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resumo O armazenamento hiperbárico (HS) a temperatura baixa e ambiente (HS/LT e 
HS/RT, respetivamente) foi avaliado usando salmão do Atlântico (Salmo salar) 
como caso de estudo e comparado com amostras controlo armazenadas à 
pressão atmosférica (AP) sob refrigeração (AP/5 ºC) e às mesmas 
temperaturas baixas e de ambiente. O trabalho foi desenvolvido tendo como 
base duas estratégias: (1) um estudo screening foi realizado para definir as 
melhores condições de HS/RT e HS/LT, usando pedaços de músculo de 
salmão; e (2) utilizando as melhores condições, estudou-se a influência do HS 
em microrganismos deteriorativos e inoculados em lombos de salmão 
embalados à vácuo, como também importantes parâmetros físico-químicos 
relacionados com a qualidade.   
De acordo com o primeiro estudo (1), HS/RT e HS/LT à 75 MPa/25 ºC e 60 
MPa/10 ºC, respetivamente, causaram uma redução das contagens iniciais de 
microrganismos, aumentando o tempo de vida microbiológico dos pedaços de 
salmão até pelo menos 25 e 50 dias, respetivamente, comparativamente com 
AP/5 ºC (3 dias). Adicionalmente, ambas as condições de HS não causaram 
alterações nos parâmetros físico-químicos estudados, exceto um aumento dos 
produtos da oxidação lipídica, mas com menor intensidade comparativamente 
com as respetivas condições controlo, AP/25 e 10 ºC. No geral, as atividades 
da fosfatase ácida, catepsinas B e D, e calpaínas, diminuíram quando 
comparado com a atividade registada no salmão fresco, com um efeito mais 
pronunciado no armazenamento a 37 ºC (amostras HS e AP). No entanto, foi 
observada alguma recuperação da atividade para algumas enzimas 
(catepsinas B e D, e calpaínas), com um aumento da atividade a 60 MPa/10 ºC 
e 75 MPa/25 ºC após 25 e 50 dias, respetivamente. Também foi observado um 
aumento pronunciado do índice de fragmentação miofibrilar (MFI) a 75 MPa 
(25 e 37 ºC) após 10 dias, com diminuição do conteúdo de proteínas 
sarcoplasmáticas também após 10 dias, sem mais alterações durante os 25 
dias. De modo diferente, após 50 dias a 60 MPa/10 ºC, os valores de MFI 
diminuíram, sem efeitos nas proteínas sarcoplasmáticas após 30 dias de 
armazenamento, verificando-se só um ligeiro aumento após 50 dias.  
No segundo estudo (2), ambas as condições a 75 MPa/25 ºC e 60 MPa/10 ºC 
foram avaliadas durante 30 dias, utilizando lombos de salmão embalados a 
vácuo. O HS permitiu diminuir a população inicial de microrganismos 
deteriorativos e inoculados, mostrando que além de se obter uma extensão da 
validade, também se verificou melhor segurança microbiológica, 
comparativamente com as amostras controlo. Foram avaliadas algumas 
propriedades físico-químicas, tais como perda de água, capacidade retenção 
de água, propriedades de textura, índice de polienos, perfil de ácidos gordos, 
oxidação lipídica, MFI e perfil volátil, mantendo-se estas estáveis até pelo 
menos 15 dias para ambas as condições.  
Assim, HS pode representar uma metodologia interessante de extensão do 
tempo de vida útil de lombos de salmão, com uma adicional economia de 
energia considerável para HS/RT quando comparado com a refrigeração. 
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abstract 

 

Hyperbaric storage at room and low temperature (HS/RT and HS/LT, 
respectively) was evaluated using Atlantic salmon (Salmo salar) as a case-
study and compared to control samples stored at atmospheric pressure (AP) 
under refrigeration (AP/5 ºC) and at the same LT and RT temperatures. The 
work was developed based in two strategies: (1) a screening study was 
performed to define the best conditions of HS/RT and HS/LT, using salmon 
muscle portions; (2) and using the best conditions, it was studied the influence 
of HS on spoilage and inoculated surrogate-pathogenic microorganisms in 
vacuum-packaged salmon loins, and important physicochemical parameters 
related to quality. 
According to the first study (1), HS/RT and HS/LT at 75 MPa/25 ºC and 60 
MPa/10 ºC, respectively, caused a reduction of the initial microbial counts, 
increasing the microbial shelf-life of salmon muscle portions to at least 25 and 
50 days, respectively, compared to AP/5 ºC (3 days). Additionally, both HS 
conditions did not cause changes in the physicochemical parameters studied, 
except an increase of lipid oxidation products, but less intensely compared to 
the respective control samples, AP/25 and 10 ºC. In general, activities of acid 
phosphatase, cathepsins B and D, and calpains decreased when compared to 
fresh salmon, with a more pronounced effect of storage temperature of 37 ºC 
(HS and AP samples). However, activity recovery was observed for some 
enzymes (cathepsins B and D, and calpains), with an activity increase at 60 
MPa/10 ºC and 75 MPa/25 ºC after 50 and 25 days, respectively. Also, a 
pronounced increase of the myofibrillar fragmentation index (MFI) was 
observed at 75 MPa (25/37 ºC) after 10 days, with a decrease of sarcoplasmic 
proteins content also after 10 days with no further changes during the 25 days 
of storage. Otherwise, at 60 MPa/10 ºC, a decrease of MFI values was 
observed after 50 days of storage, with no effect for sarcoplasmic proteins 
during 30 days of storage, being verified only a slight increase after 50 days.  
In the second study (2), both conditions of 75 MPa/25 ºC and 60 MPa/10 ºC 
were evaluated for 30 days, using vacuum-packaged fresh salmon loins. HS 
allowed to decrease the initial population of spoilage and inoculated surrogate-
pathogenic microorganisms, showing that besides the shelf-life extension, it 
also ensured better microbial safety compared to control samples. Several 
physicochemical properties, such as drip loss, water holding capacity, textural 
properties, polyene index, fatty acids profile, lipid oxidation, MFI and volatile 
profile, were maintained to at least 15 days under both conditions. 
So, HS can represent an interesting food preservation methodology for 
extension of fresh salmon loins, with additional considerable energy savings for 
HS/RT when compared to refrigeration. 
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1.1. OVERVIEW 

 

Fish is a highly perishable food characterized by short shelf-life, therefore must be 

stored refrigerated or frozen. Even under such conditions, fish shelf-life is very short, 

particularly for refrigeration (5-7 days under refrigeration) [1]. During storage, 

deterioration of fresh fish is the result of different damage mechanisms, such as 

microbiological spoilage, autolytic degradation and lipid oxidation [2].  

Recently, a novel food preservation storage methodology (Hyperbaric Storage - HS) 

has attracted great interest due to the possibility to store food products above atmospheric 

pressure at sub-zero, low and room temperatures, increasing their shelf-life and quality 

compared to conventional methods (refrigeration and frozen storage). Furthermore, HS has 

also attracted interest due to its high potential energy savings, mainly when it is used at 

room temperatures, since it only involves energy costs during compression and 

decompression phases, and no additional energy is required to maintain the product under 

pressure for long periods. This aspect is very important in the food industry, since low 

temperature control is an essential parameter used to increase food shelf-life, being the 

most energy-intensive method applied in food supply chain (50% of electricity 

consumption in food industry) [3]. 

 

 

1.2. FISH MUSCLE 

 

Fish products provide important nutritional and digestive proteins, including 

essential amino acids, lipid soluble vitamins, microelements and highly unsaturated fatty 

acids. Fish muscle contains large quantities of water (60-80%) and high water activity (aW 

> 0.95) [4]. Protein is the major constituent of fish muscle (18.2-23.2%) [5], being 

composed by many types of lipids with different chemical composition, such as 

neutral/non-polar (triglycerides, diglycerides, etc.) and polar (free fatty acids, 

phospholipids, etc.) lipids [6]. Fish can be divided in four basic groups: lean (< 2% fat), 

low-fat (2-4% fat), medium-fat (4-8% fat) and high-fat (> 8% fat) [7]. 



1.2. FISH MUSCLE 

3 

The skeletal muscle contains a great number of fibers embedded in the sarcoplasm. 

These fibers are constituted by myofibrils composed by myofibrillar proteins and 

surrounded by connective tissue (Figure 1.1). The myofibrils are arranged in a parallel way 

with dark and light areas (sarcomeres), being responsible for contraction and relaxation. 

The sarcoplasm contains the sarcoplasmic (water-soluble) proteins composed basically by 

myoglobin, enzymes and other albumins [6]. The fish muscle is segmented into muscle 

blocks called myotomes, consisting in a single layer of muscle fibers arranged side by side 

separated by collagenous sheets (myocommata) [8]. Fish myotomes contain two types of 

muscle, red and white, being the former composed by more amounts of lipids and 

myoglobin content (red colour). Pink muscle (mosaic muscle) is intermediate between red 

and white muscles and well characteristic of specific fish species, such as salmon, carp and 

trout [9].  

 

 

Figure 1.1 – The structural organisation of muscle fish [10]. 
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1.2.1. Fish spoilage 

 

During fish spoilage, there is a breakdown of various components and the formation 

of new compounds responsible for the changes in odour, flavour and texture. Fish 

deteriorates very quickly due to various spoilage mechanisms caused by the metabolic 

activity of microorganisms, endogenous enzymatic activity (autolysis) and by the chemical 

oxidation of lipids [11].  

 

1.2.1.1. Microbial spoilage 

In addition to the high water activity, fish has a high amount of non-protein 

nitrogenous compounds and low acidity (pH > 6), which supports fast microorganisms 

growth, resulting in undesirable changes in appearance, texture, flavour and odour, 

reducing food quality. Microbial spoilage produces volatile amines, biogenic amines, 

organic acids, sulphides, alcohols, aldehydes and ketones with unpleasant and 

unacceptable off-flavours [12]. 

Fish microflora includes different bacterial species, belonging to genera 

Pseudomonas, Aeromonas (family: Vibrionaceae), Serratia (family: Enterobacteriaceae), 

Bacillus, Lactobacillus (Lactic acid bacteria) and Micrococcus [11]. In refrigerated 

conditions, fish spoilage is a result of psychrotolerant Gram-negative bacteria such as 

Pseudomonas, Shewanella and Photobacterium (family: Vibrionaceae) [13], being the 

species Photobacterium phosphoreum predominant [14] and identified as the responsible 

for trimethylamine (TMA) production and fish spoilage [15]. Pseudomonas spp. appeared 

responsible for sweet, fruity odours, rotten, sulphydryl odours and flavours, producing a 

number of volatile aldehydes, ketones, esters and sulphides, while Shewanella putrefaciens 

was responsible for hydrogen sulphide (H2S) production, being both bacteria found in 

aerobically iced stored fish [16, 17]. Pseudomonas putrefaciens, fluorescent Pseudomonas 

spp. species and other spoilage bacteria increase rapidly during the initial stages of 

spoilage, producing many proteolytic and hydrolytic enzymes [18]. The main compounds 

formed during spoilage through microbial metabolism are listed in Table 1.1.  
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Table 1.1 - Spoilage compounds produced by bacteria during storage of fresh fish. Adapted from 

Church et al. (1998) and Gram et al. (1996) [11, 19]. 

Spoilage bacteria Spoilage compound(s) produced 

Shewanella putrefaciens TMA, H2S, CH3SH, (CH3)2S, HX and acids 

Pseudomonas spp. CH3SH, (CH3)2S, ketones, esters, aldehydes, NH3 and Hx 

Photobacterium phosphoreum TMA and Hx 

Vibrionaceae TMA and H2S 

Enterobacteriaceae TMA, H2S, ketones, esters, aldehydes, NH3, Hx and acids 

Lactic acid bacteria H2S, ketones, esters, aldehydes, NH3 and acids 

Yeast Ketones, esters, aldehydes, NH3 and acids 

Aerobic spoilers NH3, acetic, butyric and propionic acid 

Anaerobic rods Ketones, esters, aldehydes and NH3 

TMA: Trimethylamine; H2S: Hydrogen sulphide; CH3SH: Methylmercarptan; (CH3)2S: Dimethylsulphide; 

Hx: Hypoxanthine; NH3: Ammonia. 

 

Several species of different bacteria are known to possess histidine decarboxylase, 

showing the ability to produce histamine [20]. Histamine is extremely stable and cannot be 

easily removed or destroyed by cooking, retorting or freezing [21] and, among amines, this 

compound is important from the toxicological point of view, causing scombroid fish 

poisoning and food intolerance [22]. 

 

1.2.1.2. Autolytic enzymatic spoilage 

The main autolytic changes that take place are initially the enzymatic degradation of 

adenosine 5’-triphosphate (ATP) and related products and subsequently the action of 

proteolytic enzymes [23], as summarized in Table 1.2. The concentrations of ATP and its 

breakdown products [adenosine 5’-diphosphate (ADP), adenosine 5’-monophosphate 

(AMP), inosine 5’-monophosphate (IMP), inosine (INO) and hypoxanthine (Hx)] are 

considered to be the most effective and reliable indicators of fish freshness (K-value), 

being influenced by the fish species, muscle types and storage conditions [23]. The K-

value is calculated according to the following ratio: 

 

k-value (%)=
100×(INO+Hx)

ATP+ADP+AMP+IMP+Hx
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Table 1.2 – Enzymes action in chilled fish. Adapted from FAO (2005) [24]. 

Enzyme(s) Substrate(s) Effect 

Glycolytic enzymes Glycogen Lactic acid production resulting in pH drop 

Nucleotide breakdown enzymes ATP, ADP, AMP, IMP Gradual production of Hx 

Cathepsins Proteins, peptides Softening of tissue 

Chymotrypsin, trypsin, carboxy-

peptidases 
Proteins, peptides Belly-bursting 

Calpain Myofibrillar proteins Softening 

Collagenases Connective tissue Softening and gaping of tissue 

TMAO demethylase TMAO Formaldehyde 

ATP: Adenosine triphosphatase; ADP: Adenosine diphosphate; AMP: Adenosine monophosphate; IMP: 

Inosine monophosphate; Hx: Hypoxanthine; TMAO: Trimethylamine oxide.  

 

Higher autolytic activity of major muscle endogenous proteases induces hydrolysis 

of key myofibrillar proteins, and thus contributes to weakening of the myofibril structure 

during post-mortem storage. The main proteolytic systems are the cytoplasmic calpains 

(neutral pH) and the lysosomal cathepsins (acid pH), such as cathepsins B, L, H and D 

[25].  

The calpains are intracellular neutral cysteine proteases and calcium-dependent, 

being subclassified into µ- and m-calpain, which differ in sensitivity to calcium ions [26]. 

Calcium plays a key role in the activation mechanism of calpains, leading to dissociation 

and/or autoproteolysis, even in the presence of an alternative substrate [26]. Calpastatin is 

known to be an endogenous specific inhibitor of the calpains. Cathepsins are acid proteases 

located in the lysosomes [26] and they may be liberated into both the cytoplasm and the 

intracellular spaces as a consequence of lysosomal disruption occurring after cell death due 

to a pH fall [27]. Lysosomal enzymes (four classes) can be distinguished according to the 

active site: aspartic, cysteine, serine and metallo-proteases [26]. The main cathepsins 

involved in muscle proteins changes are cathepsins B, L, H and D. The cathepsins B, H 

and L are regulated in vivo by a protease inhibitor called cystatin [28]. 

Trimethylamine (TMA) and its N-oxide compounds are usually used as indices for 

freshness in fishery products. The pathway of the production of formaldehyde and 

ammonia from TMA and its N-oxide is shown in Figure 1.2, which are associated to the 

formation of undesirable odours, and occur in fish by the action of several enzymes, such 

as trimethylamine N-oxide reductase (TMAO reductase), trimethylamine dehydrogenase 
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(TMA dehydrogenase), dimethylamine dehydrogenase (DMA dehydrogenase) and amine 

dehydrogenase [5]. 

. 

 

Figure 1.2 - Degradation of trimethylamine and its N-oxide compounds [5]. 

 

1.2.1.3. Oxidative spoilage 

Lipid oxidation causes decreasing of fish quality during storage at different 

temperatures by formation of odours and lipid peroxides, with loss of taste, texture and 

consistency, and leading to reduced nutritional value. Transition metals are primary 

activators of molecular oxygen leading to oxidation, which involves the reaction of oxygen 

with the double bonds of fatty acids, mainly of polyunsaturated fatty acids (PUFAs), being 

considered highly susceptible to oxidation [29].  

In fish, lipid oxidation can occur enzymatically or non-enzymatically. During the 

enzymatic hydrolysis (lipolysis), lipases split the glycerides forming free fatty acids, which 

are responsible for common off-flavour (rancidity) [30]. The main lipolytic enzymes are 

triacyl lipase, phospholipase A2 and phospholipase B [2] and could either be endogenous 

or derived from psychrotrophic microorganisms [30]. The free fatty acids formed during 

hydrolysis of fish lipids interact with sarcoplasmic and myofibrillar proteins causing 
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denaturation [30]. Moreover, lipid oxidation are facilitated by pro-oxidant enzymes 

presence, such as lipoxygenases and peroxidases [31]. Non-enzymatic oxidation is caused 

by hematin compounds (haemoglobin, myoglobin and cytochrome) catalysis producing 

hydroperoxides. Peroxides are unstable and can be hydrolysed to form volatile compounds, 

such as aldehydes, ketones and alcohols, causing off-flavours [32].  

Thus, lipid oxidation in fish is a complex chain of reactions, with the occurrence of 

three phases of lipid oxidation: primary (hydroperoxides formation), secondary (e.g. 

hexanal and malondialdehyde formation), and tertiary/interaction compounds (formation 

of new compounds by breakdown of secondary oxidation products or reaction with other 

molecules, mostly nucleophilic type) [33].  

 

 

1.2.2. Fish preservation techniques: conventional refrigeration storage 

 

With the ever-growing world population and the need to store and transport food 

from one place to another where it is needed, food preservation becomes increasingly 

necessary in order to increase its shelf-life and maintain its nutritional value, texture and 

flavour. Low temperature storage and chemical techniques for controlling water activity, 

enzymatic, oxidative and microbial spoilage are among the most common in the industry 

today. Preservation by chilling and freezing is widely accepted by consumers, even though 

other methods for preservation such as salting, drying, canning and smoking are applied 

[34].  

Refrigeration does not destroy microorganisms but reduces microbial metabolism, 

thus leading to shelf-life extension [35]. The spoilage microflora in refrigerated fish 

products is comprised by different bacteria genera, mainly Pseudomonas, Shewanella and 

Lactobacillus (e.g. lactic acid bacteria), and belonging to the family Vibrionaceae 

(Aeromonas and Photobacterium), followed by lower populations of Staphylococcus, 

Bacillus, psychrophile Clostridium (in modified atmosphere or vacuum packaged fish) and 

some psychrophilic yeast and Serratia (family: Enterobacteriaceae) [36].  



