of different oven-baking treatments on antioxidant compounds levels and 

oxidative status of Atlantic salmon (Salmo salar) fillets 

 

1. Introduction 

Fish has long been recognized as an excellent dietary source of nutrients such as essential amino 

acids, bioactive fatty acids, minerals, fat soluble vitamins, and antioxidants (Gebauer et al., 2006; 

Tacon & Metian, 2013; Pacetti et al., 2013). Thus, fish consumption is highly recommended in 

the context of a healthy diet. Dietary Guidelines for Americans, 2010 (DGA) recommended a 

consume of at least 227g of seafood per week, particularly marine-derived oily fish as mackerel, 

sardines, tuna, trout and salmon. The potential health and nutritional benefits of fish consumption 

are mainly attributed to the lipid fraction, which is primarily composed of phospholipids and 

triacylglycerols, exceptionally rich in ω3 polyunsaturated fatty acids (ω3 PUFA), which are known 

to have beneficial role against cardiovascular diseases (CVDs) including hypotriglyceridemic and 

anti-inflammatory effects (Siriwardhana et al., 2012). Additionally, fish lipid matter contained 

appreciable amounts vitamin compounds, such as tocopherols and carotenoids.  

However, due to the high levels of polyunsaturated lipids, fish muscle results very susceptible to 

deterioration both by oxidation and by hydrolysis leading to rancidity and development of off-

flavours. Especially, when fish tissues are submitted to thermal treatments, which are the main 

way to increase safety and shelf life of products, to reduce antinutritional material as well as to 

increase protein and starch digestibility, complex reactions involving many nutritional 

components are also activated often resulting in nutritional value and safety loss. The high 

temperature generated during cooking increases the reactive oxygen species (ROS) production 

promoting lipid peroxidation (Leung et al., 2018; Yin et al., 2011; Ayala, et al., 2014). However, 

the oxidation rate depends on the concentration of oxygen, the degree of lipid unsaturation, and 

the level of antioxidants compounds.  

As concern the Atlantic salmon (Salmo salar), it can be considered as one of the highest fat fish 

species commonly present in the diet. Salmon lipid matter presented high amounts of compounds 

prone to oxidation, such as ω3 PUFA and cholesterol (Echarte et al., 2001; Saldanha & 

Bragagnolo, 2010). Anyway, salmon is characterized by copious levels of antioxidant molecules, 

such as astaxanthin (Ax), tocopherols, ubiquinones (Higuera-Ciapara et al., 2006; Lerfall et al., 

2016; Pravst et al., 2010), which play an important role in counteracting ROS production and 

protecting PUFAs from lipid peroxidation.  
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Faizan et al 2013 (Faizan et al., 2013) evidenced an increase of alpha-tocopherol (-T) in salmon 

fillet as consequence of dietary vitamin E supplementation. Such increase was accompanied by a 

considerable decrease (p < 0.01) in malondialdehyde concentrations. Different studies suggested 

that the levels of carotenoids and tocopherols are of interest in relation to the appearance as well 

as the oxidative stability of the salmon muscle. Synergistic interaction between carotenoids and 

tocopherols in preventing oxidation in foods has been reviewed by Mortensen & Skibsted, 2000 

(Mortensen & Skibsted, 2000) and Yanishlieva and others (1998) (Yanishlieva et al., 1998). It was 

reported that tocopherols and carotenes in combination provided a higher antioxidative capacity 

than tocopherols or carotenes alone (Palozza & Krinsky, 1992). Ax and -T operated via different 

mechanisms and at different stages of the oxidative deterioration of lipids in salmonid products. 

Hamre, 2011 reported that high levels of Ư-tocopherol deposited in salmon flesh could be 

beneficial in the prevention of oxidative stress related to astaxanthin depletion (Hamre, 2011). 

Moreover, -T exhibits a synergistic antioxidant action with coenzyme Q10 (CoQ10), a fat-soluble 

quinone. CoQ10 is reversible converted from the oxidized form (ubiquinone) to the reduced one 

(ubiquinol). Ubiquinol represents a potent reducing agent able to interrupt the initiation of lipid 

peroxidation or to break the propagation by hydrogen donation to reduce peroxyl radicals. 

Furthermore, ubiquinol acts as a chain-breaking antioxidant in the membrane and it regenerates 

tocopherol from tocopheryl radical, thus protecting the lipid environment from oxidation 

(Guescini et al., 2017). Depletion of ubiquinol and -T in post-mortem fish muscle represents an 

important indicator of an ongoing process of oxidative stress. Passi et al. reported that a decrease 

in ubiquinone and vitamin E levels was accompanied by significant increase of thiobarbituric acid 

reactive substances (TBARs) in salmon during storage (Passi et al., 2005). 

Within these frames, the present study aimed to evaluate the influence of different oven-baking 

treatments on antioxidant compounds levels and oxidative status of salmon fillets. For this 

purpose, three oven – baking procedures were investigated: convection-oven (CO), steam-oven 

(SO) and sous vide (SV). The tested procedures presented differences in term of cooking 

temperature, heat transfer and presence of oxygen, but not in term of cooking time. Although the 

effects of different cooking methods (microwave, frying, canning) on quality traits of salmon were 

widely studied, limited information can be found about the effects of oven cooking. Especially, 

no literature data has been found to analyse the antioxidant level and oxidative status of fish, 

including salmon, as a consequence of innovative cooking procedures, such as steam-oven and 

sous vide.   
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2. Materials and methods 

2.1 Standards and reagents 

Standards: Ư-tocopherol (Ư-T, >95%), Ʊ-tocopherol (Ʊ-T, >95%), Ʋ-tocopherol (Ʋ-T, >95%), 

astaxanthin (Ax ≥97%), coenzyme Q10 (CoQ10  ≥98%), and solvents HPLC grade used for 

standards, sample preparation and for liquid chromatography were purchased from Sigma Aldrich 

(Milan, Italy). Ultrapure water was prepared using a milli-Q system (Millipore, Milford, USA). 

 

2.1 Sampling 

Fresh farmed Atlantic salmon (Salmon salar) was purchased from a local distributor. Five sampling 

were performed. The fish specimens (size of 4-5 kg) were kept refrigerated with flake ice inside 

polystyrene boxes and transported to the laboratory within 1 h of purchase. Afterwards, fish 

specimens were cleaned and filleted. Fillets of 2.0 ± 0.2 cm of thickness and an average weight of 

200.0 ± 20.0 g (n = 5) were obtained and submitted to different thermal treatments. 

 

2.2. Cooking treatments 

Three kinds of oven baking methods were taken into consideration for cooking salmon: 

convenction-oven (CO), steam-oven (SO) and sous vide (SV). In detail, CO was performed in a 

pre-heated oven at 180°C for 20 min. SO was achieved by steam injection in the oven chamber 

and the salmon fillets were cooked at 65°C for 20 min. For SV cooking, each fillet was vacuum-

packed in a polypropylene heat-resistant (up to 120 °C) bag designed for this culinary technique, 

using a vacuum sealer. Then, plastic bags were submitted to steam oven cooking, with the same 

condition of SO treatment. In all procedures, the revealed core temperature of fillets was 60°C. 

For each fish sampling, each thermal treatment was performed in three replicates. Immediately 

after cooking, the core temperatures of the fillets were checked, and each fillet was minced in a 

grinder, cooled and subsequently used for analysis. Cooking times and temperatures of the three 

cooking methods were decided in line with real household conditions. For this purpose, 

preliminary tests were performed in order to select the most suitable conditions for ensuring the 

satisfactory cooking of salmon fillets.  

 

2.3. Lipid extraction 

Total lipids were isolated as described by Bligh and Dyer (Bligh & Dyer, 1959). 20 g of minced 

salmon were added of 60 ml of a solution of chloroform:methanol (1:2, v/v) and homogenized 

with ULTRA-TURRAX. Successively, the mixture was filtered under vacuum with a buchner 

porcelain funnel equipped with paper filter. The solution obtained was undergone to a series of 
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three washes each with 20 ml of KCl aqueous solution (0.88%, w/v). The remaining water was 

eliminated from the organic solvent with anhydrous sodium sulfate and then the solvent 

(containing the lipid fraction) was evaporated with rotary evaporator (50°C). 

 

2.4. Primary and secondary products of lipid oxidation 

Primary and secondary lipid oxidation products were quantified by determination of peroxide 

value (PV) and 2-thiobarbituric acid reactive substances (TBARS). PV was analyzed following 

AOCS Official Method (AOCS Official method Cd 8-53, 1998) and the results were expressed in 

meq active O2/kg lipids. TBARS were determined according to the method described by Pegg 

(Pegg 2001) by using a Varian Cary 5000 UV-Vis-NIR spectrophotometer (Agilent, Italy). The 

optical density of the pink-coloured water phase was determined at 532 nm. The results were 

expressed in μmol TBARS/g lipids. 

 

2.5 Tocopherol determination 

200 mg of salmon oil were diluted in 1 mL n-hexane and loaded (2 L, at 30°C) on a Waters Ultra 

Pressure Liquid Chromatographic Acquity system (UPLC Acquity H-Class, Waters Corporation, 

Milford, CT, USA) equipped with a fluorimetric detector (FLD) and an Ascentis Express Hilic 

(15cm x 2.1mm, 2.7 m) set up at 30 °C (column heater). An isocratic elution (8 min) of n-hexane 

(95.5%), isopropranol (0.4%) and acetic acid (0.1%) at 0.3 ml/min was performed. FLD was set 

with an excitation wavelength of 290 nm and an emission wavelength of 330 nm. Tocopherols 

were identified by comparison of retention time with pure standards and quantified with external 

calibration. Tocopherols were identified by comparison of retention time with pure standards and 

quantified with external calibration For the quantification, seven standard stock solutions of each 

tocopherol (Ư-T, Ʊ-T, Ʋ-T) in isopropanol were prepared in the range 3.5-100 µg/mL and analysed 

to obtain the calibration curve (correlation coefficients R2 = 0.996-0.999). 

 
2.6. Fatty acid profile  

Fatty acid methyl esters (FAME) were obtained from total lipids through alkaline transmethylation 

(Suter et al., 1997). The qualitative/quantitative analysis of FAME was performed by means of 

gas chromatography using a CP-9002 apparatus (Chrompack, Middelburg, The Netherlands) 

equipped with a CP-Sil88 fused silica capillary column (100 m × 0.25 mm i.d., film thickness 0.2 

μm, Chrompack, Middelburg, The Netherlands) and a flame ionization detector (FID). The 

temperature of the detector was set at 260°C. The carrier gas was helium at a flow rate of 1.6 

mL/min; the oven temperature program started from 160°C, was raised to 240°C at a rate of 

4°C/min and remained at 240°C for 10 minutes. The injector temperature was 260°C. The sample 
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(1 µL) was injected into a split/splitless system. A Supelco (37 Component FAME mix standard 

solution was used for identification of peaks. Nonadecanoic acid methyl ester (C19:0) was used 

as an internal standard. The fatty acid composition was expressed as percentage of fatty acid (% 

FA) of the total fatty acids and as mg FA/g salmon lipid. 

 

2.7. Astaxanthin determination  

50 mg of minced salmon was weighted in Eppendorf containing 1 mL of methanol and vortexed 

vigorously for 1 minute. After extraction, 50 µL of sample was diluted with 250 µL of methanol, 

centrifuged at 20900 x g for 5 minutes at 4°C and 50 µL of supernatant was injected into HPLC 

system (YL Instrument 9300, YL9150 Autosampler and YL Instrument 9330 column 

compartment) equipped with UV-VIS detector and an analytical column C18 100 A Phenomenex 

Kinetex® (250 mm x 4.6 mm i.d., 5 µm).. The mobile phase used was methanol:propanol (90:10, 

v/v) and the flow rate was adjusted to 0.5 ml/min. Astaxanthin was quantified at 478 nm by using 

pure external standard. Astaxhantin curve calibration concentration ranged from 2.7 to 342 µg/L 

and the results was expressed as µg/mg. 

 

2.8. Coenzyme Q10 determination 

The extraction method of Coenzyme Q10 was similar to astaxanthin one but using 2-propanol 

(instead of methanol) for extraction and dilution of samples. After centrifugation 40 µl of extract 

was injected into HPLC system with electro-chemical detector (ECD) (Shiseido Co. Ltd.; Tokyo, 

Japan) as described previously (Orlando et al., 2018). This system is characterized by a post-

separation reducing column (Shiseido CQR) that is capable of fully reducing eluted ubiquinone 

permitting to evaluate both oxidized and reduced CoQ10 forms. Total CoQ10 content in salmon 

was expressed as μg/mg while CoQ10 oxidative status was expressed as percentage of 

ubiquinone/total CoQ10. 

 

2.9. Statistical Analysis 

Each analysis was performed in three replicates for each sample and the results were expressed 

mean value ± standard deviation (SD) of five sampling (n=5). The significance of differences 

among the samples were evaluated using one-way ANOVA with Bartlett’s test if significant. A p 

value < 0.05 was considered statistically significant and p ≤ 0.01 highly significant. Pearson’s 

correlation coefficient was used to evaluate the correlations among antioxidants quantified in the 

present study. Statistical analysis was performed using GraphPad Prism ® 6.0 Software. 
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3. Results and discussion 

3.1 Effect of oven cooking on oxidative status of salmon fillet 

It is well known that salmon fillet contained high amount of lipid rich in fatty acids highly 

susceptible to oxidation, such as PUFA. Thus, in order to evaluate the oxidative status of the 

fillets as consequence of oven baking treatments, the level of fatty acid oxidation process was 

investigated.   

Three different oven baking procedures were tested: convection-oven (CO), steam-oven (SO) and 

sous vide (SV). The tested procedures presented differences in term of cooking temperature, heat 

transfer mode and presence of oxygen, but not in term of time of cooking. In fact, all cooking 

procedures were performed for 20 min but CO used higher temperature (180°C) than SO and SV 

(65°C). Moreover, in CO the heat transfer was air convetion while in SO and SV the heat was 

transferred by using steam. Finally, exclusively in SV the salmon was cooked under vacuum. In 

all procedures the core temperature of fillets was 60°C.  

To consider the complexity of the fatty acid oxidation process, both primary and secondary 

oxidation products have been assessed in raw and cooked samples, by performing peroxide value 

(PV) and TBARS analysis. Simultaneously, the quali-quantitative fatty acid composition of raw 

and cooked samples was determined.  

As reported in table 1, the PV did not demonstrate differences (p<0.05) as result of different 

thermal treatments. The PV remained unchanged. The higher temperature (180°C) used in CO 

treatment than SO and SV did not affect in a major extend the PV formation. In all cases, low PV 

were obtained. None of the samples exceeded the acceptable level of 5 meq active oxygen/kg 

lipids denoting satisfactory quality of the fillets with regard to oxidative lipid stability. 