1.3. HIGH PRESSURE TECHNOLOGY 
 

9 

During refrigerated storage several physicochemical changes occurs in fish muscle 

that can lead to important losses on sensory and nutritional qualities with an important 

impact on the commercial value. For instance, the exudates values (drip loss) increase due 

to protein denaturation (proteolysis), causing the tissues softening and water holding 

capacity loss [37]. The protein content decreases, which results mainly from microbial 

activity and enzymatic autolysis and the colour loss observed can be attributed to proteins 

oxidation [38]. As a result of haem breakdown caused for the microbial spoilage occurs an 

increase of the iron content, accelerating the lipid oxidation [32]. However, lower 

temperatures had been shown to control the quality of fish fillets by inhibition of microbial 

decarboxylase enzymes [39] and the enzyme 5-nucleotidase, reducing the biogenic amines 

content and freshness index (K-value) [40], respectively.  

Storage using low temperatures is one of the most energy-intensive technologies 

applied in food supply chain, involving a number of sustainability-related challenges. 

Controlling refrigeration temperatures is therefore important for all stages of the food 

supply chain, but maintaining refrigeration is also energy-intensive, accounting for about 

50% of the electrical consumption by food industry [3].  

Additionally, in 2016, about 88% of total fish production were utilized for direct 

human consumption and major improvements in processing as well as in refrigeration, ice-

making and transportation have allowed increasing commercialization and distribution of 

fish in a greater variety of product forms [41]. However, 53% of the fish destined for 

human consumption is still in live or fresh form, soon after landing or harvesting from 

aquaculture [41]. Loss or wastage between landing and consumption decreased, but still 

accounts for an estimated 27% of landed fish [41].  

 

 

1.3. HIGH PRESSURE TECHNOLOGY 

 

High pressure (HP) processing is a promising “non-thermal” technique for food 

preservation that efficiently inactivates the vegetative microorganisms, most commonly 

related to foodborne diseases. HP processing is carried out with intense pressure in the 

range of 100-1000 MPa allowing to preserve with minimal effect on food taste and 

nutritional characteristics [42]. One of the advantages of HP processing is that food 
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products are treated instantly, regardless of their shape and size (isostatic principle). The 

application of elevated pressures (100-600 MPa) can be used for a variety of food 

processing and preservation applications, including freezing and thawing, blanching, 

pasteurisation and commercial sterilization [43]. 

 

 

1.3.1. General effects of high pressure 

 

In certain pressure levels and holding time, HP modifies macromolecules (e.g. 

proteins), inducing changes in their secondary, tertiary and quaternary structure, which 

cause disruption of cell structures to some extent, affecting membrane proteins and lipid 

conformation and inactivating enzymes [44]. Most small molecules, such as vitamins and 

flavour compounds, are not affected, allowing the preservation of nutritional value and 

sensory appeal [42]. Generally, covalent bonding is not affected by pressure, with the 

exception of sulphydryl groups and thiol-disulphide interchange reactions [45]. Thus, the 

primary structure of large molecules as proteins is minimally affected by pressure. 

However, pressure causes modification of electrostatic and hydrophobic interactions (the 

major forces maintaining the tertiary structure), and consequently proteins denaturation 

[46]. 

Microbial inactivation is one of the main goals for the application of HP technology. 

According to Smelt et al. (2001) [47], the pressure effects that lead to cell death of 

vegetative microorganisms can be attributed to four factors: (i) protein and enzyme 

unfolding, including partial or complete denaturation; (ii) cell membranes undergoing a 

phase transition and change of fluidity; (iii) disintegration of ribosomes in their subunits; 

and (iv) intracellular pH changes related to the inactivation of enzymes and membrane 

damage. The pressure sensitivity of microorganisms may vary between species and 

probably among the strains of the same species. In general, prokaryotic cells show a higher 

resistance towards pressure than eukaryotic cells, and within prokaryotes, Gram-positive 

bacteria, such as Bacillus, Listeria, Staphylococcus and Clostridium, which have a thicker 

peptidoglycan layer, are more resistant to pressure than Gram-negative bacteria. Yeasts 

and moulds are in general more pressure sensitive although ascospores of some moulds 

such as Byssochlamys and Talaromyces can be very pressure-resistant [48]. However, most 
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resistant to HP are bacterial spores [42]. Usually for pasteurisation purpose the considered 

treatment is generally in the range of 300-600 MPa for a short period of time, inactivating 

vegetative pathogenic and spoilage microorganisms [43]. Most yeasts and moulds are 

inactivated by exposure to 300-400 MPa within a few minutes, however, yeast ascospores 

may require treatment at higher pressure [47]. 

 

 

1.3.2. High pressure effect on fish muscle 

 

Research about the application of HP on fish muscles has been mainly focused on 

three main areas, including the extension of refrigerated/frozen shelf-life [49, 50], 

pressure-induced texturation (gel-forming) [51] and HP freezing/thawing [52]. In this 

context and subsequently, general aspects about HP effects on fish muscle are presented 

below.  

 

1.3.2.1. High pressure effects on microbial quality of fish  

Many studies suggest that HP reduces the initial microbial load in many fish muscles 

[53–56]. Generally, a pressure level of 300 MPa or higher is adequate to reduce the initial 

microbial load and slows microbial growth during chilled storage in various fish muscles, 

such as hake [54], sea bass [57] and salmon [58]. The microbial inactivation in fish 

muscles is increased with the increment in pressure and holding time [57].  

Furthermore, the effectiveness of HP on microbial inactivation depends on the 

microbiota characteristics in fish muscle. Psychrotrophic bacteria, the dominant bacteria 

during chilled fish storage, are the most sensitive to HP [53]. So, psychrotrophic Gram-

negative Pseudomonas and H2S-producing bacteria (presumptive S. putrefaciens) are the 

most sensitive spoilage bacteria to HP, being these bacteria effectively inactivated in fish 

muscles at 100 MPa [56]. In contrast, Enterobacteriaceae and luminescent bacteria 

(presumptive P. phosphoreum) are more resistant to pressure than Pseudomonas and S. 

putrefaciens, being only reduced considerably at 300 MPa [56]. Gram-positive 

microorganisms present in fish muscle, such as lactic acid bacteria, spore-forming bacteria 

Bacillus and Clostridium, have a greater resistance to HP inactivation [53, 55]. 
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1.3.2.2. High pressure effects on enzymatic activity of fish muscle 

HP inactivation of autolytic enzymes in fish muscles differs greatly among fish 

species and perhaps even within the same species. For instance, in cod muscle it was 

observed that a pressure level of 200 MPa (20 min) decreased the proteolytic activity of 

neutral protease (pH optima 6.6), being the acid (pH optima 3.3) and alkaline (pH optima 

9.0) proteases resistant to pressure up to 400 and 500 MPa, respectively [59]. In this case, 

since the neutral protease is likely the most active enzyme and has most effect on fish 

muscles texture, HP inactivation of this enzyme could be of interest to control texture 

deterioration during storage [59]. 

Pressures between 100 and 300 MPa (up to 30 min), applied on enzyme extracts 

from bluefish and sheephead, decreased the enzyme activity, especially of cathepsin C, 

collagenase, chymotrypsin, and trypsin-like enzymes [35]. Teixeira et al. (2013) [60] 

obtained similar results using sea bass muscle, with higher activity reduction observed at 

about 400 MPa for acid phosphatase, cathepsin D, and calpain. However, pressures up to 

500 MPa increased cathepsins B, H and L activities in another study [61] using sea bass 

muscle, but calpains activity decreased, although an increment of calpains activity was 

afterwards observed during refrigerated storage [62, 63]. It was suggested that the increase 

of enzyme activity can be attributed to proteolytic enzymes releasing, due to perturbation 

of protein structure and the rupture of cell membrane by HP, contributing to the variation 

in enzyme activity [60, 64]. Moreover, the difference in enzyme structure also affects the 

behaviour of enzymes under pressure, since some proteases can have maximum activity 

and stability at a particular pressure-temperature combination due to structural 

modifications [63], as well as fish muscles can induce a protective effect on specific 

enzymes against HP, as observed in myofibril-bound serine proteinases of silver carp [65]. 

 

1.3.2.3. High pressure effects on physicochemical parameters of fish muscle 

HP can remarkably retard the development of total volatile base-nitrogen (TVB-N) 

and TMA in fish muscles, as was observed in tuna (220 MPa/15-30 min) [66] and red 

mullet (220 and 330 MPa/5 min) [67]. Total TVB-N is the total of TMA, dimethylamine 

(DMA), ammonia and other basic nitrogen compounds that result from fish decomposition. 

In this way, a good correlation between the microbial inactivation by HP and the amines 

formation was observed in many fish muscles [67]. HP also significantly reduced K-values 
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of fish muscles, as observed in tuna treated at 200 and 300 MPa (5 min) during chilled 

storage at 2 ºC [68]. However, a pressure between 135 and 200 MPa (0.5 min) did not 

reduce considerably the K-value of farmed salmon (Oncorhynchus kisutch) muscle [69]. In 

addition, during trout storage at 3.5 ºC, the formation of biogenic amines (putrescine, 

cadaverine and tyramine) showed a strong correlation with the pressure levels applied, 

being reduced with the increase of pressure to 500 MPa (10 min) [70].  

For consumer perception, colour is one of the most important sensory characteristics 

of fish muscles in determining their acceptability. Generally, L*- (lightness), a*- (redness) 

and b*- (yellowness) values are affected by HP, with lightness increasing in white fish 

muscles (cod, turbot, red mullet and sea bass) and redness reduction in red fish muscles 

(tuna, salmon and trout) [71]. The change in a*- and b*-values of fish muscles differed 

considerably with processing conditions and fish species. In salmonid muscle, red colour is 

the most important organoleptic property for customer acceptance [72], being dictated 

mainly by carotenoids (astaxanthin) and somewhat by haem proteins [73]. Generally, the 

redness of salmonid muscle was reduced with increase of pressure and time, as observed in 

salmon muscle treated from 100 to 200 MPa (10-60 min) [56]. The redness reduction can 

be attributed to myofibril denaturation including the host proteins for astaxanthin binding 

or the structural change of the astaxanthin-actinin embedding matrix under pressure [53, 

74]. In addition, the oxidation of astaxanthin and myoglobin is accelerated by HP and 

coupled with haem compounds denaturation are also responsible for fish redness changes 

[73]. 

Sarcoplasmic proteins have been considered more susceptible to HP processing than 

myofibrillar proteins [75, 76]. However, there are some studies that suggested that 

myofibrillar proteins are more susceptible to pressure than sarcoplasmic proteins [64, 77], 

being the myosin the most readily denatured protein by HP [78]. According to Ko et al. 

(2006) [64], the difference in the pressure denaturation of sarcoplasmic proteins was 

mainly attributable to the small molecular weight with less spatial structure compared to 

the heavier molecular weight of myofibrillar and more spatial structure. 

HP treatment induces an increase in the hardness of fish muscles [59]. According to 

Angsupanich and Ledward (1998) [59], the unfolding of actin and sarcoplasmic proteins 

and the formation of new hydrogen-bonded networks could contribute to the increase in 

hardness and springiness.  
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After HP treatments, a significant increase in free fatty acids level was observed in 

carp muscle treated at 140-200 MPa (15-30 min) [79]. The authors hypothesised that the 

interactions changes (electrostatic, van der Waals, hydrogen bonding and hydrophobic 

forces between myofibrillar proteins and free fatty acids) could result in the release of free 

fatty acids rather than lipid fraction. In contrast, no significant changes were found in Coho 

salmon treated at 135-200 MPa (30 s) [69].  

Lipid oxidation was accelerated in many fish muscles after HP and subsequent 

chilled storage including cod [59], red mullet [67], rainbow trout and mahi mahi 

(Coryphaena hippurus) [80]. However, the effects of HP on lipid oxidation of fish muscles 

also varied vastly depending on the pressure level and holding time, fish species and the 

type of muscle (dark or white muscle). There are several reasons for the HP effect on fish 

lipid oxidation. However, Wada and Ogawa (1996) [81] found that protein denaturation 

could be important in catalysing lipid oxidation in fish muscles, due to the interaction 

between proteins and lipids in fish muscles, which was destroyed leading to the increase in 

the surface between lipid and oxygen, thus allowing oxidation to occur easily. Atlantic 

salmon exhibits a fatty and dark muscle containing a higher amount of unsaturated lipids 

and pro-oxidants (iron and haem proteins). However, the lipid oxidation rate was observed 

to be similar in salmon muscle treated at 150 MPa (15 min) compared to the untreated 

control after 6 days of storage at 4 ºC [58]. Interestingly, a pressure level of 300 MPa 

significantly lowered the lipid oxidation during refrigerated storage. Possibly HP treatment 

can result in a higher availability of astaxanthin in fish muscle and exert a protective effect 

on fish lipids. Atlantic salmon contains a high amount of astaxanthin that has high 

antioxidant capacity, 10 times greater than -carotene, and up to 500 times greater than α-

tocopherol [82].  
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1.4. HYPERBARIC STORAGE  

 

This revision part is adapted from the Book Chapter: Fidalgo LG, Santos MD, 

Moreira SA, Queirós RP, Duarte RV, Pinto CA, Saraiva JA and Delgadillo I. Hyperbaric 

food storage: elevated pressures at ambient temperatures as a possible alternative to 

refrigeration, in High Pressure Processing of Foods, 2nd Edition, Wiley: Editors Doona 

DJ, Feeherry FE and Yousef A (in press). 

 

Recently, a novel food preservation storage methodology, based on storage under 

moderated pressure – Hyperbaric Storage (HS) – has attracted interest due to its high 

potential energy savings and shelf-life extension. HS opened the possibility to store food 

products and other biomaterials above atmospheric pressure (AP, 0.1 MPa) as a possible 

enhancement of conventional refrigeration storage, increasing their shelf-life and food 

quality. This methodology allows to store food under pressure at sub-zero (ST), low (LT) 

and room (RT) temperatures, being HS/ST particularly important for solid foods, on which 

freezing/thawing can cause substantial damages to cellular/tissue structures, leading to 

textural modifications.  

Two patents regarding the HS concept were published: (1) "Method of pressure 

preservation of food products" (US5593714, 1997) [83] and (2) "Hydraulic pressure 

sterilization and preservation of foodstuff and feedstuff" (US6033701, 2000) [84]. In these 

patents it is claimed that different food products can be preserved using a pressure range up 

to 250 MPa, at RT, from a few hours to more than a month. However, the two patents 

expired due to failure to pay maintenance fees. 

In this context and subsequently, general aspects about food preserved by HS/ST, 

HS/LT and HS/RT are presented below.  

 

 

1.4.1. Hyperbaric storage at sub-zero temperature 

 

HP application decreases the freezing and melting point of water to a minimum of 

−22 ºC at 209 MPa [85], as pressure acts in opposition to the volume increase that occurs 
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with the formation of type I ice crystals, resulting in tissue damage [86]. The storage of 

food by HS/ST, without freezing, can be applied to extend food products shelf-life, while 

avoiding the damages caused by freezing. This advantage led to the first studies in HS/ST 

(Table 1.3).  

 

Table 1.3 - Publications of hyperbaric storage at sub-zero temperatures. 

Conditions Samples Main results References 

22.8 MPa, at -3 ºC 

for 36 days 
Cod fish fillets 

An expert panel rated with a similar or better 

quality than samples stored at -3 ºC and 

atmospheric pressure 

[87] 

50-200 MPa, at -5 

to -20 ºC for a few 

days and weeks 

Enzymes: catalase, β-

amylase, cathepsin 

and lactate 

dehydrogenase 

Enzymatic activity was only reduced, while it 

was inactivated by freezing 

[88] 

Strawberries and 

tomatoes 

Fresh taste, texture and colour were 

maintained 

Pork Drip loss were avoided 

200 MPa, -20 ºC, 

12 d 

Agar gels 
Mechanical and rheological properties were 

maintained 

Ground beefs 

Reduction the number of most 

microorganisms and inactivation of yeasts and 

moulds and some bacteria 

110 MPa/-8 ºC and 

170 MPa/-15 ºC for 

50 days 

Carp and chicken 

muscles 

Enzymatic activity associated to nucleic acid 

degradation was slower than in samples 

stored at -8 ºC and atmospheric pressure 

[89] 

 

Charm et al. (1977) [87] showed that HS/ST (−3 ºC and 22.8 MPa) for 36 days 

reduced microbial growth on cod fillets, while samples stored at atmospheric pressure (AP, 

0.1 MPa) presented higher microbial loads. These samples were evaluated by an expert 

panel and the HS/ST samples showed comparable or better quality than those stored at AP 

and −3 or −20 ºC. These results suggested that HS/ST is a non-freezing storage method 

that improves the preservation of cod fillets compared to conventional methods of freezing 

or refrigeration, because HS/ST inhibits microbial growth and enzymatic activity and 

prevents damage caused by freezing/thawing.  



1.4. HYPERBARIC STORAGE 

17 

Enzymatic degradation of nucleic acid-related substances (ATP, ADP, AMP and 

IMP), from carp and chicken muscles stored under HS/ST (−8 ºC and 110 MPa; or −15 ºC 

and 170 MPa; for 50 days), was slightly slower than for storage at −8 ºC, being the 

enzymatic activity significantly reduced only by freezing at a temperature of −18 ºC and at 

AP [89]. On the other hand, enzymes (catalase, β-amylase, cathepsin, and lactate 

dehydrogenase), which are usually inactivated by freezing, were not inactivated by HS/ST 

(50-200 MPa/−5 to −20 ºC) for a few days to weeks [88, 90]. In addition, carp and chicken 

muscles showed a well-preserved texture without significant protein denaturation. 

Strawberries and tomatoes maintained their fresh taste, texture and colour when 

stored at 50-200 MPa and −5 to −20 ºC, for several weeks [88]. In the same conditions, 

raw pork did not show drip losses after storage [88]. Regarding microbial load, it was 

verified that most microorganisms in ground beef (coliforms, Enterobacteriaceae, Gram-

positive and Gram-negative psychrophiles, Enterococcus and lactic acid bacteria) were 

reduced by HS/ST (200 MPa/–20 ºC), and in some cases even more than by freezing, while 

yeasts and certain bacteria were completely inactivated by the same HS/ST storage 

conditions [88]. 

 

 

1.4.2. Hyperbaric storage at low temperature 

 

The possibility to use HS/LT for food preservation or other biomaterials occurred by 

chance, after observation of recovered items from the research submersible Alvin (owned 

by Woods Hole Oceanographic Institution), which sank about 1,540 m during 10 months, 

containing two bottles filled with bouillon and a plastic box containing sandwiches and 

apples (Table 1.4) [91]. The environmental conditions at a depth of 1,500 m are fairly 

constant and estimated to be 3-4 ºC and ≈15 MPa. After being recovered, the sandwiches 

appeared fresh by taste and smell, and apples showed no sign of obvious deterioration. The 

pH value of apples was the same of fresh ones and the tyrosinase activity was about half 

that of a fresh apple. The same authors [91] made various experimental studies in order to 

evaluate the feasibility of food stored under HS/LT. Specifically, organic compounds 

degradation was studied at a depth of 5,300 m (≈53 MPa, 3-4 ºC) during 8 weeks and 

compared with control samples kept at 3 ºC for 6 weeks, using 14C radio-labelled acetate, 
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mannitol, and amino acids. The decomposition rates were 8-700 times slower at a depth of 

-5,300 m than at atmospheric pressure.  