 

 

 

 

 

Differently, the lipid peroxidation related to malondialdehyde (MDA) formation measured by 

TBARS test showed significant difference among the samples. All cooking procedures led to a 

significant decrease of MDA value: the MDA in raw sample was significantly higher than that 

reveled in all cooked samples. It could be also argued that MDA may be lost during thermal 

treatment as result of interaction with other compounds. The decrease of TBA values during heat-

treatment was previously reported for fish foods but not for salmon. Aubourg and Medina (1997) 

Salmon treatment PV  TBARS 
Raw 5.6±1.2 a 0.93±0.16 c 
SO 5.5±2.7 a 0.43±0.10 a 
SV 4.8±0.7 a 0.64±0.11 b 
CO 5.3±2.2 a 0.69±0.17 b 

Table 5: Peroxide (meq O2/kg fat) and TBARS (malondialdehyde mg/kg fat) values of cooked (SO=steam-oven; 
SV= sous vide; CO=convection-oven) and raw salmon. Values in each column having 

different lowercase letters are significantly different at p<0.05 
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found that TBA values in canned tuna decreased from 8.13 to 1.70 mg MDA/kg muscle after 60 

min of heating at 115 C. The secondary products (aldehydes, ketones, epoxides and other carbonyl 

compounds) tend to react with amino acids, phospholipids and theamino groups of nucleic acids 

during heat treatment and this may lead to the observed decrease in TBA value (Tironi et al., 2002; 

Kong et al., 2008). 

Considering the cooked samples, among them the SO sample presented the significantly lowest 

MDA value (P<0.05). No significant difference emerged between values in CO and SV samples. 

This findings reinforce the assumption of Frankel, who mentioned that the lipid oxidation may 

decrease at increasing moisture levels (Frankel, 2005). In the present study, the oven treatment 

with the highest humidity grade was SO treatment. In SV treatment the heat was transferred by 

using steam but the salmon fillet was cooked under vacuum. Additionally, literature data showed 

that steaming and pan-frying without oil have lower influence on fat oxidation of salmon fillets 

than other treatments (Elmadfa et al., 2006).  

The stability of primary oxidation in all samples and the reduction of MDA level in all cooked 

samples emphasizes that changes in fat oxidation were not substantial as effect of thermal 

treatment. Overall data indicate that baking of Atlantic salmon does not increase levels of 

oxidative damage. It could be hypnotized that the thermal treatments of fish led to the 

denaturation of heme proteins, that are well known as a key catalysts of lipid oxidation in fish 

muscle. 

The low extend of oxidation reveled during the thermal treatments can be also confirmed when 

the effect of oven baking procedures were assessed on the fillets fatty acid profile.  

The profiles of the most important fatty acids of the raw and cooked salmon fish are shown in 

table 2. Quantitatively, the most abundant fatty acids were oleic (18:19 cis), linoleic (C18:2 

Δ9,12ω6) and palmitic (C16:0) acids. The 3 PUFA was dominated by linolenic acid (C18:3Δ9,12,15 

ω3) followed by docohexanoic (DHA, C22:6Δ4,7,10,13,16,19ω3) and eicosapentanoic (EPA, 

C20:5Δ5,8,11,14,17ω3) acids.  The changes in the content of fatty acids after oven cooking were 

marginal.  No significant differences in the total amount of SFA, MUFA and PUFA have been 

observed after oven treatments. In all the cooking methods the 3 PUFA were well preserved.  

Unfortunately, it become difficult to compare our results with the literature, since no data was 

found concerning the effect of steam oven treatment and sous vide accomplished in oven on salmon 

lipid oxidation. Anyway, Nieva-Echevarría et al. (2017) proved that souv-vide cooking performed 

in a water bath at 85°C for 20 min did not provoke noticeable changes in sea bass lipids, including 

cholesterol, phospholipids and vitamin A (Nieva-Echevarría et al., 2017).  
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  Oven-baked salmon   Oven-baked  salmon  

 Raw SO SV CO  Raw SO SV CO 

Fatty acid % of total fatty acids mg-g lipid 

C14:0 2.1±0.2 2.2±0.2 2.2±0.3 2.1±0.2  11.5±2.9 15.3±4.0 14.6±3.4 15.5±3.2 

C16:0 9.4±0.6 9.1±0.4 9.2±0.3 9.4±0.3  49.3±7.1 62.3±15.5 59.2±11.7 67.6±10.2 

C18:0 2.5±0.1 2.5±0.1 2.5±0.1 2.5±0.1  13.0±2.1 16.9±4.0 16.0±3.2 17.9±3.1 

∑ SFA 14.1±0.7  13.8±0.6 13.9±0.4 13.9±0.4  73.8±11.8  94.4±23.0 89.8±18.1 101.0±16.1 

C16:1Δ9 2.2±0.2 2.2±0.3 2.2±0.3 2.2±0.2  12±2.4 15.6±4.9 14.8±4.3 16.4±2.8 

C18:1 Δ9cis 42.8±1.8 40.6±2.7 40.7±2.8 41.9±2.7  225.8±37.6 281.9±58.4 265.2±47.1 311.3±62.5 

C18:1 Δ11 3.0±0.3 3.1±0.2 3.0±0.3 2.9±0.3  16.1±3.2 21.3±5.0 19.8±4.6 21.3±4.4 

C 20:1 4.5±1.2 5.4±0.7 5.2±0.8 4.9±0.8  26.3±8.6 37.2±8.9 36.2±6.3 34.5±10.0 

C22:1 Δ9 0.8±0.1 0.8±0.1 0.8±0.1 0.8±0.1  19.2±8.2 25.1±7.1 22.3±6.5 20.7±4.8 

∑ MUFA 55.9±2.6 54.9±3.9 54.7±3.7 55.9±2.9  299.4±58.8 377.3±79.6 337.0±62.0 401.9±78.9 

C18:2 Δ9,12ω6 14.7±0.7 14.7±0.9 14.7±0.9 14.7±0.8  76.1±10.7 100.6±21.8 93.7±15.9 106.2±17.0 

C20:2 Δ14 ω6 1.2±0.6 1.2±0.2 1.2±0.2 1.2±0.2  5.8±1.7 8.2±2.7 7.5±2.2 8.7±2.1 

C18:3 Δ9,12,15ω3 6.3±1.3 7.3±1.8 7.3±1.8 7.1±1.6  30.7±6.0 45.3±15.4 40.9±7.7 48.6±10.0 

C20:4Δ5,8,11,14ω6 0.8±0.3 0.8±0.1 0.8±0.1 0.8±0.2  3.8±1.3 5.7±2.5 5.2±2.0 5.6±1.3 

C20:5Δ5,8,11,14,17ω3 (EPA)  2.3±0.2 2.5±0.2 2.5±0.2 2.4±0.2  12.4±2.5 17.1±4.9 16.0±3.7 17.1±2.7 

C22:5Δ7,10,13,16,19ω3 1.0±0.2 1.1±0.2 1.1±0.2 1.0±0.2  5.1±1.4 7.4±2.6 6.8±2.1 7.8±1.6 

C22:6Δ4,7,10,13,16,19ω3 (DHA) 3.7±0.3 3.7±0.6 3.9±0.6 3.7±0.2  19.4±3.5 25.2±7.0 24.1±5.4 26.3±4.9 

∑PUFA 
∑ PUFAω3  
∑ PUFAω6 

30.1±2.4 
13.4±1.5 
15.5±0.9 

31.4±3.7 
14.6±2.5 
15.6±1.1 

31.5±3.7 
14.7±2.4 
15.5±1.1 

31.1±2.8 
14.3±1.8 
15.6±0.9 

 153.3±24.7 
67.6±12.2 
80.0±11.3 

202.9±48.7 
88.4±28.6 

158.9±39.0 

188.3±28.4 
81.9±17.4 

147.7±35.5 

188.7±89.1 
85.4±40.2 
95.8±45.3 

Table 6: SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; Results represents means ± S.D. (n = 5; number of 
replicates of each cooking).  Cm:n Dx; m = number of carbon atoms, n = number of double bonds, x = position of double bonds. 
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In spite of this, a very slight lipid oxidation and degradation of some nitrogenated compounds 

was produced, without negative consequences for the nutritional quality and safety of sea bass 

Şengör et al., 2013 reported that the salmon fatty acid profile was not distinctively altered by steam 

cooking performed with a steamer pod at 100°C for 30 min. Similar result was found by Larsen 

et al., (2010) and  Al-Saghir et al., (2004). 

Considering the convenction-oven treatment, several results can be found in literature and our 

results were in line with the available data.  

Many studies on different species of salmon found no significant decreases in EPA and DHA 

during oven-baking treatment accomplished at different time and temperature. This was observed 

by Leung et al 2018 (Leung et al., 2018) whose demonstrated  that  convection-oven baking 

treatment (200°C for 15 min) did not reduce either n-3 or n-6 PUFAs in the salmon fillets, 

although it generated numerous types of oxidized products (i.e. 4-hydroxy-2-hexenal, 4-Hydroxy-

2-Nonenal). Larsen et al., 2010 showed that the fatty acid profile in New Zeland King salmon was 

well preserved during convection-oven baking treatment (180°C for 10 min). However, it has 

been suggested that the w3 PUFA in salmon are more heat stable than other fish. Different 

authors (Gladyshev et al, 2007; Gladyshev et al., 2006) have indicated that the most common 

culinary treatments (boiling, frying, etc.) would not have the same effect on PUFA content in 

many fish species, including Salmoniformes. For instance, Candela et al., (1998) found that 

threefold decrease of content of EPA and DHA in sardines and mackerel occurred, while in 

salmon no significant changes in EPA and DHA contents took place under the same way of 

frying. It was suggested that the higher amounts of astaxanthin present in salmon compared to 

many seafood products have a key role against the lipid oxidation. It has been stated that the 

antioxidation capacity of astaxanthin is 10 times greater than that of b-carotene, and up to 500 

times greater than vitamin E (Shimidzu et al., 1996). During the thermal treatment, the changes 

in the muscle structure might make astaxanthin become more available to protect lipids from lipid 

oxidation. 

 

3.2. Effect of oven cooking on the antioxidant compound levels  

In order to evaluate the availability of antioxidant compounds during the oven treatment, in the 

present study the level of the main antioxidant molecules naturally contained in the salmon 

(tocopherols, astaxanthin and ubiquinones) were investigated in raw and cooked salmon fillets.  

To our knowledge, the present study represents a first attempt to evaluate the astaxanthin and 

ubiquinones levels on salmon as consequence of oven baking treatment.  

The tocopherol isomers detected in raw and cooked salmon were Ư−tocopherol (Ư−T) and 

−tocopherol (−) (Table 3).  

https://onlinelibrary.wiley.com/doi/full/10.1111/jfpp.12848#jfpp12848-tbl-0001
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From nutritional point of view, taking into account that the daily requirements of vitamin E are 

3–4 mg of Ư−T for infants, 6–7 mg for children and about 10 mg for adolescents and adults 

(Stipanuk, 2000), the daily tocopherol requirement can be supplied by the consumption of about 

300 g of oven cooked salmon, investigated in the present study.  

Both for raw and cooked samples, the Ư− level was similar to that of −  his finding was in 

contrast with the data literature where Ư−tocopherol was found to be the most abundant 

tocopherol isomer in salmon. Polat et al., 2013 found 5.44 ±2.62 and 1.79±1.03 mg/100 g of 

atlantic salmon fillet for Ư−T and  −T respectively. Refsgaard et al., (1998) reported that the 

concentrations of Ư−T and − were approximately 3.2 and 0.3 mg/100g of atlantic salmon fillet. 

However, such differences can be attributed to the fact that the tocopherol levels in salmon are 

strictly affected by the diet. Dietary supplementations of Ư−T or −T are usually performed during 

salmon farming. Concentrations of Ư−tocopherol in the flesh of Atlantic salmon can be readily 

manipulated via dietary Ư−tocopherol (Faizan et al., 2013; Hamre, 2011). 

Ư−T is a powerful antioxidant that is commonly included in feed formulation as a form of 

protection against fatty acid oxidation  (Hamre, 2011). Recent findings suggest that salmon fillet 

can be enriched with −  when provided in the feed. No antagonistic interaction between gamma 

and alpha tocopherol was observed in salmon tissues after high dietary −  feeding. Thus, 

Atlantic salmon may be an important marine functional source capable of improving −  supply 

in humans (Menoyo et al., 2014). 

 mg/Kg fat mg/100 g fresh  

-tocopherol 

Raw 131.9±21.6 2.15±0.3  

SO 143.1±25.4 2.53±0.1  

SV 160.9±27.0 2.95±0.2  

CO 157.7±28.8 2.69±0.1  

- tocopherol 

Raw 115.1±13.9 2.01±0.8 

SO 108.7±15.4 2.03±0.7 

SV 114.3±13.2 2.22±0.7 

CO 112.0±13.3 2.05±0.7 

Total tocopherol 

Raw 248.0±18.7 4.16±1.2 

SO 251.8±20.8  4.56±0.8 

SV 275.2±16.0  5.16±0.9 

C 296.6±18.4  4.73±0.8 

Table 7: Tocopherol contents in raw and cooked salmon. Results are expressed as the mean ± standard deviation (n=5). 
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Concerning the stability of tocopherols during oven treatment, our results evidenced the high 

stability of Ư−  and  −T   in all tested oven cooking conditions. In fact, all oven cooking 

procedures did not significantly affect (P >0.05) the salmon tocopherol content (P < 0.05). No 

significant differences were reveled among the tocopherol amounts of raw and cooked samples. 

Althought the difference was not significant, the SV sample resulted in the higher of 

Ư− and −T values compared to all the other samples. Our findings can be considered in line 

with literature data. Al-Saghir et al. (2004) demonstrated that in steamed salmon fillets (steaming 

was accomplished with the pot for 12 min), tocopherol levels remained almost stable and were 

not affected by the oxidation. The good resistance of both tocopherol isomers to microwave 

cooking (300 MHz, 2min) was found for different fish species, including atlantic salmon. Potal et 

al (2013) No further literature concerning the investigation of tocopherol profile as effect of oven 

steam cooking, including sous vide, was found.  

Unlike tocopherols, the astaxanthin level was affected by the oven cooking (Figure 1). The CO 

treatment performed at 180°C for 20 min did not affect the astaxanthin levels in the fish 

(Raw=6.2±1.2 mg/kg, CO=6.0±1.9 mg/kg; p=0.99). On the contrary, salmon cooked at 65°C 

for 20 min by using the steaming treatments (SO and SV) increased significantly the availability 

of this carotenoid in comparison with both CO (SV=7.2±1.8 mg/kg, p=0.05; SO=7.4±1.6 

mg/kg, p=0.02) and raw product. These findings were in agreement with literature data. Choubert 

and Baccaunaud, 2010 found that the moist thermal treatment method of steaming caused less 

change in colour and high astaxanthin retention than a dry thermal treatment methods (Choubert 

& Baccaunaud, 2010). 