 

Table 1.4 - Publications of hyperbaric storage at low temperatures. 

Conditions Samples Main results References 

15 MPa, at 3-4 ºC 

for 10 months 

Bouillon, sandwiches 

and apples 

Food products showed fresh appearance and no 

sign of obvious decay 

[91] 

53 MPa, at 3 ºC 

for 8 weeks 

Carbon source marked 

radioactively (14C) 
Decomposition rates were 8-700 times slower 

53 MPa, at 3 ºC 

for 19 weeks 

Mixtures of several 

substrates with mixed 

microbial populations 

and pure cultures 

No microbial growth was observed. Substrates 

did not change their biochemical characteristics 

3.5 MPa, at 1 ºC 

for 1 year 

Rice, wheat and 

soybeans 

Biochemical changes (moisture, fatty acids, 

vitamin B12 and reducing sugars) were smaller 

than in samples stored at atmospheric pressure 

[92] 

24.1 MPa, at 1 ºC 

for 12 days 
Dressed pollock 

Microbial load with no changes during all 

storage time 
[87] 

24.1 MPa, at 1 ºC 

for 21 days 
Dressed cod fish 

50, 62.5 and 75 

MPa, at 10, 15 

and 25 ºC 

Watermelon juice 

62.5 and 75 MPa (15 ºC) reduced initial load up 

to 58 days 

pH and colour values did not change 

[93] 

50 MPa, at 5 ºC 

for 7 days 

Cape hake (Merluccius 

capensis) loins 

Microbial counts and total volatile basic-

nitrogen content maintained unaltered during 

storage 

Drip losses, and shear resistance and whiteness 

increase, but after cooking, these differences 

almost disappeared 

[94] 

50 MPa, at 5 ºC 

for 12 days 

Atlantic mackerel 

(Scomber scombrus, 

L.) fillets 

Initial microbial counts were maintained or 

reduced 

No significant lipid degradation was observed, 

and better fish-quality indicators were observed 

(pH, TVB-N, drip loss, water-holding capacity, 

and firmness after cooking) than under 

refrigeration 

[95] 
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In other experiments, Jannasch et al. (1971) [91] placed several substrates solutions, 

including starch, galactose, peptone, and albumin containing mixed and pure microbial 

cultures, at a depth of -5,300 m and 3-4 ºC for 19 weeks. No significant biochemical 

changes were observed in the solutions, and no microbial growth (indicated by changes in 

turbidity) was observed, whereas microbial growth occurred in the control samples stored 

at 3 ºC and AP. These results showed that storage under hyperbaric conditions at low 

temperatures inhibited the biochemical activity of microorganisms, compared to 

environmental conditions of AP and low temperature. 

Rice, wheat and soybeans were stored at 305 m depth in a fresh water lake for 1 year 

[92], at a constant temperature of 1 ºC and a pressure of ≈3.05 MPa. Less pronounced 

biochemical changes (moisture, fatty acids, vitamin B12 and reducing sugars) were 

observed comparatively to samples stored at AP/1 ºC. For rice, characteristics like the 

germinative capacity, palatability, and cooking quality were maintained better under 

pressure than for rice stored by conventional atmospheric conditions (at AP, both at 1 ºC).  

Two fresh dressed whole fishes (pollock and cod) were stored at 24.1 MPa and 1 ºC 

during 12 and 21 days, respectively [87]. According to an expert panel, both types of fish 

were assessed to have better sensory attributes than fish samples stored at the same 

temperature and AP. The ratings by the expert panel corresponded to ratings these fish 

samples would have received, if they had been stored for a shorter period. This mean that 

pollock/cod samples stored for 12/21 days with HS at 1 °C received ratings typical of 

pollock/cod samples stored at AP at 1 °C for 6.7/8.2 days, respectively. 

Recently, HS of watermelon juice at 15 °C and 50 MPa led to an increase in 

microbial counts for total aerobic mesophiles and psychrophiles (> 6 log CFU/mL from 

4.84 and 4.87 log CFU/mL, respectively) by the 17th day of storage. Furthermore, a slower 

microbial growth in HS samples was observed, compared to those observed in samples 

stored at AP/15 ºC. HS of watermelon juice at 62.5 MPa/15 °C inhibited microbial growth 

for 58 days, and HS at 75 MPa/15 °C inactivated at least 2.5 log CFU/mL of the initial 

microbial load [93]. At these HS/LT conditions, the pH and colour parameters were similar 

to the initial samples. 

Cape hake loins [94] and Atlantic mackerel fillets [95] were both stored at 50 MPa/5 

ºC, for 7 and 12 days, respectively, and showed almost no changes in microbial load or 

TVB-N content compared to the initial samples. In these samples stored under pressure, 
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water content, water holding capacity, shear resistance, and whiteness all increased during 

storage, but after cooking, weight losses of the HS samples were less than half that of the 

control samples, with no differences in whiteness, verifying only moderate differences in 

the sensorial analysis.  

 

 

1.4.3. Hyperbaric storage at room temperature 

 

Recently, the concept of HS/RT arose as an opportunity to preserve food products, 

providing an opportunity to reduce energy consumption and its associated costs. HS/RT 

has been shown to inhibit microbial growth at 50-100 MPa, to inactivate microorganisms 

at higher pressures (100-220 MPa), and to attenuate some of the physicochemical changes 

that occur during storage at AP, thereby yielding similar or better products than those 

obtained with refrigerated storage. HS/RT requires energy only during the compression 

and decompression phases, and no additional energy is required to maintain the product 

while stored under pressure for long periods. The potential for energy cost-savings with 

HS/RT were investigated by Bermejo-Prada et al. (2017) [96], who estimated that the 

energetic costs of HS/RT of 200 kg of strawberry juice stored at 25 MPa/20 ºC for 5 days 

amounted to 0.001 €/kg. compared to 0.026 €/kg (for refrigerated storage). Additionally, 

the carbon footprint associated to HS/RT of 1 kg of strawberry juice for 15 days was 

estimated as 4.2×10-3 Kg CO2/kg of strawberry juice, or 26-fold lower than refrigeration 

(1.1×10-1 kg CO2/kg of strawberry juice) [96]. With regard to refrigeration, the two main 

sources of CO2 production are from energy utilization and the leakage of refrigerant, while 

for HS/RT, the CO2 produced by the energy consumption is negligible (3×10-5 Kg CO2/Kg 

of strawberry juice), and the main source of CO2 emissions are attributable to the 

production of construction materials used for the hyperbaric chamber (4.1×10-3 kg CO2/kg 

of strawberry juice), thereby demonstrating that HS/RT generates considerably less CO2 

than conventional refrigeration processes [96]. 

Consequently, this method is attracting the attention of many researchers during the 

last few years, and some studies have been made recently to assess the feasibility of this 

technology for food preservation, compared to refrigeration [97]. 
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1.4.3.1. Microbial quality under hyperbaric storage at room temperature 

The few but increasing number of existing studies have confirmed the possibility to 

inhibit microbial growth under HS/RT conditions. A compilation of these studies in what 

concerns microbial stability for HS/RT is presented in Table 1.5, Table 1.6 and Table 1.7. 

 

Table 1.5 - Publications of hyperbaric storage at room temperature regarding microbial stability. 

Conditions Samples Main results References 

100-200 MPa, at 25 

ºC for 12 hours 
Tilapia fillets 

Total plate counts remained stable at 100 MPa 

and showed a reduction of about 2 log units at 

200 MPa 

[98] 

25-220 MPa, at 20 

ºC for 15 days 
Strawberry juice 

Total aerobic mesophiles and yeasts and moulds 

counts showed a reduction higher than 2 and 1 log 

units, respectively 

[99] 

100 MPa, at 

variable room 

temperature (≈21 

°C) for 60 hours 

100 MPa, at 30 °C 

for 8 hours 

Watermelon juice 

Reduction of more than 1, 2 and 2 log units in 

total aerobic mesophiles, Enterobacteriaceae and 

yeasts and moulds, respectively 

[100] 

25-150 MPa, at 25-

37 ºC for 8 hours 
Melon juice 

No effect for storage at 25 MPa 

Microbial growth inhibition at 50 and 75 MPa, 

and additional microbial inactivation at 100 and 

150 MPa with reductions between 1 and 2 log 

units (these effects were independent of 

temperature) 

[101] 

25-150 MPa, at 20-

37 ºC for 8 hours 
Watermelon juice 

No effect for storage at 25 MPa 

Microbial growth inhibition at 50 and 75 MPa, 

and additional microbial inactivation at 100 and 

150 MPa with reductions between 1 and 2 log 

units (these effects were independent of 

temperature) 

[102] 

100-150 MPa, at 

25-37 ºC for 8 

hours 

Whey cheese 

(Requeijão) 

Microbial growth inhibition at 100 MPa 

Microbial inactivation at 150 MPa: total aerobic 

mesophiles reductions of 1 log units and of 2, 2 

and 1 log units (to below the detection limit) for 

Enterobacteriaceae, yeasts and moulds and lactic 

acid bacteria, respectively 

[103] 
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Table 1.6 (cont.) - Publications of hyperbaric storage at room temperature regarding microbial 

stability. 

Conditions Samples Main results References 

100-150 MPa, at 

25-30 ºC for 8 

hours 

Ready-to-eat 

carrot soup 

Microbial inactivation after 8 h of storage, when 

compared to initial fresh soup 
[104] 

25-150 MPa, at 25-

37 ºC for 8 hours 

Sliced cooked 

ham 

No effect on microbial growth at 25 MPa and 

microbial growth inhibition at 50 MPa/30 ºC 

Microbial inactivation at 100 and 150 MPa 

[105] 

50, 100 and 150 

MPa, at variable 

room temperature 

(~21 °C) for 12 h 

Ready-to-eat pre-

cooked food 

commercial 

products 

Microbial growth inhibition at 100 MPa 

An additional inactivation effect at 150 MPa 

(values below the detection limit for 

Enterobacteriaceae and yeasts and moulds) 

[106] 

25, 50, 100 and 200 

MPa, at 20 ºC for 

15 days 

Strawberry juice 

25 MPa retarded microbial growth, but total 

growth inhibition could not be guaranteed, 

especially for long storage times 

Storage pressures of at least 50 MPa were needed 

to reduce the initial microbial load during storage 

[107] 

100 MPa, at 

variable room 

temperature (≈21 

°C) for 7 days 

 

Watermelon juice 

Maximum values of about 2 log CFU/mL for total 

aerobic mesophiles/psychrophiles and below the 

detection limit for yeasts and moulds under 

HS/RT 

[108] 

50, 100 and 150 

MPa, at variable 

room temperature 

(≈21 °C) for 12 

hours 

50 MPa, at room 

temperature (≈21 

°C) for 10 days 

Raw bovine meat 

Microbial inactivation at 100 and 150 MPa: total 

aerobic mesophiles reductions of about 0.75 log 

units at 100 MPa and below the quantification 

limit at 150 MPa 

Microbial shelf-life increase up to 7 days of 

storage 

[109] 

50, 75 and 100 

MPa, at variable 

room temperature 

(18–23 °C) for 10 

days 

Watermelon juice 

Microbial load on endogenous and inoculated 

microorganisms (Escherichia coli and Listeria 

innocua) reductions at 75 and 100 MPa 

[110] 
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Table 1.7 (cont.) - Publications of hyperbaric storage at room temperature regarding microbial 

stability. 

Conditions Samples Main results References 

100 MPa at 

variable room 

temperature (≈20 

ºC) for 10 days 

Whey cheese 

(Requeijão) 

Microbial growth inactivation to values below 

detection limit during all storage time 
[111] 

25, 50 and 100 

MPa, at variable 

room temperature 

(18–23 °C) for 60 

days 

Bacillus subtilis 

endospore 

inoculation in 

carrot juice, 

McIlvaine buffer 

and brain heart 

infusion (BHI)-

broth 

B. subtilis endospore loads reductions in carrot 

juice and BHI-broth at 50 and 100 MPa, while in 

McIlvaine buffer, lower endospore loads 

reductions were observed 

At 25 MPa, the endospores germinated and 

outgrew in carrot juice 

[112] 

25, 50 and 100 

MPa, at variable 

room temperature 

(18–23 °C) for 30 

days 

Alicyclobacillus 

acidoterrestris 

endospores 

inoculation in 

pasteurized apple 

juice 

A, acidoterrestris endospores inactivation, 

reaching levels below the detection limit at 50 and 

100 MPa 

 

[113] 

 

Tilapia fillets stored under HS/RT (100 MPa/25 ºC) over 12 hours revealed almost 

no changes in the microbial load of mesophiles (4.7 log CFU/g) and psychrophiles (4.59 

log CFU/g), and a decrease to about 2.0 log CFU/g when stored at 200 MPa/25 ºC for 12 

hours [98]. Tilapia fillets stored at 200 MPa/25 ºC for 12 hours showed a lower K-value 

(40%) than samples stored at AP (92%). This result is significant, because a K-value above 

60% indicates putrefaction, and only the HS/RT Tilapia fillets were below this limit. 

Microbial loads under pressure in fresh fruit juices during storage were also 

evaluated, with an equal to better effect of HS/RT being verified when compared to 

conventional refrigeration at AP, depending on the applied pressure level. Strawberry juice 

was maintained at different pressure levels (25-220 MPa), and controlled temperature of 20 

ºC, for 15 days, being then compared to refrigerated strawberry juice stored during the 

same period [99]. With HS/RT, a reduction in total aerobic mesophiles from 2.9 to < 1 log 

CFU/mL and a reduction in yeasts and moulds from 2.6 to < 2 log CFU/ml was observed 

for all three pressures. It is important to note that raw strawberry juice is an acidic food 
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product (pH ≈ 3.3) and this low pH imposes an additional hurdle that limits microbial 

growth at room and low temperatures. It should be highlighted that this study was carried 

out at a controlled temperature of 20 °C, which means that energy would be still necessary 

to maintain the temperature, although less compared to refrigeration. Bermejo-Prada et al. 

(2016) [107] verified that HS/RT of strawberry juice at relatively low pressures (25-50 

MPa) for short storage times (1 day) inhibited microbial growth, but no significant 

microbial inactivation was observed with these conditions. Storage at 50 MPa for 10-15 

days or storage at 100-200 MPa for 1 day were capable of reducing the microbial counts 

(50 MPa/10-15 days reduced the counts from 4.1-6.3 to <1.0-3.3 log CFU/mL, 

respectively; 100-200 MPa/1 day reduced the counts from 4.0-5.4 to <1.0-3.9 log 

CFU/mL, respectively) [107]. 

The effects of HS/RT on watermelon juice, a highly perishable food product with 

low acidity (pH > 4.6) and high water activity (aw > 0.85) were also studied [100]. 

Watermelon juice stored with HS/RT (100 MPa and variable temperature ≈20 ºC) up to 60 

hours showed a reduction of initial microbial counts of ≈ 4.10 to 2.40 log CFU/mL (total 

aerobic mesophiles), 4.22 to 2.50 log CFU/mL (psychrophiles), and 3.50 to 1.0 log 

CFU/mL (yeast and moulds). Moreover, the juice stored at AP/RT showed clear signs of 

spoilage with an uncharacteristic/unpleasant odour and with off-flavours, which is in 

accordance with the higher microbial loads quantified (above the acceptable limit, > 6.0 

log CFU/ml). Further, Fidalgo et al. (2014) [100] showed that HS/RT with pressures of 

either 75 or 100 MPa increased the shelf-life of watermelon juice up to 10 days. Under 

refrigeration (AP/5 ºC) conditions microbial load did not change during 60 hours of 

storage, except for yeast and moulds, which increased about 3 log units at 60 hours. In this 

experiment [100], the temperature was not controlled, varying naturally with the 

environment (day/night cycle) from 18 to 21 ºC. These results suggested that it might be 

possible to use HS/RT without temperature control and eliminate the costs associated with 

energy consumption. To clearly verify such a possibility the same authors [100] carried out 

a test at 100 MPa and 30 ºC or at 100 MPa MPa and variable RT (18-21 ºC), both for 8 

hours, and showed that both samples exhibited similar microbial loads. This was the first 

indication that HS could be used to preserve foods at temperatures clearly above RT, thus 

opening the way to preserve foods under HS/RT with no temperature control. 
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In an attempt to identify the minimum pressure level to inhibit microbial growth, the 

microbial stability of watermelon juice under different HS/RT conditions, pressures as low 

as 25 MPa and temperatures ranging from 20-37 ºC for an 8-hour storage time were 

studied [102]. When watermelon juice was stored at 25 MPa, no inhibition effect in the 

initial microbial load was observed. It was verified that a minimum of 50 MPa was 

required to obtain an inhibitory effect on microbial growth to levels similar to AP/5 ºC. 

Moreover, storage at 100/150 MPa showed a microbial inactivation effect, with microbial 

load reductions between 1 and 2 log units, in addition to the microbial growth inhibition 

observed for the lower pressure levels (50/75 MPa). Nevertheless, it is important to note 

that the behaviour was similar for all pressure levels applied (50-150 MPa), independently 

of the temperature tested (20-37 ºC) [102]. Similar results were obtained by Queirós et al. 

(2014) [101] stored melon juice at 25-150 MPa and at 25, 30, and 37 ºC for 8 hours and 

observed that HS/RT at 50 and 75 MPa at 25 and 30 ºC resulted in counts similar to 

refrigeration, while at 100-150 MPa the counts were lower for all of the tested 

temperatures, with the initial microbial load for total aerobic mesophiles, 

Enterobacteriaceae, and yeasts and moulds reduced by 1-2 log units. These results 

indicated the feasibility of using HS/RT without controlling temperature over a wide range 

of ambient conditions. 

For juices, the minimum pressure to inhibit microbial growth is about 50 MPa, with 

storage pressures ≥ 100 MPa inducing inactivation [101, 102], but different pressure levels 

are required to induce these effects with solid foods. In the case of tilapia fillets, a 

minimum pressure of 100 MPa at 25 ºC was required to inhibit microbial growth, and a 

pressure > 200 MPa at 25 ºC was required to inactivate microorganisms [98]. Duarte et al. 

(2015) [103] obtained similar microbial effects using a traditional Portuguese whey cheese 

(Requeijão). These authors studied HS/RT of this product (100-150 MPa) and different 

controlled temperatures (25-37 ºC) during 4 and 8 hours. Independently of storage 

temperature, 100 MPa was able to maintain the initial microbial load in a manner similar to 

the effects of refrigeration. Increasing the pressure level to 150 MPa for all temperatures 

caused a reduction of microbial counts of 1 log unit for total aerobic mesophiles and to 

below the detection limit for Enterobacteriaceae, yeast and moulds and lactic acid bacteria. 