 

 

Figure 1: Astaxanthin levels in raw salmon or cooked with convection-oven (CO), sous vide (SV) or steam oven (SO). 
Values are expressed as mg of astaxanthin/kg of dry weight of the salmon ±SD.  *p≤0.05 vs RAW (a), CO (b) 
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Besides to astaxanthin, all of the oven treatment increased the availability of total coenzyme Q10 

present in salmon in highly significant manner respect to the raw product (Raw=7.2±1.9, 

CO=11.7±3.7, SO=11.5±3.3, SV=10.4±3.5) (Figure 2). Moreover, steam-oven (SO=69%±13) 

and sous vide (62%±15) treatments promoted a highly significant improvement of its oxidative 

status in comparison with RAW salmon (RAW=94%±8, p<0.01) and traditional cooking method 

(TR=85%±10). 

 

a) 

 

b) 

 

Figure 10: Total CoQ10 levels (a) and its oxidative status (b) in raw salmon or cooked with convection-oven (CO), 
sous vide (SV) or steam oven (SO). CoQ10 levels are expressed as mg of astaxanthin/kg of dry weight of the salmon 

±SD, while its oxidative status as percentage of oxidized COQ10 respect to the total±SD. 
**p≤0.01 vs RAW (a), CO (b). 
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4. Conclusion 

The overall data obtained in this study show as the performed oven baking treatments were able 

to preserve the salmon PUFA fraction from the oxidation. They led to an improvement of 

antioxidant compounds availability in fish tissue. However, the improvement varied according to 

the antioxidant compound as well as to the thermal operative conditions. The impact of CO, SV 

and SO on CoQ10 and tocopherol was similar. Differently, the steam cooking procedures 

performed at low temperature (SV and SO) had stronger effect on the improvement of Ax 

availability in the fillets than CO, a dry air cooking procedure accomplished at high temperature. 
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Chapter 4: 

Influence of oven-baking treatments on tocopherols levels and oxidative status of 

sardine (Sardina pilchardus) fillets deriving from fish at different reproductive 

status 

 

1. Introduction 

The European sardine (Sardina pilchardus, Walbaum, 1792) is a small, oily, pelagic fish species from 

the Clupeidae family, with high commercial importance in the Mediterranean due to its nutritive 

value and industrial use. Data collections show that sardine fishery is of the utmost importance in 

the Adriatic Sea, with an increase in catches being recorded since 2006. (Soldo et al., 2019) The 

short life cycle of European Sardine confers recommendable human nutrition property to its own 

flesh because prevents the accumulation of dangerous substances such as heavy metals and 

pesticides. (Cabañero et al., 2005; Costa, 2007; Domingo et al., 2007). Moreover, sardine lipids 

have important nutritional characteristics because of their high level of ω3 polyunsaturated fatty 

acids (ω3 PUFA), especially of eicosapentaenoic (EPA, C20:5n ω3) and docosahexaenoic (DHA, 

C22:6 ω3) acids. These acids have shown healthy effects on  prevention of  cardiovascular diseases 

and neurodegenerative syndromes, such as Alzheimer’s disease (Saini & Keum, 2018; Tacon & 

Metian, 2013; Bouderoua et al., 2011; Moyad, 2005).  

However, the ω3 PUFA level in sardine fillets is strongly affected by exogenous factors (i.e. season 

caught) and endogenous factors (i.e. reproductive status). According to Pirini et al. sardines caught 

in autumn had higher levels of EPA, while those caught in spring were richer in DHA (Pirini et 

al., 2010). Pacetti et al. evaluated changes in sardine fatty acid profile as consequence of different 

reproductive status of fish (during spawning and non-spawning period). The highest lipid content 

(p<0.01) was found in non-spawning fish.  The spawning effect led to an increase in PUFA, with 

a simultaneous decrease of monounsaturated fatty acid (MUFA) and saturated fatty acids (SFA), 

on fatty acid balance of sardine fillets (Pacetti et al., 2013). 

Furthermore, the sardine fillets need to be cooked before consumption. It is well known that 

cooking process can affect the PUFA levels in fish, since thermal treatment can lead to oxidation 

of fish fatty acids. As example, Zhang et al. investigated the effects of six cooking styles (boiling, 

steaming, microwaving, grilling,pan-frying and deep-frying) on the lipid oxidation and fatty acid 

composition of grass carp (Ctenopharyngodon idellus) fillets. Compared with raw samples, the 

proportions of polar lipid fractions of all samples were increased. Peroxide values decreased 

during pan-frying and deep-frying but remained constant in the samples subjected to the other 

four cooking methods. Microwave baking and grilling increased the p-anisidine values, resulted in 

this way in higher lipid oxidative extents. The cooking treatment of boiling, steaming, microwave, 
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baking and grilling did not affect the fatty acid composition. Only pan-frying and deep-frying 

increased the general PUFA content and decreased the n–3/n–6 ratio, especially for the deep-

frying cooking method due to the absorption of cooking oil (Zhang et al., 2013). 

Within this frame, the present study was designed to simultaneously evaluate the influence of 

different oven-baking treatments on the oxidative stability, tocopherols, total fatty acids and free 

fatty acids composition of sardine fillets deriving form fish at different reproductive status. To 

confirm the reproductive status of fish, sex was macroscopically determined on the basis of 

morphological variations of gonads related to reproductive cycle. The variations of condition 

factor and gonadosomatic index of pilchard were considered with the aim to associate the three 

sampling respectively with pre-spawning, spawning and post-spawning status. 

 

2. Materials and methods 

2.2 Sampling 

Approximately 100 specimens of Sardina pilchardus (Walbaum, 1792) were collected from 

commercial landings of the midwater pelagic pair trawlers (“volante”) fleet of Ancona (Central 

Adriatic Sea), in October, November 2018 and July 2019. A total of 287 specimens were 

macroscopically sexed resulting in 125 males and 162 females. The total length (LT, 0.5 cm 

accuracy), total body weight (W, 0.1 g accuracy) and gonad weights (WG, 0.001 g accuracy) were 

recorded. 

 

2.3 Biometric Measurements and Condition Indexes 

Sex was determined macroscopically on the basis of shape and dimension of gonads, in according 

to the six stages ICES scale (2009): the stage from 3 to 5 (“imminent spawning”, “spawning” 

“partial post- spawning”) were considered “active”, therefore in “spawning phase” of the 

reproductive cycle.  

Like most clupeoids, sardine is a a multiple spawning species, exhibiting indeterminate annual 

fecundity (Ganias et al., 2004; Morello, & Arneri 2009; Holden & Raitt, 1974). Thus, females, 

whose oocytes do not mature simultaneously, produce multiple batches of eggs over a protracted 

spawning period: for these reason “partial post-spawning” specimens are considered “Active” 

(ICES, 2009).  

To evaluate the reproductive or quiescent status, was also estimated the changes in gonad weight 

and consequently variation of the Gonadosomatic Index (GSI) by sex and for each month. 

The GSI was determined based on total body weight and gonads weight for each analyzed 

specimen and monthly average, in according to the equation: 
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GSI= 100*WG/W  

 

where W is gutted body weight and WG is gonad weight (Giraldez & Abad, 1995; Sinovčic, 2000; 

Sinovčic & Zorica, 2006; Pacetti et al., 2013; Zorica et al, 2019). 

 

In small plagics fish species, the perivisceral fat (i.e. mesenteric fat or the adipose tissue 

surrounding the gastrointestinal tract) develops in particular seasons, constituting important lipid 

storage. In particular, the mesenteric fat reserves play a key role in the reproductive process of 

some fish such as several small pelagics (Mustac & Sinovčic, 2012; Ganias et al., 2004; Lloret et 

al., 2014). Mesenteric fat is much more labile than other fat stores, such as muscle fat, and 

therefore it is likely to be the first fat store to become depleted during gonad maturation process; 

for this reason, it could be considered a suitable indicator to highlight   the different phases of 

reproductive cycle. 

The frequency distribution of presence of mesenteric fat in the viscera, it was recorded each 

month, in order to highlight the phase of reproductive cycle (Mustać & Sinovčić, 2009; Keč, & 

Fisheries, 2012; Lloret et al., 2014). 

Fresh fish were prepared using a handling process (i.e. eviscerating), beheading and washing in 

order to isolate the edible part: muscular tissue was utilized for each cooking method. 

 

2.4 Cooking conditions 

Before cooking treatment filled sardines were divided in 200g portion and placed in glass 

containers suitable for cooking. Three kinds of oven baking methods were taken into 

consideration for cooking salmon: convenction-oven (CO), steam-oven (SO) and sous vide (SV). 

In detail, CO was performed in oven at 170°C for 20 min. SO was achieved by steam injection in 

the oven chamber and the sardine fillets were cooked at 70°C for 20 min. For SV cooking, the 

fillets were vacuum-packed in a polypropylene heat-resistant (up to 120 °C) bag designed for this 

culinary technique. Then, plastic bags were submitted to steam oven cooking, as previously 

reported. The tested oven cooking procedures (CO, SO, SV) presented differences in term of 

cooking temperature, heat transfer and presence of oxygen, but not in term of time of cooking. 

In fact, all cooking procedures were performed for 20 min but CO used higher temperature 

(170°C) than SO and SV (70°C). Moreover, in CO the heat transfer is air convection while in SO 

and SV the heat is transferred by using steam. Finally, only in SV the sardines were cooked under 

vacuum.  Cooking times and temperatures of the three cooking methods were decided in line with 

real household conditions. For this purpose, preliminary tests were performed in order to select 

the most suitable conditions for ensuring the satisfactory cooking of sardine fillets.  Immediately 
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after cooking, the fillets were cooled down, minced in a grinder and subsequently used for 

chemical characterization. 

 

2.5 Lipid extraction 

See chapter 3, section 2.3  

 

2.6 Tocopherols determination 

Before to proceed to tocopherols analysis saponification was performed. 100 mg of lipid extract 

were dissolved in 5 ml of pyrogallol (6% W/V) and 0.5 ml of KOH (80% W/V); it was shaked 

and placed in water bath at 70°C, for 30 min. After that the sample was cooled in ice for 10 

minutes. Successively added 3 ml of water and 5 ml of hexane, vortexed for 30 s and centrifuged 

for 10 min at 3600 rpm. The separated organic phase was transferred in a vial. The procedure of 

extraction was repeated two more times: with 0.5 ml and 1 ml of hexane, pooling all the fraction 

in the vial. The organic extracts were dried with rotavapor at 35°C, then added 1 ml hexane and 

transfer on a vial (2ml), centrifuged (3600 rpm, 2 minutes) and moving the clear hexane on a 

HPLC vial, ready for injection. The diluted extracts were analyzed at the same conditions 

presented in chapter 3, section 2.5. 

 

2.7 Fatty Acids profile 

See chapter 3, section 2.6 

 

2.8 TBARS Assay 

See chapter 3, section 2.4 

 

2.9 Peroxides 

See chapter 3, section 2.4 

 

2.10 Free Fatty Acid Analysis 

In order to obtain the FFA fraction was followed the Ruitz et al. SPE method. Briefly, 20 mg of 

sardine fat were dissolved in 0.15 mL of hexane:chloroform:methanol (95:3:2) than it was added 

to a 500 mg aminopropyl minicolumn (Varian, CA, USA), which have been previously activated 

with 7.5 mL of hexane. NL were eluted with 5 mL of chloroform and FFA with 5 mL of diethyl 

ether:acetic acid (98:2). Regardless the method, the vacuum was adjusted to generate a flow of 

1 ml min−1. (Ruiz et al., 2004). The result extract was dissolved in 50 µL of hexane and inject 

directly in GC-FID. 
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The qualitative analysis of FFA was carried out using a gas chromatography using a Varian 430-

GC apparatus (Varian Inc., USA) equipped with a flame ionization detector (FID). Varian 430-

GC was equipped with a Stabilwax® (60 m × 0.25 mm i.d., film thickness 0.25 μm). The carrier 

gas was helium at a flow rate of 2.5 mL/min; the oven temperature program started from 100°C, 

was raised to 250°C at a rate of 8°C/min and remained at 250°C for 15 minutes. The sample was 

injected into a split/splitless system, and the injector was set at the temperature of 270°C. The 

mass spectrum was acquired using Galaxie Chromatography Data System. The temperature of the 

detector was set at 260°C. A Supelco (Bellefonte, PA) standard solution containing a mixture of 

free fatty acids was used for identification of peaks and for the calculation of correction factor of 

the individual FA peak areas. FFA compositions (wt %) were calculated by the corrected peak 

area normalization method 

 

2.11 Statistical Analysis 

All analyses were carried out in three parallel replications and mean ± SDs were calculated for the 

values obtained. Data were submitted to one-way analysis of variance (ANOVA) in order to assess 

significant differences (P < 0.05) between the mean values of raw and cooked material. The 

significance of differences was estimated with the Tukey test and the software used for statistical 

analysis was R-project. 

 

3. Results and discussion 

3.1 Biological parameters 

The total body length and total weight of the observed sardine specimens (N=287) varied from 

11.5 to 15.5 cm (mean ±SE: 13.22±0.04 cm) and from 10.30 to 33.03 g (mean ±SE: 19.44±0.20 

g), respectively. 

Regarding the reproductive cycle, in October almost total female was in “inactive phase”, while 

15% of male was in “spawning phase: the mesenteric fat was observed in all specimens analyzed. 

November showed an opposite scenario: the percentage of 98% of all sample, highlighted an 

“active phase” and mesenteric fat reached the minimum value for both sexes (Figure 1, Figure 2 

and Fig 3). 
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Figure 1: Mesenteric fat of male sardines in pre-spawning, spawning and post-spawning period 

 

 

Figure 2: Mesenteric fat of female sardines in pre-spawning, spawning and post-spawning period  
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Sampling 
Cooking 
treatment 

α-T  
(mg/Kg fat) 

PV  
(meqO2/Kg fat) 

TBARS  
(MDA mg/Kg fat) 

Pre-spawning 

Raw 29.8±1.5a 25.0±1.9c 1.2±0.1c 
CO 34.8±2.6a 12.5±1.7b 1.0±0.1b 
SO 23.8±0.9a 13.9±2.2b 1.1±0.1bc 
SV 110.1±13.6b 8.0±0.6a 0.6±0.0a 

Spawning 

Raw 133.2±20.3c 2.1±0.8a 0.5±0.1b 
CO 62.9±4.4a 3.9±0.1b 0.5±0.1a 
SO 51.7±3.1a 2.4±0.2a 0.7±0.1a 
SV 91.1±7.8b 2.1±0.1a 1.1±0.1c 

Post-spawning 

Raw 17.3±0.6 22.5±2.3a 1.0±0.1a 
CO <LOD 50.7±6.7d 1.6±0.1c 
SO <LOD 26.3±1.6b 1.4±0.1b 
SV <LOD 37.5±3.0c 1.4±0.2b 

 

Table 8: The table reported the values for Ư-tocopherol, peroxides and TBARS values for raw and cooked pre-
spawning, spawning sand post-spawning sardines. LOQ for Ư-tocopherol was 0.4 mg/kg. Values in each column and 

for the same reproductive status with e different lowercase letters are significantly different at p<0.05. 