A similar effect were obtained for a ready-to-eat soup [104] and sliced cooked ham [105]. 

More recently, Duarte et al. (2017) [111] observed that HS/RT of whey cheese (Requeijão) 
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using pressure levels of 100 MPa (at ≈17–21 ºC) for 10 days decreased microbial counts to 

values below detection limit, which clearly points to increasing the expected shelf-life of 

this product. 

HS/RT (50, 100, or 150 MPa at ≈21 ºC) for 12 hours was found to be feasible for 

ensuring the microbial counts in raw bovine meat, being similar to or better than those for 

storage under refrigeration at AP [109]. Storage with higher pressure levels (100 or 150 

MPa) induced microbial inactivation to varying extents, and storage at 50 MPa inhibited 

microbial growth, extending the shelf-life of raw bovine meat to 7 days, compared to 

refrigeration [109]. Two ready-to-eat pre-cooked food commercial products, Caldo Verde 

(a traditional Portuguese cabbage soup) and Bacalhau com Natas (a traditional Portuguese 

cod fish meal containing also potatoes and cream), were stored with HS/RT for 12 hours at 

50, 100, or 150 MPa at uncontrolled ambient temperature (≈21 ºC) [106]. The results 

showed that HS/RT at 50 and 100 MPa inhibited microbial growth, and 150 MPa 

inactivated the initial microbial load, resulting in equal to better results when compared to 

refrigeration [106].  

Until recently all studies of food preservation under hyperbaric conditions only 

reported the effect on vegetative microorganisms, and there are few publications of slightly 

elevated pressures (40-100 MPa) and moderate temperatures (30-80 ºC) effects on 

endospores (Bacillus spp. and Clostridium spp.) for short periods of time (minutes or 

hours) up to 4 days [114–116].  

Recently Pinto et al. (2018) [112] evaluated the effect of HS/RT storage at 25, 50 or 

100 MPa and at uncontrolled RT (18-23 ºC) on Bacillus subtilis inoculated in three 

matrices (McIlvaine buffer, carrot juice, and Brain heart infusion (BHI)-broth all at pH = 

6.0) compared to AP storage at refrigerated temperatures (AP/5 ºC) and RT (AP/RT) for 60 

days. B. subtilis spores decreased on all three matrices studied under HS/RT at 50 and 100 

MPa for 60 days, with the order of pressure-sensitivity being McIlvaine buffer > carrot 

juice > BHI-broth [112]. Additionally, endospores of Alicyclobacillus acidoterrestris in 

pasteurized apple juice using hyperbaric storage at 18 to 23 °C was evaluated during 30 

days [113]. HS/RT of inoculated apple juice at 25, 50 and 100 MPa (18-23 °C) resulted in 

endospore inactivation, reaching levels below the detection limit at 50 and 100 MPa [113]. 

These both studies have tremendous potential for the preservation of low and high acid 
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pasteurized foods, respectively, whose shelf-life is limited by spoilage from the growth of 

endospores during refrigeration. 

 

1.4.3.2. Physicochemical quality under hyperbaric storage at room temperature 

Besides the microbial quality improvement, HS/RT has revealed attenuation and 

similar values on some physicochemical parameters changes during storage compared to 

refrigeration. A compilation of the results concerning physicochemical parameters 

obtained so far for HS/RT are presented in Table 1.8, Table 1.9 and Table 1.10. 

 

Table 1.8 - Publications and main results of hyperbaric storage at room temperature regarding 

physicochemical quality. 

Conditions Samples Main results References 

5-300 MPa, 25 ºC, 

12 h 
Tilapia fillets 

Reduction of gel strength, salt-soluble and 

water-soluble and total proteins solubility at 

>200 MPa 

[64] 

 

25, 100 and 220 

MPa, at 20 ºC for 

15 days 

Strawberry juice 

Higher viscosity stability under HSRT 

conditions compared to refrigeration, although 

decreasing with the pressure level increase. 

Higher colour stability when compared to 

refrigeration 

[99] 

100 MPa, at 

variable room 

temperature (≈20 

ºC) for 60 hours 

Watermelon juice 

Lower pH values and better titratable acidity 

stability when compared to refrigeration 

Storage under HS/RT did not influence total 

soluble solids, cloudiness and total phenolic 

compounds 

Decrease of browning degree was verified. 

Lower total colour changes (a slight increase 

of luminosity) when compared to refrigeration 

[100] 

25, 50, 75, 100 and 

150 MPa, at 25, 30 

and 37 ºC for 8 

hours 

Melon juice 

pH and titratable acidity remained stable 

Storage under pressure did not influence total 

soluble solids 

Stable browning degree and cloudiness 

[101] 
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Table 1.9 (cont.) - Publications and main results of hyperbaric storage at room temperature 

regarding physicochemical quality. 

Conditions Samples Main results References 

25, 50, 75, 100 and 

150 MPa, at 20, 25, 

30 and 37 ºC for 8 

hours 

Watermelon juice 

pH and titratable acidity remained stable 

Storage under pressure did not influence total 

soluble solids 

Stable browning degree and cloudiness 

[102] 

100 and 150 MPa, 

25, 30 and 37 ºC 

for 4 and 8 hours 

Whey cheese 

(Requeijão) 

Higher pH and colour stability when 

compared to refrigeration 

No changes on water activity and lipid 

oxidation 

[103] 

100 and 150 MPa, 

at 25 and 10 ºC, for 

4 and 8 hours 

Ready-to-eat carrot 

soup 

Higher pH. titratable acidity and colour 

stability when compared to refrigeration 

Reducing sugar content increased at 100 

MPa/25°C/4 h and 100 MPa/30°C/8 h 

(possible correlation to high microbial growth) 

[104] 

25, 50, 100 and 150 

MPa, at 25, 30 and 

37 ºC for 4 and 8 h 

Sliced cooked ham 

Higher pH and water-holding capacity 

stability when compared to refrigeration 

No effect on lipid oxidation and colour 

 

[105] 

50 and 200 MPa, at 

20 ºC for 15 days 
Strawberry juice 

Volatile compounds pattern more similar to 

the raw juice and with no signs of volatile 

compounds related to microbial spoilage 

[117] 

50 and 200 MPa, at 

20 ºC, for 15 days 
Strawberry juice 

Pectin methyl esterase activity decreased (50 

MPa: 52%; 200 MPa: 57%), similar to 

atmospheric pressure 

Methanol formation increased along storage 

(supposedly due to pectin methyl esterase 

activity on juice pectin during storage) 

Serum viscosity decreased in all storage 

conditions 

[118] 

50, 100 and 150 

MPa, at variable 

room temperature 

(~21 °C) for 12 h 

Ready-to-eat pre-

cooked food 

commercial products 

Higher pH and titratable acidity stability when 

compared to refrigeration 

No effect on colour parameters 

Fatty acids profile remained stable along 

storage for all storage conditions 

[106] 
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Table 1.10 (cont.) - Publications and main results of hyperbaric storage at room temperature 

regarding physicochemical quality. 

Conditions Samples Main results References 

50 and 200 MPa, 

at 20 ºC, for 15 

days 

Strawberry juice 

Pressure effect on colour parameters during 

storage 

No effect on total phenolic and total monomeric 

anthocyanin 

Polyphenoloxidase activity increased during 

storage at 50 MPa (59%) and 200 MPa (52%). 

Slight peroxidase inactivation at 200 MPa (15%) 

[119] 

100 MPa, at 

variable room 

temperature (≈21 

°C) for 7 days 

 

Watermelon juice 

Higher pH, total soluble solids, browning degree 

stability when compared to refrigeration 

Slight effect on juice cloudiness and colour 

(increase of the lightness parameter) 

[108] 

50, 100 and 150 

MPa, at variable 

room temperature 

(≈21 °C) for 12 

hours 

50 MPa, at 

variable room 

temperature (≈21 

°C) for 10 days 

Raw bovine meat 
No effect on pH values, colour and fatty acids 

profile of raw bovine meat 
[109] 

50, 75 and 100 

MPa, at variable 

room temperature 

(18-23 °C) for 10 

days 

Watermelon juice 

Higher pH and titratable acidity remained stable 

when compared to refrigeration 

Total soluble solids stability at 100 MPa 

Browning degree, cloudiness and colour 

differences increasing/decreasing at 75/100 MPa 

Total phenolic and lycopene content decrease at 

100 MPa 

Polyphenol oxidase, peroxidase, and pectin 

methylesterase decreasing along storage time 

[94] 

100 MPa at 

variable room 

temperature (≈20 

ºC) for 10 days 

Whey cheese 

(Requeijão) 

Higher pH, water activity and colour stability 

when compared to refrigeration 

No changes on fatty acid profile for all storage 

conditions 

[111] 
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a) pH - Watermelon juice (initial pH = 5.91) showed a lower pH (5.69), when it was 

stored with HS/RT (100 MPa/≈20 ºC, 60 hours) than when it was stored with refrigeration 

(5.90) for 60 hours [100]. Similarly, for 10 days of storage at 75 and 100 MPa, the initial 

pH (6.23) decreased to 6.05 and 5.91, respectively) [108, 110]. When the storage 

temperature was increased to 30 ºC at 100 MPa, the pH of watermelon juice (5.76) was 

maintained lower compared to refrigeration (5.88) or for RT (5.84), both at AP [100]. For 

pressure levels between 50 and 150 MPa at controlled RT (20-30 ºC), storage for 8 hours 

showed no changes in pH from the initial value (from 5.78 to 5.76, after 8 days at 150 

MPa/25 ºC), while refrigeration (for 8 h) conditions led to an increase in pH (5.93) [102]. 

Similar results were observed by Queirós et al. (2014) [101] with melon juice, since 

HS/RT at 50-150 MPa for 8 h maintained the pH (5.65 at 50 MPa, and 5.69 at 150 MPa) 

near the initial pH value (5.71), while refrigeration (4 ºC, for 8 h) led to a slight increase to 

5.80.  

For whey cheese (Requeijão, initial pH = 6.49), HS/RT (100 and 150 MPa; 25, 30, or 

37 ºC) had a similar effect on pH [103]. Specifically, no changes in pH were observed for 8 

hours with HS/RT (100 or 150 MPa, 25-37 ºC), while refrigeration (4 ºC for 8 h) produced 

an increase in pH (6.76). HS/RT at 100 MPa (17-21 ºC) of whey cheese (Requeijão) 

maintained the pH almost constant (6.80-7.06) for 10 days [111]. 

 

b) Titratable acidity showed a pattern similar to that of pH. Fidalgo et al. (2014) [100] 

showed that the storage of watermelon juice at 100 MPa (≈20 ºC) during 60 hours 

increased the titratable acidity from 255 to 359 mg citric acid/L, whereas refrigeration 

(AP/5 ºC for 60 h) maintained approximately the initial titratable acidity (244 mg citric 

acid/L). Queirós et al. (2014) [101] and Santos et al. (2015) [102] studied melon juice and 

watermelon juice, respectively, stored at 25, 50, 75, or 150 MPa and controlled 

temperature (20-37 ºC) for 8 hours. For melon juice, the titratable acidity increased from 

825.81 to 929-1022 mg citric acid/L, when the melon juice was stored for 8 h at 25-150 

MPa (25-37 ºC), while storing the melon juice under refrigeration (4 ºC for 8 h) induced a 

slight increase to 866 mg citric acid/L. For watermelon juice, the initial titratable acidity 

(260 mg citric acid/L) was maintained (252-288 mg citric acid/L), when the juice was 

stored at 100-150 MPa (25-37 ºC). Pinto et al. (2017) [108] obtained for watermelon juice 

an initial value of 411.7 mg citric acid/L, and a value of 547.3 mg citric acid/L after HS/RT 
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storage at 100 MPa (≈20 ºC), while storage with refrigeration (4 ºC for 10 days) induced a 

much higher value (776.0 mg citric acid/L). 

 

c) Total soluble solids correlate with the concentration of sugars present in fruits and 

juices [120]. HS/RT (100 MPa/≈20 ºC) of watermelon juice stored for 60 hours [100] or 10 

days [108, 110] did not induce changes in the total soluble solids (7.1 and 8.1 ºBrix, 

respectively). Similarly, watermelon juice stored at different pressures from 25-150 MPa 

and controlled temperature (20-37 ºC) for 8 hours did not show major changes in total 

soluble solids (7.07 ± 0.8 ºBrix) [102]. Similar results were obtained by Queirós et al., 

(2014) [101] using melon juice under similar storage conditions. Reducing sugars were 

analysed in ready-to-eat soup stored under HS/RT (100 and 150 MPa; 25 and 30 ºC) for 4 

and 8 hours [104]. The main differences were obtained on several samples stored at 100 

MPa (30 ºC/8 h), for which the reducing sugars increased from 6.40 to 9.43 mg glucose/g 

of soup, possibly from the presence of a higher microbial load in these samples that might 

lead to starch hydrolysis of potatoes used to prepare the soup [104]. 

 

d) Browning degree of watermelon juice stored with HS/RT (100 MPa) at uncontrolled 

room temperature (≈20 ºC) for 60 hours caused a decrease of the initial browning value 

from 0.20 to 0.10, similar to storage at AP/RT (0.13). With refrigeration, the browning 

degree of watermelon did not decrease (0.18) [100]. Pinto et al. (2016, 2017) [108, 110]  

investigated the effect on browning degree of watermelon juice stored at 50, 75, or 100 

MPa and variable RT (18–23 ºC) for 7 or 10 days of storage (respectively) and no 

differences were observed. Santos et al. (2015) [102] found that watermelon juice stored at 

pressure levels of 25, 50, or 75 MPa (20-37 ºC) for 8 h caused different degrees of 

browning degree that did not follow a discernible trend, whereas watermelon juice stored 

with refrigeration showed a near-constant value (0.187) throughout the storage period, 

which was similar to the initial value (0.110). Storage at HS/RT (50-150 MPa, 25-37 ºC) of 

melon juice for 8 hours caused minor changes in the browning degree, with the major 

difference occurring at 100 MPa/37 ºC, with browning degree increasing from 0.0457 to 

0.0883 [101]. 
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e) Cloudiness - Colour and cloudiness changes of fruit juices are usually associated with 

the catalytic action of enzymes such as pectinmethylesterase (PME), polygalacturonase 

(PG) and polyphenoloxidase (PPO), which cause sedimentation, loss of cloudiness, and 

browning [121]. Queirós et al. (2014) [101] observed changes in the cloudiness of melon 

juice following a pattern similar to the browning degree. For all of the melon juice 

samples, the cloudiness parameter increased with increasing storage temperature, with the 

cloudiness of samples stored with HS (25-150 MPa and 25-37 ºC) varying between 0.292 

and 0.464, which were closer to the initial value of 0.258 than the samples stored at AP/25-

37 ºC (varying between 0.380 and 0.570 [101]. 

 

f) Viscosity is an important quality parameter in fruit juices that reflects the ability to hold 

the solid portion in suspension during product shelf-life and influences product mouthfeel. 

HS/RT (25, 100, or 220 MPa; 20 ºC) of strawberry juice for 15 days helped to maintain the 

viscosity (initial value: 5.0 cSt) at higher values (between 1 and 2 cSt) than those for 

samples stored at atmospheric conditions (< 1.0 cSt, 83.6% of the initial viscosity). 

Overall, the pressure level applied had a significant effect on viscosity. Pressures of 25, 

100, or 220 MPa caused a corresponding decrease in the viscosity to 79.2, 71.1, and 

63.7%, respectively. Samples stored under refrigeration showed an approximately 50% 

decrease in viscosity, which is a smaller reduction than observed with other samples [99]. 

Viscosity losses are mainly attributable to the depolymerization of pectin caused by 

the action of different endogenous pectinases [122] such as PME and PG. Segovia-Bravo 

et al. (2012) [99] stated that no significant inactivation of PME and PG was observed at the 

pressure/temperature conditions (25, 100, or 220 MPa; 20 ºC) employed in their study, 

suggesting further that the viscosity losses obtained under pressure were due to the effects 

on the enzymes of longer periods under pressure. The effects of HS/RT on the enzymatic 

activity of PPO, PME, peroxidase (POD), and PG were evaluated in strawberry juice [118, 

119] and in watermelon juice [110].  

In strawberry juice, the stability of PPO and POD activity was studied under HS/RT 

(50 or 200 MPa; 20 ºC) for 15 days [119]. PPO residual activity showed an increase of 59 

and 52%, when stored at 50 and 200 MPa, respectively, similar to the increase (41%) of 

juice stored at AP. The activity of POD decreased approximately 15% at 200 MPa, in 

contrast to the samples stored at AP/20 ºC or 50 MPa that remained almost constant. 
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Additionally, Pinto et al. (2017) [110] observed a decrease of PPO residual activity (50%) 

in watermelon juice when stored at HS/RT (50, 75, or 100 MPa; ≈20 ºC) for 10 days, 

compared to the 99.5% decrease occurring observed with storage at AP/ RT.  

On the other hand, PME activity and serum viscosity of strawberry juice stored under 

pressure were also evaluated [118]. PME was not inactivated by storage at HS/RT (50 or 

200 MPa; 20 ºC) for 15 days. As previously mentioned, there was a viscosity decay, 

mainly at the beginning of storage, although there was no increase in PME activity 

observed during that phase. Chemical and/or enzymatic reactions other than PME de-

esterification may have been accelerated by pressure that affected viscosity during that 

phase [118]. Overall, these results are similar to those observed by Pinto et al. (2017) [110] 

using watermelon juice, in which PME activity decreased approximately 50% at 100 MPa 

for 10 days. 

 

g) Hunter colour parameters (L*, a* and b*) were measured for strawberry juice stored 

at HS/RT at pressures of 25, 100, or 220 MPa and a temperature of 20 ºC for 15 days [99]. 

All of the tested storage conditions with HS/RT were effective in reducing the degradation 

of strawberry juice colour (ΔE* = 1.3) compared to storage at AP/20 ºC (ΔE* = 4.5) [99]. 

Watermelon juice stored at 100 MPa and uncontrolled RT (≈20 ºC) for 60 hours, revealed 

a higher total colour change (ΔE* = 9.2) than storage at AP/≈20 ºC (ΔE* = 2.8). The 

luminosity (L* value) was the major contributor to this difference, increasing from 47.97 to 

55.87 units [100]. Pinto et al. (2017) [110] showed similar results for watermelon juice 

stored for 10 days, with the main difference being a slightly decrease of the redness (a*) 

parameter from 11.87 ± 0.42 to 10.46 ± 0.48. However, when watermelon juice was stored 

at 100 MPa/30 ºC for 8 hours, the colour maintained similar values to those of HS at 100 

MPa/≈20 ºC for the same time [100]. 