 

3.3 Tocopherol 

Comparing the raw samples, the fillet deriving from spawning sardine was richer in Ư-tocopherol 

than those deriving from pre- and post – spawning fish. The Ư-tocopherol behavior of spawning 

and post-spawning sardine is different from the other sampling: thermal treatments caused loss 

of Ư-tocopherol like it is visible in Figure 7. 

 

Figure 7: Evolution of Ư-tocopherol (mg/Kg fat) in pre-spawning, spawning and post-spawning sardines raw (blue) 
and cooked with different techniques: convection-oven (orange), steam-oven (grey), sous vide (yellow). Values are 

means of three replicates ± standard deviation. Bars having different lowercase letters are significantly different at 
p<0.05 within the same sampling 
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Considering the effects of cooking treatments, it is noteworthy to notice that the effect of same 

treatment, on tocopherol level of sardine fillets, changed according to reproductive status of fish. 

For example, CO and SO treatments led to a reduction of tocopherol in pre-spawning fillets 

whereas SV had opposite effect. Differently, all treatments led to a reduction of tocopherol level 

when spawning and post – spawning fillets were cooked 

 

3.4 Peroxides 

Considering the raw samples, it is possible to notice that the lowest PV value was revealed in 

spawning fillet (Figure 8). 

 

Figure 11: Evolution of peroxides (meqO2/kg fat) in pre-spawning, spawning and post-spawning sardines raw (blue) 
and cooked with different techniques: convection-oven (orange), steaming (grey), sous vide (yellow). Values are means 
of three replicates ± standard deviation. Bars having different lowercase letters are significantly different at p<0.05 

within the same sampling 
 

As reported for tocopherol levels, the same thermal treatment has different impact on PV of 

sardine fillets. All treatments led to reduction of PV in pre-spawning fillets whereas led to increase 

of PV in post-spawning fillets. When spawning fillets were cooked the thermal treatment do not 

change the PV.  

 

3.5 TBARS 

In spite of the low concentration found in the TBAS assay, the values were in accordance to the 

rancidity degree of sardines presented by Ư-tocopherol and peroxides results. (Figure 9) 
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Figure 9: Evolution of TBARS (malondialdehyde mg/kg fat) in pre-spawning, spawning and post-spawning sardines 
raw (blue) and cooked with different techniques: convection-oven (orange), steam-oven (grey), sous vide (yellow). 
Values are means of three replicates ± standard deviation. Bars having different lowercase letters are significantly 
different at p<0.05 within the same sampling 

 

Spawning showed the lower summation of TBA value of both processed and unprocessed sardine, 

except in sous vide sample. The highest TBA values were detected in post-spawning sardine, in 

particular the absolute highest one was found in convection-oven sample with TBA value of 

1.6±0.1. 
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 Pre-spawning Spawning Post-spawning 
Fatty acids Raw CO SO SV Raw CO SO SV Raw CO SO SV 

C14:0 8.8±1.3 7.8±0.1 6.9±0.1 8.2±0.2 10.2±0.3 10.2±0.1 9.2±0.0 10.3±0.3 8.0±0.3 7.0±1.0 7.0±0.5 7.0±0.1 
C16:0 22.4±1.7 22.1±0.2 22.5±0.1 21.3±0.2 18.3±0.5 18.2±0.1 18.7±0.1 18.6±0.2 22.3±0.2 22.9±2.9 22.4±1.1 21.6±0.1 
C16:1 7.8±0.1 6.7±0.4 6.2±0.1 7.2±0.4 11.3±0.5 11.8±0.1 10.8±0.2 11.8±0.1 7.1±0.1 6.0±0.8 6.9±0.4 6.5±0.1 
C18:0 4.3±0.1 4.0±0.0 4.3±0.1 4.2±0.0 4.2±0.0 4.3±0.0 4.2±0.0 4.2±0.0 5.4±0.1 4.8±0.6 5.3±0.1 5.3±0.0 

C18:1 n-9 6.8±0.1 8.8±0.0 8.2±0.1 7.8±0.0 6.4±0.1 7.1±0.0 5.6±0.0 6.5±0.0 8.6±0.1 7.6±0.9 9.1±0.1 7.9±0.0 
C18:1n-7 3.6±0.2 3.1±0.0 2.9±0.0 3.2±0.0 5.4±0.1 5.8±0.0 5.7±0.0 5.6±0.0 3.0±0.0 2.6±0.3 3.0±0.0 2.9±0.0 
C18:2 n-6 1.8±0.1 1.9±0.0 2.0±0.0 2.0±0.0 1.4±0.0 1.2±0.1 1.3±0.1 1.2±0.1 1.7±0.1 1.7±0.2 1.6±0.0 1.7±0.0 

C18:3 n-3 + 
C18:4 n-3 

1.0±0.4 1.5±0.2 1.0±0.4 1.3±0.2 0.8±0.2 0.9±0.2 1.2±0.0 1.2±0.0 2.0±0.1 1.6±0.2 1.8±0.0 1.9±0.0 

isomer 
C20:1 

2.0±0.1 2.6±0.0 2.6±0.0 3.0±0.1 1.0±0.1 1.3±0.0 1.2±0.0 0.9±0.0 0.3±0.0 0.3±0.0 0.3±0.0 0.4±0.0 

C20:1 1.9±0.0 2.2±0.0 2.0±0.1 2.0±0.0 2.3±0.1 2.1±0.0 2.2±0.0 2.3±0.0 3.9±0.1 3.6±0.5 3.4±0.0 3.8±0.0 
C20:2 0.4±0.0 0.4±0.1 0.4±0.0 0.4±0.0 0.3±0.0 0.3±0.0 0.3±0.0 0.3±0.0 0.2±0.0 0.2±0.0 0.2±0.0 0.2±0.0 

C20:4 n-6 1.3±0.1 1.2±0.0 1.2±0.0 1.2±0.0 1.6±0.0 1.5±0.0 1.5±0.0 1.5±0.0 0.5±0.0 0.5±0.0 0.5±0.0 0.6±0.0 
C22:1 n-11 2.0±0.2 2.4±0.0 2.6±0.0 31. ±0.1 0.5±0.1 0.7±0.0 0.8±0.0 0.1±0.1 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.1 
C22:1 n-9 1.3±0.6 1.0±0.0 1.0±0.0 1.0±0.1 0.9±0.0 0.9±0.0 0.9±0.0 1.0±0.0 0.9±0.1 0.9±0.0 0.9±0.0 1.0±0.0 
C20:5 n-3 11.6±0.6 10.7±0.1 10.1±0.1 11.4±0.2 17.8±0.3 18.2±0.2 16.7±0.1 18.0±0.2 11.3±0.2 9.9±1.2 11.2±0.3 11.1±0.0 
C22:5 n-3 1.5±0.1 1.5±0.0 1.4±0.0 1.6±0.0 2.2±0.1 2.3±0.0 1.9±0.0 2.2±0.0 1.3±0.0 1.1±0.1 1.3±0.1 1.3±0.0 
C22:6 n-3 21.6±1.9 22.2±0.5 24.8±0.1 21.1±0.5 15.5±0.8 13.3±0.2 17.8±0.1 14.2±0.2 23.3±0.2 23.5±3.0 24.7±1.6 26.7±0.1 