A possible explanation for these colour changes is the presence of anthocyanins in 

strawberry juice or watermelon juice. During storage, anthocyanins may degrade and 

change the colour of the juice by the influence of light, temperature, pH, presence of 

oxygen, certain metal ions, or L-ascorbic acid, which cause anthocyanins to self-associate 

(condensation) or to form complexes between anthocyanins and other polyphenols (co-

pigmentation) [123]. As it was previously referred, colour changes are also related to the 

activities of the enzymes PPO and POD. Segovia-Bravo et al. (2012) [99] explained that 
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the improved colour stability of strawberry juice stored under pressure could be related to 

either partial inactivation or reduction in the catalytic activity of PPO and POD. 

The colour stability of whey cheese (Requeijão) stored in hyperbaric conditions (100 

or 150 MPa; 25-37 ºC; for 4 or 8 hours) was also evaluated [103]. It was observed that the 

luminosity (L* value) was maintained in samples stored under pressure (100 or 150 MPa; 

25-37 ºC) and refrigeration (at AP/4 ºC) but increased slightly in whey cheese stored at 

AP/25-37 ºC. However, the other parameters (a* and b*) did not change with the different 

storage conditions [103]. Raw bovine meat stored under HS/RT also did not show changes 

in colour parameters [109].  

 

h)Volatile compounds - Thirty-one volatile compounds, including esters, aldehydes, 

alcohols, terpenoids, aromatic compounds, a furanone, and a ketone, were identified in raw 

strawberry juice [117]. After 15 days of storage at AP/20 ºC, the strawberry juice had 

become spoiled, with detectable levels of fruit fermentation products indicative of 

microbial spoilage, such as furan-2-methyl acetate, trans-2-hexanal and 2,4-hexadienal 

(aldehyde compounds). When strawberry juice was maintained under HS/RT (50 or 200 

MPa; 20 ºC; 15 days), samples did not show evidence of deterioration, similar to previous 

reports [99]. Specifically, strawberry juice stored under pressure showed a decrease in the 

presence of spoilage-like aldehyde compounds (furan-2-methyl acetate, trans-2-hexanal 

and 2,4-hexadienal) to an extent even more pronounced than with refrigerated samples 

[117]. Several volatile compounds had been described as important for strawberry aroma, 

such as methyl butanoate, 3-methyl butyl acetate, 2-heptanone, hexyl acetate and 2,5-

dimethyl-4-methoxy-3(2H)-furanone (mesifurane), remained unchanged after 15 days of 

storage under pressure [117]. 

 

i) Protein stability – Ko et al. (2006) [64] evaluated protein stability in tilapia fillets stored 

under hyperbaric conditions (50-300 MPa; 25 ºC; 1-12 hours). Tilapia fillets storage below 

100 MPa for 3 hours showed increased gel strength, while storage above 200 MPa for 

more than 3 hours resulted in decreased gel strength. Ko et al. (2006) [64] also observed 

that water-soluble proteins decreased significantly by storage under pressure. Pressures 

above 200 MPa decreased the salt-soluble and total proteins due to actomyosin coagulation 

[124]. Protein solubility decreased due to unfolding of the head region of myosin that 
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caused a decrease in actin and myosin bonding [125]. Actomyosin content decreased 

below 10% for tilapia fillets stored at 200 MPa for less than 3 hours and to 0% for tilapia 

fillets stored at pressures above 200 MPa. For HS/RT at 50 and 200 MPa, the activity of 

Ca-ATPase showed only slight changes, in contrast with storage at AP, where the activity 

decreased by about 60% [64]. 

 

j) Lipid stability was already evaluated by determination of fatty acids profile and lipid 

oxidation in whey cheese (Requeijão) [103, 111] and raw bovine meat [109]. Whey cheese 

(Requeijão) stored under hyperbaric conditions (100 or 150 MPa; 25-37 ºC; for 4 or 8 

hours) revealed an increase of lipid oxidation, compared to initial value, but being similar 

to refrigeration after 8 hours of storage [103]. Furthermore, no changes in the fatty acid 

profile were observed in whey cheese (requeijão), regardless the storage conditions used 

(100 MPa/RT, for 10 days) [111]. Similar results regarding fatty acids profile were 

observed for raw bovine meat stored at 50 MPa (≈20 ºC) for 10 days [109]. 

 

1.4.3.3. Post-hyperbaric storage at room temperature 

As the period between HS and the consumption of the food products takes place at 

AP and refrigerated temperature, there is a need to understand the behaviour of quality 

parameters during post-hyperbaric storage (post-HS). For this reason, the microbial 

stability of strawberry juice stored at HS/RT (25-220 MPa) for 15 days after another two 

weeks at AP/5 ºC was evaluated [99]. After post-HS, this strawberry juice showed an 

increase by more than 1 and 3 log units for aerobic plate counts and yeast and moulds, 

respectively.  

Bermejo-Prada et al. (2016) [107] stated that sublethal damage to microorganisms by 

HS/RT storage depends on the storage pressure and time. Microorganisms in strawberry 

juice stored for 1 day at 25–50 MPa, then stored at AP/RT can recover their cell-

proliferating capacity up to 3 days [107]. In contrast, storage at 100-200 MPa, also for 1 

day, causes more damage to microorganisms, and the acidic pH (≈ 3.3) of strawberry juice 

further impairs their ability to recover [107]. Longer storage times (10-15 days) at 50 MPa 

also reduces microbial recovery post-HS [107]. 

Viscosity and colour stability of strawberry juice after HS/RT were also evaluated 

after post-hyperbaric storage of 15 days at AP/5 ºC [99]. It was observed a significant 
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reduction in their viscosity values (79.2, 71.1, and 63.7% at pressures of 25, 100, and 220 

MPa, respectively), although these declines were considerably less than the decline 

observed with samples stored in refrigeration (83.6%). The colour parameters were stable 

in all of the samples [99]. 

Post-HS of watermelon juice (previously stored at 100 MPa/≈20 ºC for 60 hours) 

was stored at AP/5 ºC for 7 days [100] and showed lower total aerobic bacteria and 

Enterobacteriaceae counts (2.27 log CFU/mL and below the quantification level, 

respectively) compared to refrigerated samples (≥ 4 and ≈3 log CFU/mL), differing only in 

for yeasts and moulds, showing similar values (Post-HS samples: 3.6 log CFU/mL; AP/5 

ºC samples: 3.3 log CFU/mL). After 14 days of refrigerated (5 ºC) post-HS, microbial 

loads were > 5.5 log CFU/mL for all microorganisms evaluated. The different results 

observed between strawberry and watermelon juices is due to their differences in pH, since 

the acidic pH of strawberry (pH ≈ 3, watermelon pH ≈ 6) inhibits microbial growth. 

Post-HS of two ready-to-eat meals Caldo verde and Bacalhau com natas [106] and 

of raw bovine meat [109] showed that microorganisms were able to grow under a 

subsequent refrigeration (at AP), indicating that the HS/RT inhibited microbial growth, 

since that microorganisms were able to recover and proliferate.  
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1.5. CASE-STUDY: SALMON (SALMO SALAR) MUSCLE 

 

Atlantic salmon (Salmo salar) is composed of 5-10% red muscle and 90-95% white 

muscle [126]. The pigmentation intensity is a quality characteristic for salmonids that 

exerts a great influence on the consumer acceptability and product final price. This red 

coloration depends on the presence of carotenoid pigments and, due to their antioxidant 

function, salmon has a higher oxidative stability [82]. The red/orange colour of salmon is 

attributed to the presence of the main carotenoid, astaxanthin, as well as to haem pigments. 

This carotenoid acts as an antioxidant by quenching singlet oxygen and free radicals, due 

to the molecular structure of eleven conjugated double bonds and two hydroxyl groups 

[82]. Furthermore, salmon is a good source of polyunsaturated fatty acids, two important 

omega-3: eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are very 

susceptible to lipid peroxidation [127].  

The consumption of fish products in Portugal reached 60 kg per year per person in 

2014 [128]. Atlantic salmon is important among the various species cultured worldwide, 

and its consumption in Portugal increased 29% in 2012 exceeding 12,000 tonnes, 

according to the Norwegian Seafood Council (NORGE, http://en.seafood.no/). 

Importantly, 99% of the fresh salmon consumed in Portugal comes from Norway and it is 

mostly imported frozen. The main forms under which these species are marketed are 

whole, sliced, filleted, and as steaks, fresh or frozen. Although the long shelf-life in frozen 

conditions, textural changes, such as firmness, juiciness and fibrousness, are significant 

during frozen salmon storage [129]. 

So, the preservation of fresh fish, mainly Atlantic salmon, is the extreme importance, 

being essential the proper storage conditions to prevent the fish spoilage. Many emerging 

technologies have the potential to extend the shelf-life, being the preservation by HS a 

possible methodology to extend fresh fish shelf-life. 
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1.6. CONCLUSION 

 

Fish is a highly perishable food characterized by short shelf-life and for that reason 

must be stored under refrigeration or frozen. Several deteriorative fish quality changes 

occur during refrigerated storage, particularly on texture, colour and flavour, being caused 

by different damage mechanisms, such as microbiological spoilage, autolytic degradation 

and lipid oxidation. 

Food storage under HS is becoming increasingly studied as a preservation 

technology, with HS/RT generally viewed as the most interesting technology among 

several possibilities. HS/RT has great potential to replace refrigeration for food storage, 

since with HS/RT the only energy needed is to achieve the targeted pressure level and at 

the end to decompress the vessel, thereby eliminating the costs of energy needed for 

refrigeration. Current research regarding HS/RT for food products is limited by economics 

and the need to develop new and more robust equipment for developing this type of 

technology. Moreover, HS/LT has been demonstrated a great potential to increase shelf-

lives of different food products, maintaining several and important physicochemical 

parameters.  
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2.1. OBJECTIVES 

 

The main objective of the present work was to evaluate the storage under pressure 

(Hyperbaric Storage) as a new fish preservation methodology, using as a case-study 

Atlantic salmon (Salmo salar). The few publications described in Chapter 1 

demonstrated a great potential to develop an alternative preservation to the conventional 

storage (refrigeration at atmospheric pressure conditions), but further investigation is 

required.  

The work was developed based in two strategies: (1) hyperbaric storage at room 

temperatures; and (2) hyperbaric storage below room temperatures (5, 10 e 15 ºC - 

throughout this thesis these temperatures are called low temperatures to differentiate from 

room temperature). Thus, a wide range of pressures (max. 75 MPa) and temperatures 

(between 5 ºC and 37 ºC) on microbial load (spoilage microflora and inoculated 

surrogate-pathogenic microorganisms), enzymes activities, physical parameters (such as 

drip loss, textural properties, etc) and volatile profile will be studied. Moreover, storage 

time effects under atmospheric pressure, at room and low temperatures, as well under 

conventional refrigeration, on all of these quality parameters will be also determined for 

comparison purposes (a control sample stored under the same temperature and 

atmospheric pressure will be also analysed). The shelf-life will be determined depending 

of the microbial, physicochemical studies of the salmon loins. At the end, it is intended 

to have established the better hyperbaric conditions for salmon loins storage, that is, those 

in which the microbial and physicochemical quality of fresh salmon will be effectively 

maintained.  

 

In order to do that, the work was developed according to the followed specific 

objectives: 

Effect of hyperbaric storage on Atlantic salmon:  

 

1. endogenous microbiota and inoculated microorganisms;  

2. lipid stability properties;  

3. autolytic enzymes activities and protein stability;  

4. physical properties, such as colour, drip loss, water holding capacity and texture.  
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2.2. THESIS STRUCTURE AND WORK PLAN 

 

In order to do that, this thesis was structured in two parts, taking into account the 

specific objectives previously enunciated (Figure 2.1).  

The purpose of the first part was to define the best conditions of hyperbaric storage 

at room and low temperatures (HS/RT and HS/LT, respectively), using Atlantic salmon 

muscle portions (Chapter 4). So, the effect of different storage pressures at room and low 

temperatures was studied, by evaluation of spoilage microbiota and some 

physicochemical properties of salmon muscle (Chapter 4, section 4.2). Then, the effect 

of HS/RT and HS/LT on autolytic enzymes activities and protein stability of salmon 

muscle was also studied (Chapter 4, section 4.3). Additionally, in a way to improve the 

lipid oxidation level of salmon stored under HS, a preliminary assay was performed using 

air, vacuum and an antioxidant (Annex G). The results obtained in this preliminary assay 

were considered to the further studies in the second part of the thesis work. 

The second part (Chapter 5) corresponds to the study of important salmon loins 

quality aspects, in optimized conditions to avoid lipid oxidation (under vacuum), using 

the best conditions obtained in the first part (described on Chapter 4), taking into account 

the microbial and physicochemical stability. So, the influence of HS/RT and HS/LT on 

spoilage microbiota and inoculated surrogate-pathogenic microorganisms of vacuum-

packaged salmon loins were evaluated (Chapter 5, section 5.2); and the influence of both 

hyperbaric conditions on lipid stability (fatty acids profile and lipid oxidation), physical 

properties (e.g. texture) and volatile profile of vacuum-packaged salmon loins (Chapter 

5, section 5.3). 

Finally, in Chapter 6 are discussed the main results obtained, being highlighted the 

most important effects of HS in salmon loins and potential preservation. 
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Figure 2.1 - Thesis work outline. 
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3.1. SAMPLE PREPARATION 

 

Farmed Atlantic salmon (Salmo salar) was acquired from a local market before each 

experiment storage and sliced samples were cut and the skin was removed in aseptic 

conditions. For Chapter 4, the dorsal muscle from one individual was selected, and divided 

in portions of 5-10 g and packed in low-oxygen permeable barrier bags (PA/PE-90 Plásticos 

Macar – Indústria de Plásticos Lda., Palmeira, Portugal). For Chapter 5, salmon loins with 

ca. 60 g (approximate dimensions: 10 cm × 4 cm × 1.5 cm) were prepared and selected from 

two individuals with similar weight (ca. 9 kg) and length (ca. 120 cm), according the scheme 

represented on Figure 3.1. Salmon loins were also vacuum-packaged in the same low-

oxygen permeable barrier bags (PA/PE-90) and sealed under vacuum at -1 bar of pressure 

(Vacuum Packaging Machine Culinary, Albipack, Águeda, Portugal). 

 

 

Figure 3.1 - Representation scheme of the selection of salmon loins for the study. 

 

For the inoculated microorganisms’ assay (Chapter 5), portions of 10.0 ± 0.5 g of 

dorsal muscle from Atlantic salmon were selected and divided in three parts for Bacillus 

subtilis endospores, Escherichia coli and Listeria innocua inoculations, respectively. 

Control samples without inoculated microorganisms were also prepared and stored during 

the same storage time and conditions. All samples were also packaged using the same low-

oxygen permeable barrier bags (PA/PE-90) and sealed under vacuum (-1 bar of pressure). 

To avoid quality changes of fish muscle, samples were kept on ice, and storage assays were 

initiated as soon as the samples were prepared (within maximum of 2 hours). 
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3.2. STORAGE CONDITIONS 

 

For Chapter 4, storage experiments were divided in two parts: (1) A screening assay 

using different combinations of pressure/temperatures over 10 days of storage was carried 

out (HS/LT: 50-75 MPa, 25-37 ºC; and HS/RT: 40-60 MPa, 5-15 ºC); (2) A longer storage 

assay, using the best selected conditions, 75 MPa/25 ºC and 60 MPa/10 ºC, was further 

studied during a longer storage time of 25 and 50 days, respectively. Control samples were 

always kept at the same temperatures and at 5 ºC under atmospheric pressure (0.1 MPa, AP), 

in exactly the same conditions (in the dark and immersed in the same fluid used for 

compression). For each storage condition, a different batch of fresh salmon samples was 

used. 

For Chapter 5, storage pressure/temperature conditions of 75 MPa/25 ºC (HS/RT) and 

60 MPa/10 ºC (HS/LT) were carried out during 5, 15 and 30 days. Control samples were 

always kept at AP, at the same temperature (AP/25 and 10 ºC) and under conventional 

refrigeration (AP/5 ºC). 

 

HS/RT conditions were performed using a 2-L high pressure equipment (FPG7100, 

Stansted Fluid Power, Stanstead, United Kingdom) equipped with a pressure vessel of 100-

mm diameter and 250-mm height.  

HS/LT conditions were performed using a: 

− 100-mL high-pressure equipment (High-pressure system U33, Institute of High 

Pressure Physics, Warsaw, Poland) equipped with a pressure vessel of 35-mm inner diameter 

and 100-mm height (screening assay);  

− and a 200-mL high-pressure equipment (SFP FPG13900, Stansted Fluid Power, 

Stansted, United Kingdom), which has a pressure vessel of 30 mm inner diameter and 500 

mm height (longer storage assay).  

All high-pressure equipment use a mixture of propylene glycol and water (40:60, v/v) 

as pressurization fluid.   
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3.3. EXPERIMENTAL ANALYSES 

 

3.3.1. Microbial analyses 

 

3.3.3.1. Spoilage microflora analyses 

For preparation of samples, approximately 5 g of fish muscle was transferred 

aseptically into a stomacher bag and 45 mL of Ringer’s solution were added. The mixture 

was homogenized for 60 s using a laboratory blender STOMACHER 400 (Seward 

Laboratory Systems Inc., FL, USA) which corresponded to the dilution 10-1. Then, decimal 

dilutions were made using Ringer's solution. 

− Total aerobic mesophiles were determined in pour plate using plate count agar 

(PCA) medium, incubated at 30 ºC for 3 days [1]; 

− Total aerobic psychrophiles were determined in pour plate of 1 mL of diluted 

sample using PCA medium, incubated at 20 ºC for 5 days [2]; 

− Anaerobic bacteria counts were determined in the same PCA medium for 3 days at 

30 ºC in anaerobiosis conditions, using Anaerobic incubation system (Anaerocult®, Merck) 

[3]; 

− Enterobacteriaceae counts were quantified in pour plate using violet red bile 

dextrose agar (VRBDA), incubated at 37 ºC for 24 hours and large colonies with purple 

haloes were quantified [4]; 

− Lactic acid bacteria counts were determined in pour plate using De Man, Rogosa 

and Sharpe (MRS) agar, by incubation for 4 days at 25 ºC [5]; 

− Pseudomonas spp. were determined by spread method of 0.1 mL of dilute samples 

in Pseudomonas selective agar base supplemented with Pseudomonas CFC selective 

supplement (Merck), and plates were incubated at 25 ºC for 2 days [6]; 

− Hydrogen sulphide-producing bacteria (H2S-producing bacteria; including 

Shewanella putrefaciens) were determined by the method of Teixeira et al. (2014) [2]. H2S-

producing bacteria were enumerated in pour plate using Lyngby iron agar, by inoculation of 

1 mL of diluted samples and incubation at 20 ºC for 4 days, counting the black colonies.   

In all cases, petri dishes containing 15-300 colony-forming units (CFU) were selected 

for counting (except for Pseudomonas spp. which were considered in the range of 10-100 
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CFU), and microbial loads were calculated as logarithm of colony-forming units per gram 

(log CFU/g).  

 

3.3.3.2. Inoculated surrogate-pathogens analysis 

3.3.3.2.1. Inoculated microorganism preparation  

The B. subtilis endospores were prepared as proposed by Reineke et al. (2013) [7] with 

minor modifications. B. subtilis ATCC 6633 (DSM-347, Deutsche Sammlung von 

Mikroorganismen und Zellkulturen - DSMZ, Braunschweig, Germany) was grown in Brain 

Heart Infusion (BHI)-agar at 30 ºC for 24 h. Then, a single colony was isolated to obtain an 

overnight liquid culture (in BHI-broth, kept at 30 °C with shaking at 150 rpm). Hereafter, 

the liquid culture (0.1 mL) was aseptically spread-plated onto BHI-agar plates and incubated 

at 30 °C for 24 h. The sporulation process was verified by phase-contrast microscopy, and it 

took 15 days to achieve more than 95% of bright-phase endospores. Afterwards, the 

endospores were harvested by flooding the cultures with cold (4 °C), sterile distilled water, 

and by scratching the agar plates with a bend glass rod, followed by 3-fold centrifugation for 

15 min at 5,000 ×g at 4 °C. The washed endospores were stored in distilled water and kept 

in the dark at 4 °C until use. 

E. coli ATCC 25922 and L. innocua ATCC 33090 (DSMZ, Braunschweig, Germany) 

were grown in tryptic soy agar (TSA) at 37 °C for 24 and 48 h, respectively. Then, a single 

colony was isolated to obtain an overnight liquid culture (in tryptic soy broth, kept at 37 °C 

with shaking at 150 rpm). Afterwards, the liquid culture was streaked in TSA plates that 

were incubated for 24 and 48 h for E. coli ATCC 25922 and L. innocua ATCC 33090, 

respectively. The pure cultures were then kept in the dark, at 4 °C, until use. 

 

3.3.3.2.2. Microorganisms inoculation on salmon samples 

As previously described, portions of 10 ± 0.5 g of dorsal muscle from Atlantic salmon 

were aseptically placed in previously UV-light sterilized bags to avoid contaminations. 

Then, 0.5 mL of B. subtilis endospores suspension were inoculated at a concentration of 

about 6.62 ± 0.01 log CFU/g. The endospores used in this work were not heat-treated to 

avoid changes on their pressure resistance in order to simulate the worst-case scenario on 

food preservation, since according to Vercammen et al. (2012) [8], non-heat-treated 
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endospores in low acidic and elevated water activity food products showed to be more 

pressure-resistant than those heat-treated. 

 In order to evaluate the effect of hyperbaric storage in a gram-negative and a gram-

positive microorganism, and also surrogates of pathogenic strains, non-pathogenic E. coli 

ATCC 25922 and L. innocua ATCC 33090 were inoculated in fresh Atlantic salmon. The 

inoculations were carried out by suspending plated pure cultures of each microorganism in 

Ringer’s solution, being the obtained suspension adjusted to 0.5 McFarland (Microplate 

Spectrophotometer Multiskan Go, Thermo Fisher Scientific, MA, USA). Then, 0.5 mL were 

also inoculated in 10 ± 0.5 g of dorsal salmon muscle, at a final concentration of 4.40 ± 0.19 

and 5.91 ± 0.11 log CFU/g for E. coli and L. innocua, respectively. 

 

3.3.3.2.3. Inoculated microorganisms’ enumeration 

For B. subtilis, 10 g of salmon were transferred aseptically into a stomacher bag and 

90 mL of Physiological solution (0.9% NaCl) solution were added, being the mixture 

homogenized for 60 s, which corresponded to the dilution 10-1. To assess both germinated 

and ungerminated endospores after each storage condition, an aliquot of each salmon sample 

was heated at 80 °C for 20 min to inactivate the vegetative bacteria [9]. Then, decimal 

dilutions were performed (1.0 mL of each sample for 9.0 mL of physiological solution) in 

all prepared samples (heated and non-heated samples) that were pour plated (0.5 mL) in 

HiCromeTM Bacillus Agar (HiMedia, Mumbai, India) and incubated at 30 °C for 24 h, being 

only enumerated the green colonies, as instructed by the culture media manufacturer. 

For E. coli ATCC 25922 and L. innocua ATCC 33090, 10 g of salmon were transferred 

aseptically into a stomacher bag and 90 mL of Ringer’s solution were added, being the 

mixture homogenized for 60 s, corresponding to the dilution 10-1. Then, decimal dilutions 

were made using Ringer's solution. E. coli ATCC 25922 was spread plated (1 mL) and 

counted in Coliform Count Agar after incubation at 37 ± 1 °C for 24 h [10], while L. innocua 

ATCC 33090 was spread plated (0.1 mL) in PALCAM Listeria agar base with the selective 

supplement PALCAM (FD061), and incubated at 37 ± 1 °C for 48 h [11].  

Microbial loads were calculated as log CFU/g, being considered petri dishes 

containing 10-100 CFU. 
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3.3.2. Physical analyses 

 

3.3.3.1. pH and water activity analysis 

The pH of salmon samples was measured with a properly calibrated glass electrode at 

25 ºC (Crison, Barcelona, Spain) and the water activity (aW) was quantified using a water 

activity analyser (Novasina Lab Swift-aw, Lachen, Switzerland) at room temperature. 

 

3.3.3.2. Colour analysis 

Colour was measured using a Konica Minolta CM-2300d spectrophotometer (Osaka, 

Japan). The colour parameters were recorded at 25 °C according to the CIElab system and 

directly computed through the original SpectraMagicTM NX software (Konica Minolta, 

Osaka, Japan), obtaining the following parameters: L*-value (0, dark; 100, light), a*-value 

(+, red; −, green) and b*-value (+, yellow; −, blue). These colour parameters were used to 

obtain the total colour difference (ΔE*): 

𝛥𝐸∗  =  [(𝐿∗ − 𝐿0
∗ )2 + (𝑎∗ − 𝑎0

∗ )2 + (𝑏∗ − 𝑏0
∗)2]1/2 

 

3.3.3.3. Drip loss and water holding capacity analysis 

Drip loss was calculated as the relative difference in salmon loins weight between day 

0 (𝑚0) and day x (𝑚𝑥):  

𝐷𝑟𝑖𝑝 𝑙𝑜𝑠𝑠 (%) =
𝑚0 − 𝑚𝑥

𝑚0
× 100 

The water holding capacity (WHC) was measured by the method of Szajdek & 

Borowska (2008) [12]. Briefly, a piece of salmon previously weighted (ca. 1 g) was wrapped 

in two filter papers (also weighted; Whatman #1) and centrifuged (530×g, 15 min, 4 °C; 

Heraeus Biofuge Stratos, Thermo Fisher Scientific, MA, EUA) and, after centrifugation, the 

sample was removed, and the filter papers weighted. WHC was calculated using the 

following equations: 

𝑊𝐻𝐶 =
𝑊0 − 𝛥𝑊

𝑊0
× 100 

which 𝑊0 =
𝑉0

(𝑉0+𝐷0)
× 100 and 𝛥𝑊 =

𝛥𝑉0

(𝑉0+𝐷0)
× 100. 

The initial weight of raw sample 𝑚0 was equal to the sum of the initial water content 

of raw material, 𝑉0, and dry material, 𝐷0, being estimated by drying previously weighed 
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salmon samples (ca. 5 g) at 103 ± 2 ºC during 24 hours [13]. The weight of the exudates (the 

liquid separated from the sample during centrifugation) is named 𝛥𝑉0. The solid contents of 

the exudates are regarded as negligible in these calculations. All determinations were carried 

out in triplicate of salmon samples for each condition. 

 

3.3.3.4. Texture profile analyses 

Texture profile analyses of salmon samples were carried out perpendicular to the 

myotomes. Measurements were taken with a cylindrical probe 6-mm diameter fitted to a 

TA.HDi texture analyser (Stable Micro Systems, Surrey, England) equipped with a 5 kg load 

cell. The crosshead moved at a constant speed of 2 mm/s. The test conditions were two 

consecutive cycles with 5 s between cycles and 1 cm of penetration.  

From the resulting force-time curve (Figure 3.2), the following parameters were 

determined: hardness (N), maximum force required to compress the sample; adhesiveness 

(N.s), the largest negative force value during the upstroke; springiness or elasticity, sample 

ability to recover its original form after the deforming force is removed (time 2/time 1); and 

resilience, area of the first upstroke relative to the area of the first downstroke (A1’’/A1’).  

 

 

Figure 3.2 - Example of a force (N) – time (s) curve obtained on texture profile analysis for calculation of the 

texture properties. 

 

3.3.3.5. Scanning electron microscopy 

Longitudinal sections of fibres from freeze-dried salmon (lyophilized at - 70 °C and 

0.010 mbar for 72 hours; Telstar Benchtop Freeze Dryer LyoQuest, Barcelona, Spain)  were 
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examined by scanning electron microscopy (SEM) on a Tabletop Microscope TM4000Plus 

from Hitachi (Ibaraki-Ken, Japan), with an accelerating voltage of 15kV. 

 

 

3.3.3. Chemical analyses 

 

3.3.3.1. Volatile amines analysis 

3.3.3.2.1. Total volatile base-nitrogen assessment 

Total volatile base-nitrogen (TVB-N) values were measured using the method adapted 

by Vázquez et al. (2018) [14]. Briefly, 10 g fish muscle were extracted with 60 g/L perchloric 

acid in 30 mL water and brought up to 50 mL. An aliquot of the acid extracts was rendered 

alkaline to pH 13 with 200 g/L aqueous NaOH and then steam-distilled. Finally, the TVB-

N content was determined by titration of the distillate with 10 mM HCl. Results were 

expressed as mg TVB-N/100 g muscle.  

 

3.3.3.2.2. Trimethylamine-nitrogen assessment 

Trimethylamine-nitrogen (TMA-N) values were determined by the picrate method, as 

previously described by Tozawa et al. (1971) [15]. This method involves the preparation of 

a 5% trichloroacetic acid extract of fish muscle (10 g muscle with 25 mL trichloroacetic 

acid). Results were expressed as mg TMA-N/100 g muscle (standard curve equation is 

shown on the Table A1 in Annex A).  

 

3.3.3.2.3. Dimethylamine-nitrogen and formaldehyde determination 

For dimethylamine-nitrogen (DMA-N) and formaldehyde quantification, extraction 

using trichloroacetic acid was performed, according to Benjakul et al. (2004) [16]. Fish 

muscle (2 g) and 8 mL of 5% trichloroacetic acid were homogenized using a MICCRA D-9 

Homogenizer (MICCRA GmbH). The homogenate was centrifuged at 3000g for 15 min 

(Heraeus Biofuge Stratos, Thermo Fisher Scientific). To the pellet, 4 mL of 5% 

trichloroacetic acid were added and homogenized as previously mentioned. The supernatants 

were combined and neutralized to pH 6.0-6.5 and the final volume was made up to 20 mL 

using distilled water. The supernatant was then used for DMA-N and formaldehyde 

determination.  
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DMA-N was determined by the copper-dithiocarbamate method, as described by Dyer 

& Mounsey (1945) [17] with a slight modifications. To 2 mL of neutralized supernatant, 1 

mL of copper-ammonia reagent was added and mixed thoroughly, followed by the addition 

of 4 mL of 5% carbon disulphide-toluene solution. The tubes were then closed tightly, and 

incubation at 50 ºC for 2 min. After mixing for 20 s, 400 mL of 30% acetic acid were added, 

followed by mixing again for 15 s. After leaving for 10 min at room temperature, the toluene 

layer was transferred to a tube containing 0.5-1.0 g of anhydrous sodium sulphate to remove 

the water. The absorbance was measured at 440 nm (LAMBDA 35 UV/Vis spectrometer, 

PerkinElmer Instruments, Inc. MA, USA). Results were expressed as mg DMA-N/100 g 

muscle (standard curve equation is shown on the Table A1 in Annex A). 

Formaldehyde was determined using the acetylacetone reagent according to the 

method of Nash (1953) [18] with slight modifications. To the neutralized supernatant (3 

mL), 3 mL of acetylacetone reagent was added and mixed thoroughly. The reaction mixture 

was incubated at 60 ºC for 15 min and cooled in running water. The absorbance was 

measured at 412 nm (LAMBDA 35 UV/Vis spectrometer, PerkinElmer Instruments, Inc.) 

and the results expressed as µg formaldehyde/100 g muscle (standard curve equation is 

shown on the Table A1 in Annex A). 

 

3.3.3.2. Fatty acids profile and lipid oxidation analysis 

3.3.3.2.1. Lipid extraction  

Lipid content was quantified according to the method of Bligh & Dyer (1959) [19]. 

Approximately 5 g of sample were homogenised with 40 ml of a 

chloroform:methanol:distilled water mixture (10:20:10) for 2 min at 4 ºC (MICCRA D-9 

Homogenizer, MICCRA GmbH). Then, 5 ml of distilled water were added, and 

homogenised again for 30 s. The homogenate was centrifuged at 3000 g at 4 ºC for 15 min 

(Heraeus Biofuge Stratos, Thermo Fisher Scientific). The bottom layer was collected for a 

round-bottom flask through a Whatman Nº1 filter paper, to which 10 ml of a mixture of 

methanol:chlorophorm (1:9) were added followed by homogenization again for 2 min. After 

centrifugation (2000 rpm for 10 min), the new bottom layer formed was also collected for a 

round-bottom flask and finally, the solvent was evaporated at 40 ºC to obtain the lipid 

fraction. The upper layers were used for fluorescence compounds determination.  
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3.3.3.2.2. Fatty acids profile determination 

For the fatty acid methyl ester (FAME) synthesis [20], 1 mL of a surrogate fatty acid 

(C17:0 – 4 mg/mL in methanol; a surrogate recovery between 93 and 96% was obtained at 

the end of FAME synthesis), 5.3 mL of methanol and 0.7 mL of 10 N potassium hydroxide 

were added into a tube containing 40 µg of oil resulting from the lipid extraction. After 

vortex-mixing for 10 s, the tube was incubated in a thermostatic bath at 55 ºC with stirring 

for 1.5 h. The mixture was mixed by inversion and 0.58 mL of 12 M sulphuric acid were 

added, with the formation of a white precipitate (potassium sulphate). The tube was 

incubated again at 55 ºC for 1.5 h, thus occurring the FAME synthesis. The tube was cooled 

in cold water, 3 mL of hexane were added and vortex-mixed again for 5 min. After 

centrifugation (3000 rpm, 5 min), the hexane layer containing FAMEs was placed into a new 

tube, which already contained 0.5 g of anhydrous sodium sulphate. After another 

centrifugation for 5 min, the hexane layer (900 µL) containing FAMEs was placed into a GC 

vial and 100 µL of the C19:0 internal standard (10 mg/mL of C19:0 methyl ester in hexane) 

were added. 

FAMEs were analysed using a gas chromatograph mass spectrometer (GC-MS 

Shimadzu QP2010 Ultra) equipped with an AOC-20i autosampler (Shimadzu, Japan), with 

the electron impact ionization (EI) at 70 eV and high-performance quadrupole mass filter. 

The separation of the compounds was carried out on a fused-silica DB-5 MS type capillary 

column (30 m length, 0.25 mm i.d., 0.25 µm film thickness) using helium as the carrier gas 

(40 cm/s) and a split ratio = 50. The GC-MS chromatographic conditions were as follows: 

injection port temperature 300 °C; initial oven temperature 140 °C (0 min), rising to 250 °C 

(0 min) at 1.0 ºC/min and then rising to 280 °C (for 2 min) at 10.0 °C/min. The mass 

spectrometer was operated over a range of m/z 50-1000. The ion source was kept at 200 ºC 

and the interface temperature at 300 ºC. Peaks were automatically integrated (GCMS 

solution Version 4.20), C19:0 fatty acid methyl ester being used as internal standard for 

quantitative analysis. The compound/internal standard signal ratio for each peak was used 

for the calculation of concentrations, using different calibration curves as described in Table 

B1 (Annex B). Peaks were identified by comparison of their retention times with standard 

FAME mixtures (Supelco 37 FAME Mix, Sigma-Aldrich, Missouri, EUA). Three salmon 

samples were used for each storage condition with a duplicate GC injection. Results are 

shown as g of fatty acids (g FA)/100 g of lipids. 
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The polyene index (PI), as a ratio of polyunsaturated to saturated fatty acids, was 

calculated as follows [21]:  

Polyene index =
 C20: 5 +  C22: 6

C16: 0
 

 

3.3.3.2.3. Lipid oxidation assessment 

a) Primary lipid oxidation: Peroxides value 

Peroxides value determination was carried out following the method used by Gheisari 

et al. (2010) [22]. The extracted lipids of each sample (ca. 100 mg or 100 µL of standard 

solutions) were mixed with 9.8 mL chloroform:methanol (7:3, v/v), followed by 

homogenization for 2-4 seconds. Ammonium thiocyanate solution (50 µL, 30% in distilled 

water) was added and mixed again for more 2-4 seconds. Then, 50 µL iron (II) solution were 

also added and mixed again (solution preparation in Annex C). After 5 min at room 

temperature, the absorbance of the sample was measured at 500 nm (Microplate 

Spectrophotometer Multiskan GO, Thermo Fisher Scientific) against a blank that contained 

all the reagents except the sample. The peroxide value was expressed as mg Fe (III)/kg lipids. 

A standard ferric solution was previously prepared, by dissolution of 0.5 g of iron 

powder on 50 mL of 10 N hydrochloric acid and 1-2 mL of 30% hydrogen peroxide. Excess 

hydrogen peroxide was eliminated by boiling the solution for 5 min. After cooling, distilled 

water was added to reach 500 mL of final volume. This solution was used to prepare the 

different standard solutions of ferric ion (10-50 µg Fe (III)/mL). Standard curve equation is 

shown on the Table C1 in Annex C. 

 

b) Secondary lipid oxidation: Thiobarbituric acid-reactive substances  

Secondary lipid oxidation was evaluated by quantification of secondary lipid oxidation 

products using the thiobarbituric acid-reactive substances (TBARS) method, which was 

performed as described by Vyncke (1970) [23] with slight modifications. Five grams of fish 

muscle were homogenized with 25 mL of 7.5% trichloroacetic acid for 1 min (MICCRA D-

9 Homogenizer, MICCRA GmbH). The resulted suspension was filtered and centrifuged at 

3600×g at 4 ºC for 20 min (Heraeus Biofuge Stratos, Thermo Fisher Scientific). Five 

mililiters of the extracted samples were added to 5 mL of 2-thiobarbituric acid reagent (0.02 

M TBA in 99% acetic acid) and the mixture was immersed in a boiling water bath for 40 

min and, then cooled with cold water. The absorbance was measured at 538 nm (Microplate 
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Spectrophotometer Multiskan GO, Thermo Fisher Scientific) and a standard curve was 

prepared using 1,1,3,3-tetraethoxypropane as standard (0.25-10 ppm) according to Chaijan 

et al. (2006) [24] (standard curve equation is shown on the Table C1 in Annex C). TBARS 

results were expressed as µg malondialdehyde (MDA)/g fish.  