SFA 35.4±3.1 34.0±0.4 33.7±0.1 33.7±0.4 32.7±0.8 32.7±0.2 32.1±0.1 33.1±0.5 35.7±0.4 33.7±4.4 34.7±1.6 34.0±0.1 
MUFA 25.3±0.3 26.7±0.4 25.5±02 27.4±0.3 27.8±0.4 29.7±0.1 27.3±0.2 28.2±0.1 24.1±0.1 27.8±9.0 23.9±0.4 22.4±0.1 
PUFA 39.3±2.8 39.3±0.5 40.8±0.3 38.9±0.5 39.5±1.2 37.6±0.3 40.6±0.1 38.6±0.5 40.3±0.3 38.5±4.8 41.4±2.1 43.6±0.2 
 n-3 35.8±2.8 35.8±0.6 37.2±0.3 35.4±0.5 36.2±1.1 34.7±0.2 37.5±0.1 35.6±0.4 37.9±0.4 36.1±4.5 39.1±2.1 41.1±2.3 
 n-6 3.1±0.0 3.1±0.0 3.2±0.0 3.1±0.0 2.9±0.1 2.6±0.1 2.8±0.1 2.7±0.1 2.2±0.0 2.2±0.3 2.1±0.0 0.1±0.0 

 

Table 9: Fatty acids profile of raw and cooked sardines express as % of total fatty acids  
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Regarding cooking treatments fatty acid profiles of sardine have not been significantly altered 

during processing as can be seen in Table 2. In accordance with Zotos et al. the fatty acid profiles 

of the baked sardines cooked at 200°C for 20 min was quite similar to unprocessed samples. 

However, the observed changes were not homogeneous for the different fatty acids because some 

fatty acids decreased, some increased and others did not change (Zotos et al., 2013; Garcı́a-Arias 

et al., 2003). 

 
3.6 Free Fatty Acids 

Moreover, total FFA contents of the sardines were influenced by the biologic phase of the fish. 

(Table 3) The lower value of the sum of total FFA were detected in “active phase” fishes followed 

by a little increase in pre-spawning and a good increase in post-spawning sardines. These values 

reflect specular results with Ư-tocopherol, peroxides and TBA value. 

 

 

Figure 11: Evolution of total free fatty acids (FFA), (mg/g fat) pre-spawning, spawning and post-spawning sardines raw (blue) and 
cooked with different techniques: convection-oven (orange), steam-oven (grey), sous vide (yellow). Values are means of three 

replicates ± standard deviation. Bars having different lowercase letters are significantly different at p<0.05 

 

Regarding processed samples the worst impact was found in baking pre-spawning (1408.7±128.4 

mg/100g) and in post-spawning sardines where it was found the absolute worst value 

corresponding to 2510.9±219.3 mg/100g. Thermal treatment influenced FFA value of spawning 

sardine in different way. 
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  Free fatty acids (mg/100g) 

Reproductive 

status 

Cooking  

treatment 
C14:0 C16:0 C16:1 C18:0 C18:1 n-9 C20:5 n-3 C22:6 n-3 Total FFA 

Pre-

spawning 

Raw 109.6±36.4c 419.4±74.6b 78.6±21.0b 312.6±74.4ab 125.4±26.6c 38.9±11.3b 68.0±6.0b 1152.4±239.7b 

CO 46±4.3a 434.8±32.7b 40.8±5.2a 370.7±47.5b 90.8±10.8b 154.9±34.5c 270.7±45.4c 1408.7±128.4c 

SO 143.2±14.9d 415.8±39.4b 83.4±12.4b 258.8±60.9a 163.4±28.6d 35.5±6.3b 44.4±9.2a 1144.5±176.5 b 

SV 64.5±5.7b 312.2±28.0a 41.5±1.8a 246.8±24.3a 63.8±4.8a 23.4±3.9a 53.8±4.5a 806.1±49.7a 

Spawning 

Raw 102.0±5.0b 440.6±27.5c 127.1±50.2b 324.8±2.5c 158.8±28.6c 50.2±14.0b 122.3±7.0c 1325.9±103.8c 

CO 107.2±31.2b 317.3±43.6b 83.2±19.7a 241.7±15.9b 85.1±11.2a 56.7±8.0b 26.9±2.4a 928.2±166.0b 

SO 59.6±5.9a 245.1±57.3a 79.4±15.3a 168.6±7.2a 85.0±8.0a 28.9±6.4a 35.7±12.8b 708.7±150.3a 

SV 66.1±7.6a 318.3±27.1b 107.6±14.9b 234.8±13.3b 104.6±8.3b 46.4±8.4b 42.4±4.1b 920.3±59.4b 

Post-

spawning 

Raw 13.6±0.9a 150.3±23.8a 65.2±4.6a 190.3±15.4a 229.1±19.8a 123.1±10.6b 23.4±1.8a 792.5±56.8a 

CO 47.3±5.4b 743.1±65.6c 202.5±32.0c 826.2±83.5c 419.7±37.4b 144.2±25.3b 130.7±11.1b 2510.9±219.3c 

SO 56.4±6.1b 614.0±59.2b 90.6±10.1b 531.3±75.8b 268.2±22.0a 41.5±3.9a 105.6±13.5b 1703.6±154.2b 

SV 52.9±4.8b 590.4±72b 96.2±8.4b 484.9±50.8b 277.6±25.3a 42.7±4.2a 104.8±19.7b 1646.3±130.2b 

 

Table 10: Free fatty acids profile of raw , convection-oven (CO), steam-oven (SO) and sous vide (SV) sardine in pre-spawning, spawning and post-spawning period
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FINAL REMARKS 

 

1. The targeted ultra-high performance liquid chromatography-high resolution mass 

spectrometry (UHPLC-HRMS) method using a Q-Exactive Orbitrap mass analyzer have 

demonstrated the variation of phytochemical composition among raw, boiled, steam-

oven and sous vide cooked Depurple and orange cauliflower (Brassica oleracea L. var. botrytis). 

Satisfactory classification by PLS-DA score plots was obtained according to cooking time 

and technology. This clearly demonstrates that the sample phytochemical profile (both, 

compound distribution and content) depends on the cooking method employed and, as 

consequence, the proposed UHPLC-HRMS phytochemical profiles are good sample 

chemical descriptors to guarantee cauliflower cooking procedure when necessary. 

2. Tocopherols profile markedly changed according to the cauliflower variety: the Depurple 

cauliflower is devoided of Ʋ-tocopherol that is present in orange cauliflower. 

The temperature of thermal process (95°C) had a positive influence on the extractability 

of tocopherols, confirming that the degradation of bioactive compounds in vegetables is 

matrix dependent. The best cooking technique in terms of highest concentration for 

tocopherols was the boiling for both, orange and Depurple cauliflowers. 

3. The oven baking procedure investigated does not increase levels of oxidative damage in 

salmon fillet. All procedures were able to preserve the w3 PUFA and the tocopherols. In 

particular, steam oven (SO) and sous vide (SV) procedures significantly increased the 

availability of axstaxanhin, the level of CoQ10 and significantly reduced the MDA 

formation. It could be supposed that during SO and SV the changes in the salmon muscle 

structure might make astaxanthin and CoQ10 become more available to protect lipids 

from lipid oxidation. 

4. Sardine oxidative state is affected by the reproductive phase of the fish as reported by 

PCA analysis. Moreover, the impact of thermal treatments changed according to the 

reproductive phases of sardine. Considering pre-spawning and spawning sardines, sous 

vide fillets showed the lowest oxidative state. Differently in post-spawning fillets the 

analysis confirmed that the worst oxidative state degree was found in convection-oven 

baked sardines. 
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FUTURE PERSPECTIVES 

 

 

 

Each food should be cooked with a suitable method able to best preserve and improve its 

nutritional and phytochemical value. In this regard further studies are needed in order to 

optimize each individual cooking method in term of cooking time and temperature within the 

range of conditions required by the consumer. 
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