 

c) Tertiary lipid oxidation: Fluorescent compounds 

Tertiary lipid oxidation compounds resulting from the interaction between oxidized 

lipids and nucleophilic compounds (namely, protein-like molecules) were measured by 

fluorescence spectroscopy (Hitachi F2000 fluorescence spectrophotometer (Tokyo, Japan). 

In agreement with previous research [25], fluorescence measurements were carried out at 

393/463 nm and 327/415 nm in the aqueous phase (methanol-water layer) resulting from the 

lipid extraction of fish muscle [19]. The relative fluorescence (RF) was calculated as follows: 

RF = F/Fst, where F is the fluorescence measured at each excitation/emission wavelength 

pair and Fst is the fluorescence intensity of a quinine sulphate solution (1 µg mL-1 in 0.05 

M H2SO4) at the corresponding wavelength pair. The fluorescence ratio (FR) was calculated 

as the ratio between the two RF values: FR = RF393/463 nm/RF327/415 nm. 

 

3.3.3.3. Volatile compounds profile characterization  

The characterization of the volatile fraction from salmon samples was performed by 

headspace solid-phase microextraction (HS-SPME) gas-chromatography-mass spectrometry 

(GC/MS). Salmon samples (2 g) were cut and weighed into a vial containing a micro stirring 

bar. Then, 1 mL of internal standard (0.473 mg/mL cyclohexanone in water), 3 mL of 

ultrapure water, and 1.44 g of sodium chloride were added into the vial and sealed with a 

silicone septum. The sample was equilibrated for 20 min at 50 ºC followed by HS-SPME 

exposure at the same temperature under stirring (500×g). The volatile compounds in the 

headspace were absorbed onto SPME fibres (DVB/CAR/PDMS 50/30 mm; Supelco, 

Bellefonte, USA) for 40 min. Salmon samples were analysed in triplicate for each condition. 

The retained compounds were thermally desorbed from the fibre for 5 min in the injection 

port (splitless mode; 250 °C). The fibre was maintained for further 5 min in the injector port 

for cleaning and conditioning for further analyses. 

Chromatographic separation was performed on a fused-silica DB-5 MS capillary GC 

column (30 m ×0.25 mm I.D. × 0.25 μm film thickness, Agilent) with a temperature program 
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from 40 °C to 235 °C, with a total run time of 60 min. The MS transfer line and ion source 

were at 280 °C and 230 ºC, respectively, and MS quadrupole temperature at 150 °C, with 

electron ionization of 70 eV; set in full scan mode (m/z 40 to 650 at 1.2 scan/s). Identification 

of the volatile compounds detected by GC/MS analysis was based on computer matching 

with the reference mass spectra of the MS library of NIST 11 and Wiley 7.0, retention times 

and retention index. Semi-quantitative determinations were carried out by using 

cyclohexanone as an internal standard. The volatiles’ profile results were expressed as the 

percentage (%) of each compound in total identified compounds for the same condition. 

 

3.3.4. Enzymatic activities and muscle proteins analyses 

The enzymatic extract was prepared using ice-cold distilled water as described by 

Lakshmanan et al. (2005) [26]. Fish samples (10 g) of pooled salmon muscle was 

homogenized with 50 mL ice cold distilled water for 2 min, using a MICCRA D-9 

Homogenizer (MICCRA GmbH). The homogenate was kept in ice for 30 min with 

occasional stirring. Then, the homogenate was centrifuged at 4 ºC for 20 min at 14,600×g 

(Heraeus Biofuge Stratos, Thermo Fisher Scientific). The supernatant was filtered through a 

Whatman nº 1 filter and stored at −80 ºC prior to enzymatic activity quantifications.  

 

3.3.4.1. Enzymatic activity 

3.3.4.2.1. Acid phosphatase activity 

Acid phosphatase activity was assayed with p-nitrophenylphosphatate (p-NPP) as 

substrate following the methodology described by Fidalgo et al. (2014) [27]. Enzymatic 

extract (250 µL) and substrate solution (225 µL; 4 mM p-NPP in 0.1 mM acetate buffer and 

1 mM ethylenediaminetetraacetic acid, at pH 5.5) were mixed and incubated at 37 ºC for 15 

min. The reaction was stopped by adding 100 mM potassium hydroxide (1 mL) and the p-

nitrophenol (p-NP) released was measured at 400 nm (Multiskan Go microplate 

spectrophotometer, Thermo Fisher Scientific).  

 

3.3.4.2.2. Cathepsins activity 

Cathepsin B activity was assayed by the methodology described by Lakshmanan et al. 

(2005) [26]. Enzyme extract (100 µL) and substrate solution (100 µL; 0.0625 mM of Z-Arg-

Arg-7-AMC in 100 mM Bis-Tris buffer, 20 mM ethylenediamine tetraacetic acid and 4 mM 
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dithiothreitol, at pH 6.5) was incubated at 37 ºC for 5 min. The reaction was stopped by 

adding 3% sodium dodecyl sulphate (1 mL; w/v; in 50 mM Bis-Tris, pH 7.0) and the AMC 

liberated was measured by fluorescence (excitation: 360 nm, emission: 460 nm; Hitachi 

F2000 fluorescence spectrophotometer, Tokyo, Japan).  

Cathepsin D activity was assayed as described by Fidalgo et al. (2014) [27]. Enzyme 

extract (200 µL) and substrate solution (600 µL; 2% denatured haemoglobin, w/v, in 200 

mM citrate buffer, pH 3.7) were mixed and incubated for 3 h at 37 ºC. The reaction was 

stopped by the addition of 10% trichloroacetic acid (600 µL; w/v). After vigorous stirring, 

the precipitate was removed by centrifugation (18,000×g, 15 min; Heraeus Biofuge Stratos, 

Thermo Fisher Scientific) and the soluble peptides measured at 280 nm (Multiskan Go 

microplate spectrophotometer, Thermo Fisher Scientific).  

 

3.3.4.2.3. Calpains activity 

Activity of calpains was measured using the method described by Sasaki et al. (1984) 

[28]. Enzyme extract (50 µL) and substrate solution (50 µL, 0.125 mM L-met-AMC in 100 

mM Bis-Tris, 5 mM calcium chloride, pH 6.5) were mixed and incubated at 37 °C for 2 min. 

The reaction was stopped (1.5 mL; 30 mM monochloroacetic acid, 21 mM acetic acid, and 

9 mM sodium acetate, pH 4.3) and fluorescence of liberated AMC was measured (excitation: 

360 nm, emission: 460 nm; Hitachi F2000 fluorescence spectrophotometer).  

 

Three replicates of enzymatic activity were performed for each condition. From these 

data, residual activity was calculated as: 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐴

𝐴0
× 100 

where A is the enzymatic activity of the salmon sample after storage and A0 is the 

enzymatic activity of the initial sample (day 0). 

 

3.3.4.2. Proteins stability analyses 

3.3.4.2.1. Myofibril fragmentation index 

Myofibril fragmentation index (MFI) was determined by the method of Zhang et al 

(2013) [29]. Muscle tissue was pulverized in liquid nitrogen (0.5 g) and homogenized with 

25 mM phosphate buffer (30 mL; 0.1 M potassium chloride, 1 mM ethylenediamine 

tetraacetic acid acid, pH 7.0) for 1 min (10000 rpm; MICCRA D-9 Homogenizer, MICCRA 
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GmbH). The suspension was filtered to remove connective tissue and the residue was 

washed with the same phosphate buffer (10 mL). Then, filtrate was centrifuged (1000×g, 15 

min, 4 ºC; Heraeus Biofuge Stratos, Thermo Fisher Scientific), the precipitate was 

resuspended in phosphate buffer (10 mL) and centrifuged again. This step was repeated 

twice more, and the pellet was resuspended in buffer solution. Protein concentrations were 

determined and after adjustment to a concentration of 0.5 mg/mL, using the same buffer, 

absorbance measurements at 540 nm were done (Multiskan Go microplate 

spectrophotometer, Thermo Fisher Scientific). Protein concentrations were determined by 

the Bradford assay modified by Zor & Selinger (1996) [30], and using bovine serum albumin 

(BSA) as standard (0.1-0.6 mg BSA/mL of phosphate buffer - Table D1 in Annex D). MFI 

was calculated by multiplying measurements with 150. 

 

3.3.4.2.2. Sarcoplasmic protein content 

Sarcoplasmic protein was extracted according to the method of Wang et al. (2013) 

[31]. Salmon samples were minced (5 g) and was homogenised with cold deionised water 

(1:5, w/v) for 1 min (10000 rpm; MICCRA D-9 Homogenizer, MICCRA GmbH). The 

homogenate was kept in at 4 ºC for 30 min to extract sarcoplasmic protein and centrifuged 

for 20 min (14,000×g, 4 ºC; Heraeus Biofuge Stratos, Thermo Fisher scientific). The 

supernatant was collected, and the protein concentration determined by the Bradford assay 

method [30]. 

 

 

3.4. STATISTICAL ANALYSES 

 

Microbial results from the Chapter 4 (Section 4.2) are shown in relative microbial 

variation (log N – log N0), calculated by difference between the load at the end of storage 

(N) and the initial load at day 0 (N0). 

All data were tested with analysis of variance (ANOVA), followed by a multiple 

comparisons test (Tukey’s Honestly Significant Difference, HSD) to identify differences 

between conditions and during storage period. The level of significance was established at 

p < 0.05. 
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4.1. OVERVIEW 

 

This chapter begins with an assessment of the spoilage endogenous microbiota and 

physicochemical parameters, such as pH, colour and lipid oxidation of salmon muscle stored 

under hyperbaric storage at room and low temperatures (HS/RT and HS/LT, respectively) in 

order to find the best conditions for salmon preservation. Different storage pressure levels 

and temperature conditions were tested for 10 days (Sections 4.2.1 and 4.2.2). Then, 

proteolytic enzymes and muscle proteins stability (by analyses of myofibrillar fragmentation 

index and sarcoplasmic content) of salmon muscle was also evaluated with the purpose to 

understand the effect of the different storage conditions on different properties related to 

enzymes and proteins stability of Atlantic salmon (Section 4.3). 
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4.2. MICROBIAL AND PHYSICOCHEMICAL PARAMETERS 

 

4.2.1. Hyperbaric storage at room temperature 

 

This section is adapted from the published work: L.G. Fidalgo, Á.T. Lemos, I. 

Delgadillo, J.A. Saraiva (2018), Microbial and physicochemical evolution during 

hyperbaric storage at room temperature of fresh Atlantic salmon (Salmo salar). Innovative 

Food Science & Emerging Technologies, 45:264–272. DOI: 10.1016/j.ifset.2017.11.003. 

 

4.2.1.1. Spoilage endogenous microbiota  

The initial raw salmon muscle used in this study showed a microbial count of total 

aerobic mesophiles between 4.79-5.40 log CFU/g (Table 4.1), which were very similar to 

the microbial loads obtained by Zaragozá et al. (2014) [1] also in Atlantic salmon. Taking 

into account the value of 7.0 log CFU/g of aerobic plate counts as the limit to evaluate 

microbial spoilage [2], the salmon samples used in this study were in good conditions for 

human consumption before the storage experiments. For Enterobacteriaceae and 

Pseudomonas spp., the initial counts were between 2.34-4.73 and 4.72-5.35 log CFU/g, 

respectively (Table 4.1), which were slightly higher compared to those obtained by 

Calanche et al. (2013) [3] (1.70 and 2.11 Log CFU/g, respectively) for fresh Atlantic salmon.  

 

Table 4.1 - Initial microbial loads (in Log CFU/g) of the samples of Atlantic salmon used in the 

storage experiments. Table E1 from the Annex E shows initial microbial counts obtained in each 

storage assay. 

Microbial analyses Range of results RSD (1) 

Total aerobic mesophiles 4.79 – 5.40 5% 

Anaerobic bacteria 3.29 – 4.72 17% 

Enterobacteriaceae 2.34 – 4.73 31% 

Lactic acid bacteria 1.36 – 3.19 38% 

Pseudomonas spp. 4.72 – 5.35 5% 

H2S-producing bacteria 4.05 – 4.47 6% 

(1) RSD: Relative Standard Deviation. 

https://doi.org/10.1016/j.ifset.2017.11.003
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Microbial loads of Atlantic salmon stored by the different conditions under HS and at 

atmospheric pressure (AP, at 5, 25 and 37 ºC) as a function of storage time are shown in 

Figure 4.1.  

 

 

Figure 4.1 - Relative values of total aerobic mesophiles (a), Enterobacteriaceae (b), anaerobic 

bacteria (c), lactic acid bacteria (d) and Pseudomonas spp. (e) evolution on Atlantic salmon during 

10 days of storage under: hyperbaric storage at room temperature (HS/RT; 50 and 60 MPa, at 25 ºC; 

and 75 MPa, at 25 and 37 ºC) and under atmospheric pressure (AP, 0.1 MPa) at the same temperatures 

(AP/25 and 37 ºC) and under refrigeration (AP/5 ºC). Results are shown in relative microbial 

variation (log (N/N0)), calculated by difference between the load at the end of storage (N) and the 

initial load at day 0 (N0, in which the corresponding values are shown on the Table E1 of Annex E). 

Statistical analyses are shown on the Table E2 of Annex E.  

 

As expected, control salmon samples stored at AP/25 and 37 ºC showed an increase in 

microbial counts during storage time for all microorganisms analysed, with a total aerobic 

mesophiles counts increment (p < 0.05) after 3 days of storage to values above the acceptable 

limit for consumption (7 log CFU/g) [2] (Figure 4.1a). These samples were already 
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unacceptable for consumption at the 3rd day (showing microbial counts above 8.0 log CFU/g 

for total aerobic mesophiles), according to the acceptability limit [2], showing clear signs of 

spoilage and the packages probably were swollen due to the gases produced by microbial 

metabolism. 

Under AP/5 ºC, the microbial counts of salmon samples also increased (p < 0.05) 

during storage, reaching total aerobic mesophiles values between 7 and 8 log CFU/g after 6 

days (Figure 4.1a), and already at the 3rd day of storage, samples showed microbial counts 

close to the established limit for human consumption (6.90 ± 0.13 log CFU/g) [2]. This 

microbial load increase was less pronounced compared to samples stored at AP/25 and 37 

ºC, being this as expected situation, since AP/5 ºC slows down microbial growth. Concerning 

the other microorganisms analysed (Figure 4.1b-e), load evolution on samples stored at 

AP/5 ºC was similar to total aerobic mesophiles. These samples showed an increase (p < 

0.05) of microbial counts over the storage period, with increments of 1.6, 2.2, 1.9 and 2.3 

log units at the day 3 for Enterobacteriaceae, anaerobic bacteria, lactic acid bacteria and 

Pseudomonas spp., respectively, with no further changes (p > 0.05) until the day 10 of 

storage.   

On the other hand, the pressure levels used in the storage conditions showed different 

effects on the microbial counts throughout the storage period. A condition of 75 MPa/25 ºC 

caused an inactivation (p < 0.05) of initial total aerobic mesophiles over the storage time of 

about 1.1-1.7 log units between the 3rd and 10th days, while at 50 MPa/25 ºC, a similar effect 

to AP/5 ºC samples was verified. Otherwise, samples stored at 60 MPa/25 ºC presented a 

slower increase of total aerobic mesophiles counts during the storage time, compared to AP/5 

ºC and 50 MPa/25 ºC, with a significant total aerobic mesophiles increment (p < 0.05) of 2.3 

log units at the end of the storage (day 10). Taking account the consumption limit [2], for 

the storage at 75 MPa/25 ºC salmon samples were in good conditions at least over the 10 

days (the maximum period of storage study), while for storage at 60 MPa/25 ºC this limit 

was exceeded only at the 10th day, presenting a total aerobic mesophiles count of 7.12 ± 0.16 

log CFU/g. At the same pressure level of 75 MPa, a RT of 37 ºC caused also a significant 

reduction of initial counts (p < 0.05) of about 3.8 log units at the 6th day of storage.  

At the 3rd day, Enterobacteriaceae counts of samples stored at 50 MPa/25 ºC were 

statistically similar (p > 0.05) to AP/5 ºC (Figure 4.1b), being verified afterwards a gradual 

decrease until the day 10, with lower counts (p < 0.05) compared to the initial samples (a 
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reduction of 1.4 log units). In addition, this pressure storage condition also caused an 

increase (p < 0.05) of anaerobic bacteria (Figure 4.1c) and lactic acid bacteria (Figure 4.1d) 

counts immediately after 3 days (3.2 and 2.1 log units, respectively), showing a faster 

anaerobic bacteria growth compared to AP/5 ºC between the 3rd and 6th days, with no 

differences (p > 0.05) between 50 MPa/25 ºC and AP/5 ºC at the end of storage for both 

microorganisms (anaerobic bacteria and lactic acid bacteria). For samples stored at 60 

MPa/25 ºC, a decrease of 1.6 log units (p < 0.05) of Enterobacteriaceae counts at the 3rd day 

was observed (to values below the detection limit of ≤ 1 log CFU/g), being unchanged along 

the storage time (p > 0.05). On the other hand, for anaerobic bacteria and lactic acid bacteria, 

under the 60 MPa/25 ºC condition, the microbial growth was accelerated and was similar to 

AP/5 ºC (p < 0.05), with increments of 3.8 and 2.5 log units after 10 days of storage, 

respectively. For the conditions 75 MPa (25/37 ºC), it was observed a great reduction of the 

initial microbial load, being in most cases the initial microbial inactivated to below the 

detection limit, causing reductions up to 3.8/1.9, 3.4/2.3 and 2.2/0.7 log units at the 10th day, 

respectively, for Enterobacteriaceae, anaerobic bacteria and lactic acid bacteria counts, 

respectively. On the other hand, Pseudomonas spp. (Figure 4.1e) seemed to be more 

pressure-sensitive, revealing significant counts reduction (p < 0.05) at the 10th day of about 

2.3, 3.3, 2.8 and 3.0 log units at 50 MPa/25 ºC, 60 MPa/25 ºC, 75 MPa/25 ºC and 75 MPa/37 

ºC, respectively. 

Summing up, using a RT of 25 ºC, storage at 50 MPa was not enough to obtain results 

better than at conventional refrigeration (AP/5 ºC), while a microbial growth slowdown was 

observed at 60 MPa, but not enough to maintain the microbial counts below the limit for 

human consumption (7.0 log CFU/g for aerobic plate counts) at the 10th day of storage for 

total aerobic mesophiles. However, this condition (60 MPa/25 ºC) showed an increase of 

microbial shelf-life to at least 6 days comparatively to AP/5 ºC (≈ 3 days). The condition of 

75 MPa/25 ºC caused a reduction of initial microbial counts (inactivation effect), 

maintaining an inhibitory effect until the 10th day of storage with lower microbial values in 

all microorganisms analysed compared to initial values, and showing a considerable 

microbial shelf-life increase to at least 10 days. Using a RT of 37 ºC, this inhibition effect 

was also observed, with a reduction of the initial counts for all microorganisms analysed. 

These results mean that microbial growth is independent of the room temperature used on 

HS at this pressure level. However, in the samples stored at 75 MPa/37 ºC, it was visually 
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verified a texture change with loss of muscle consistency, showing a pasty appearance, 

which can be caused by other degradation mechanisms, such as enzymatic activity and 

chemical reactions (Figure E1 of Annex E). Contrarily, the condition 75 MPa/25 ºC allowed 

to obtain salmon samples with a visual appearance like the initial samples, showing minimal 

visual changes of the texture.  

In face of these results, it was decided to carry out another experiment at 75 MPa/25 

ºC, during a longer time of 25 days, in order to verify the possible achievable microbial shelf-

life increase of fresh salmon fish (Table 4.2). The initial microbial loads (fresh fish) were 

very close to the values obtained previously, and a microbial load decrease was verified 

along the whole storage time. This new assay of HS at 75 MPa/25 ºC caused a reduction (p 

< 0.05) of all initial microbial counts to values below the detection limit for total aerobic 

mesophiles, anaerobic bacteria and Enterobacteriaceae after 10 days, and for lactic acid 

bacteria, Pseudomonas spp. and hydrogen sulphide-producing bacteria (H2S-producing 

bacteria) after 6 days. So, this new experiment allowed to conclude that HS at 75 MPa/25 ºC 

caused an increase of the salmon shelf-life for at least 25 days, whose samples exhibited 

minimal visual changes of the texture, as it was previously obtained until the 10th day.  

Ko & Hsu (2001) [4] studied tilapia fillets stored during 12 hours under pressure levels 

of 100 and 200 MPa and at a controlled temperature of 25 ºC. The results revealed a total 

microbial load (for mesophiles and psychrophiles) similar to the initial value (4.7 log CFU/g) 

using the lower pressure (100 MPa) and a decrease to about 2 log CFU/g when stored at 200 

MPa. It is important to note that the storage time evaluated by Ko & Hsu (2001)[4] was 

lower (12 hours) than the used in our study of HS on salmon muscle (10 and 25 days), what 

indicate that there is a storage effect, i.e., storage time in these conditions possibly caused a 

higher microbial reduction using lower pressure levels. Recently, Otero et al. (2017)  [5] and 

Otero et al. (2019) [6]  studied microbial load evolution in hake loins and Atlantic mackerel 

fillets, respectively, stored at 50 MPa/5 ºC over 7 and 12 days, respectively, indicating that 

total aerobic mesophiles and Enterobacteriaceae growth was completely inhibited in the 

samples stored under pressure during all storage time. In this case, these authors used a lower 

storage temperature (5 ºC), which can help on microbial inhibition, however, there is the 

need of temperature control causing higher energetic spends (and higher costs) 

comparatively to the HS/RT. 
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Table 4.2 - Microbial load evolution (in log CFU/g) of Atlantic salmon stored at 75 MPa/25 ºC during 25 days. Different letters along each row denote 

significant differences (p < 0.05) between storage days (a-c). 

Storage conditions 
Total aerobic 

mesophiles 

Anaerobic 

bacteria 
Enterobacteriaceae 

Lactic acid 

bacteria 
Pseudomonas spp. 

H2S-producing 

bacteria 

Fresh fish 0 days 4.54 ± 0.18 b 2.63 ± 0.22 c 2.24 ± 0.08 c 1.78 ± 0.68 c 4.29 ± 0.10 c 4.05 ± 0.13 c 

75 MPa/25 ºC 

6 days 2.47 ± 0.40 c 1.26 ± 0.45 d 1.33 ± 0.58 d 1.00 d (1) 2.00 d (1) 1.00 d (1) 

10 days 1.00 d (1) 1.00 e (1) 1.00 e (1) 1.00 d (1) 2.00 d (1) 1.00 d (1) 

18 days 1.00 d (1) 1.00 e (1) 1.00 e (1) 1.00 d (1) 2.00 d (1) 1.00 d (1) 

25 days 1.00 d (1) 1.00 e (1) 1.00 e (1) 1.00 d (1) 2.00 d (1) 1.00 d (1) 

AP/5 ºC 6 days 7.00 a (2) na (3) na (3) na (3) na (3) na (3) 

AP/25 ºC 6 days 7.00 a (2) na (3) na (3) na (3) na (3) na (3) 

(1) Counts were below the detection limit (≤ 1 log CFU/g, or ≤ 2 log CFU/g in the case of Pseudomonas spp.); 

(2) Counts were above the acceptable limit (≥ 7 log CFU/g) according to ICMSF (1986) [2]; 

(3) Not analysed. 
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4.2.1.2. Physicochemical parameters 

4.2.1.2.1. pH and water activity  

The initial pH obtained in raw salmon samples was between 5.95 and 6.07 (Table 4.3), 

very similar to the pH (6.1) obtained by Mørkøre et al. (2010) [7].  

 

Table 4.3 - Initial physicochemical parameters of Atlantic salmon used in the storage experiments.  

Physicochemical analyses Range of results RSD (1) 

pH 5.95 – 6.07 1% 

aW 0.978 – 0.988 1% 

Colour:   

L* 48.30 – 56.77 10% 

a* 13.65 – 19.73 13% 

b* 15.63 – 20.92 11% 

Lipid oxidation (2):   

Primary 2.41 – 4.14 27% 

Secondary 0.33 – 0.77 49% 

Tertiary 0.22 – 0.85 78% 

(1) RSD: Relative Standard Deviation; 

(2) Primary lipid oxidation by peroxides values (mg Fe (III)/kg lipids); Secondary lipid oxidation by 

thiobarbituric acid-reactive substances, TBARS (μg malondialdehyde (MDA)/g muscle); and tertiary lipid 

oxidation by fluorescence ratio. 

 

Table 4.4 shows the evolution of pH and water activity during storage under the 

different conditions. At AP/5 ºC, pH slightly declined (p < 0.05) over the storage time (from 

6.07 to 5.88). The literature reports that the pH decreases during the first days of storage 

under refrigeration, which is probably caused by the accumulation of lactic acid produced 

by glycolysis [8]. The pH and lactic acid bacteria counts obtained on refrigerated salmon 

samples showed a good correlation between the day 0 and the 6th day (r2 = 0.9718), possible 

due to the contribution of these fermentative bacteria to the decrease of pH muscle. In 

samples stored at 50 and 60 MPa, a decrease (p < 0.05) of pH at the 6th and 10th days was 

also observed, respectively, obtaining a higher reduction (p < 0.05) for the lowest pressure, 

as expected, since in this condition was verified the higher microbial growth. pH values were 

unaffected (p > 0.05) by HS at 75 MPa after 10 days of storage, possibly because these 

samples showed reduction of microbial load. 
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Table 4.4 - Relative values of pH and water activity of Atlantic salmon stored during 10 days under: 

hyperbaric storage at 50, 60 and 75 MPa at 25 ºC; and under atmospheric pressure (AP, 0.1 MPa)  

and refrigeration (AP/5 ºC). Different letters denote significant differences (p < 0.05) between 

storage days for each storage condition (a-c) and between storage conditions for each storage day 

(A-C). 

 
Storage time (days) 

0 3 6 10 

pH: 

50 MPa 

25 ºC 

1.000 a 0.993 ± 0.001 aB 0.948 ± 0.001 bC 0.947 ± 0.009 bD 

60 MPa 1.000 a 1.004 ± 0.002 aA 0.998 ± 0.010 aA 0.981 ± 0.005 bB 

75 MPa 1.000 a 0.996 ± 0.004 aB 1.012 ± 0.006 bA 1.004 ± 0.005 abA 

0.1 MPa 5 ºC 1.000 a 0.980 ± 0.004 bC 0.964 ± 0.011 bcB 0.969 ± 0.006 cC 

Water activity:  

50 MPa 

25 ºC 

1.000 b 1.005 ± 0.002 aA 0.998 ± 0.001 cB 0.998 ± 0.001 cA 

60 MPa 1.000 a 1.000 ± 0.002 aB 0.994 ± 0.001 aC 0,998 ± 0.004 aA 

75 MPa 1.000 a 1.000 ± 0.001 aB 1.001 ± 0.001 aA 0.999 ± 0.001 aA 

0.1 MPa 5 ºC 1.000 a 1.001 ± 0.001 cB 1.001 ± 0.001 bcA 0.998 ± 0.001 bA 

 

The water activity in raw salmon samples was between 0.978 and 0.988 (Table 4.3), 

which is in agreement to those observed in the literature [9]. As can be seen in Table 4.4, 

although small changes were verified, they were not significant (p > 0.05) along the storage 

time for all storage conditions (for both HS and AP). 

 

4.2.1.2.2. Colour instrumental parameters 

The initial values of L* (lightless), a* (redness) and b* (yellowness) were between 

48.30-56.77, 13.65-19.73 and 15.63-20.92, respectively (Table 4.3). These values were 

higher than those obtained by Veiseth-Kent et al. (2010) [10], but in the case of L* and b* 

values were lower than those obtained by Yagiz et al. (2010) [11]. The colour of salmon 

muscle can be attributed to the astaxanthin carotenoid, as well as to the haem pigments [11]. 

Thus, the difference of our results with the literature can be associated to the astaxanthin or 

haem compounds concentration. On the other hand, salmon colour can be affected by the 

structural matrix of muscle resulting in alterations in the physical light scattering [10] and 

slightly differences on instrumental colour parameters registered. Additionally, it has been 

shown that the degree of sarcomere contraction affects the light scattering properties of the 

muscle, causing colour differences between stretched and contracted muscles [12].  
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Evolution of colour parameters are shown in Table 4.5. Lightness, redness and 

yellowness parameters were maintained (p > 0.05) in salmon samples stored under AP/5 ºC 

for all storage time. Lightness (L*) was the colour parameter most affected by HS, increasing 

(p < 0.05) immediately at the 3rd day of storage, being obtained the higher increase in samples 

stored at 50 MPa/25 ºC and the lowest increase at 75 MPa/25 ºC. Storage at 75 MPa/37 ºC 

also caused an increase (p < 0.05) of L* values immediately after 3 days of storage, with a 

higher L* increase compared to 75 MPa/25 ºC, but lower when compared to 50 MPa/25 ºC. 

So, it was observed that the increase of pressure level caused a lower effect on lightness, 

which is in disagreement to the literature. Usually, after pressurisation (using short holding 

times, up to 5 min, and much higher pressures, higher than 150 MPa) L* value of fish muscle 

increases as pressure level and/or pressure-holding time increase [13]. 

HS did not affect significantly (p > 0.05) the redness parameter (a*), obtaining values 

between 16.80 ± 0.64 and 21.55 ± 3.21. Regarding yellowness (b*), only samples stored at 

50 MPa/25 ºC and 75 MPa/37 ºC exhibited variations over storage time, increasing (p < 

0.05) 1.34 and 1.35 times, respectively, at the 3rd day and maintaining (p > 0.05) until the 

10th day, compared to initial one. Consequently, these two conditions showed a higher 

increase (p < 0.05) during all storage time. Thus, storage at 60 and 75 MPa at 25 ºC were the 

conditions with the best stability on salmon colour parameters, presenting no significant 

changes (p > 0.05) during the 10 days of storage. 

The ∆E* parameter was calculated with the objective of comparison between samples 

stored under the different conditions during the 10 days and the respective initial values 

obtained in raw salmon samples. So, ∆E* parameter indicates the differences between stored 

and initial samples using the L*, a* and b* values. The pressure level of 50 MPa was the 

condition that caused higher changes (p < 0.05) on salmon colour compared to the initial raw 

colour of salmon. The lowest values on colour changes were obtained for samples stored at 

75 MPa/25 ºC and AP/5 ºC. In the Figure E1 of Annex E is possible to see the final visual 

appearance of the different salmon portions samples after the storage conditions, which 

corroborates with the colour instrumental results.  
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Table 4.5 - Relative values of instrumental colour parameters (CIELab) of Atlantic salmon stored 

during 10 days under: hyperbaric storage at 50 e 60 MPa, at 25 ºC, and 75 MPa, at 25 and 37 ºC; and 

under atmospheric pressure (AP, 0.1 MPa) at the same temperatures (AP/25 and 37 ºC) and 

refrigeration (AP/5 ºC). Different letters denote significant differences (p < 0.05) between storage 

days for each storage condition (a-d) and between storage conditions for each storage day (A-C).  

Physicochemical 

parameter 

Storage time (days) 

0 3 6 10 

L*: 

50 MPa 
25 ºC 

1.00 c 1.31 ± 0.01 bA 1.47 ± 0.01 aA 1.43 ± 0.03 aA 

60 MPa 1.00 b 1.21 ± 0.02 aB 1.23 ± 0.04 aBC 1.24 ± 0.05 aB 

75 MPa 
25 ºC 1.00 b 1.12 ± 0.04 aC 1.09 ± 0.05 aD 1.12 ± 0.03 aC 

37 ºC 1.00 b 1.28 ± 0.02 aA 1.28 ± 0.01 aB 1.26 ± 0.01 aB 

0.1 MPa 5 ºC 1.00 b 1.09 ± 0.03 aC 1.16 ± 0.05 aCD 1.12 ± 0.02 aC 

a* (1): 

50 MPa 
25 ºC 

1.00 1.10 ± 0.15 1.02 ± 0.05 1.04 ± 0.11 

60 MPa 1.00 1.03 ± 0.15 0.93 ± 0.04 0.93 ± 0.15 

75 MPa 
25 ºC 1.00 1.28 ± 0.02 1.15 ± 0.13 1.25 ± 0.20 

37 ºC 1.00 1.00 ± 0.17 1.05 ± 0.08 0.81 ± 0.02 

0.1 MPa 5 ºC 1.00 1.02 ± 0.08 1.07 ± 0.13 1.12 ± 0.04 

b*: 

50 MPa 
25 ºC 

1.00 b 1.34 ± 0.08 aA 1.22 ± 0.01 aA 1.27 ± 0.11 aA 

60 MPa 1.00 a 1.07 ± 0.08 aB 1.11 ± 0.07 aC 1.11 ± 0.04 aA 

75 MPa 
25 ºC 1.00 a 1.11 ± 0.02 aB 1.00 ± 0.11 aC 1.08 ±0.18 aA 

37 ºC 1.00 b 1.35 ± 0.06 aA 1.49 ± 0.03 aB 1.37 ± 0.08 aA 

0.1 MPa 5 ºC 1.00 a 1.07 ± 0.11 aB 1.03 ± 0.10 aC 1.04 ± 0.02 aA 

∆E* (2): 

50 MPa 
25 ºC 

- 

16.85 ± 1.23 aC 23.24 ± 0.18 aA 21.47 ± 1.18 aB 

60 MPa 11.97 ± 1.56 bA 12.88 ± 2.13 cA 13.61 ± 2.77 bcA 

75 MPa 
25 ºC 8.73 ± 1.74 bcA 6.49 ± 2.30 dA 8.59 ± 2.87 cdA 

37 ºC 16.01 ± 1.21 aA 16.81 ± 0.54 bA 15.46 ± 0.86 bA 

0.1 MPa 5 ºC 4.77 ± 2.18 cA 8.25 ± 1.69 dA 6.33 ± 0.55 dA 

(1) No significant differences were observed; 

(2) ∆E* values are not shown in relative values, representing the differences between the final and initial colour 

of salmon for each storage day (3, 6 and 10). 

 

For the longest storage condition of 25 days (Table 4.6), a similar variation of colour 

parameters to the previously mentioned for 75 MPa/25 ºC until the 10th day was obtained. 
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The value of ∆E* after 25 days of storage was 9.34 ± 0.41, which was similar to that obtained 

previously after 10 days (8.59 ± 2.87). These results indicate that there are no differences on 

salmon colour using a longer storage period. 

 

Table 4.6 - Initial instrumental colour parameters (CIELab) of Atlantic salmon stored at 75 MPa/25 

ºC during 25 days. Different letters along each column denote significant differences (p < 0.05) 

between storage days (a-c). 

Storage conditions L* a* b* ∆E* 

Fresh fish 0 days 64.15 ± 2.79 b 18.48 ± 1.62 b 17.70 ± 1.49 c - 

75 MPa/25 ºC 

10 days 68.62 ± 1.53 a 17.92 ± 1.72 b 21.79 ± 2.91 b 7.83 ± 1.95 b 

18 days 67.37 ± 1.58 a 15.07 ± 2.23 b 21.95 ± 0.51 b 5.82 ± 1.10 b 

25 days 67.73 ± 1.92 a 16.75 ± 1.88 b 25.64 ± 0.81 a 9.34 ± 0.41 a 

AP/5 ºC 10 days 54.08 ± 0.83 c 22.03 ± 0.74 a 20.34 ± 0.30 b 6.33 ± 0.55 b 

 

 In salmon muscle, red colour is the most important organoleptic property for 

customer acceptance [14], which is dictated mainly by carotenoids (astaxanthin and 

canthaxanthin) and somewhat by haem proteins [15]. Generally, in high pressure (HP) 

processing of salmon muscle, redness is reduced with increasing pressure and treatment 

time, as it was observed in salmon muscle treated from 100 to 200 MPa at 5 ºC for 10-60 

min [16]. This effect can be attributed to pressure-induced denaturation of myofibril 

including the astaxanthin-binding proteins or the structural change of the astaxanthin-actinin 

after HP [17, 18]. In addition, the oxidation of astaxanthin and myoglobin is accelerated by 

HP treatment and coupled with pressure-induced denaturation of haem compounds are also 

responsible for the change in fish redness [19]. In present work, redness of salmon muscle 

stored under pressure was unchanged, revealing that under these HS/RT conditions 

astaxanthin and/or myoglobin are probably unaffected. Furthermore, the changes on the 

samples stored at 50 MPa/25 ºC might be probably produced mainly by the microbial 

spoilage, enzymatic activity or oxidation processes, causing several structural changes of the 

muscle and variation on the obtained colour parameters.   
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4.2.1.2.3. Lipid oxidation  

The total lipid content extracted from salmon samples ranged from 10.4 to 33.1% 

(w/w), which values are in the ranged presented in the literature for the same fish species 

[20]. Initially, peroxides value (primary lipid oxidation products) were between 2.41 and 

4.14 mg Fe (III)/kg lipids (Table 4.3), which were in agreement to the literature [21]. 

Primary lipid oxidation (Figure 4.2a) increased (p < 0.05) of about 3.8-fold after 3 days of 

storage time for salmon samples stored at AP (5 and 25 ºC), compared to the initial values 

on raw salmon, declining afterwards to values similar (p > 0.05) to the initial one. Data 

obtained on samples stored under pressure revealed a higher content in peroxides 

compounds, increasing higher than 7.5-fold after 3 days of storage comparatively to the 

initial value (p < 0.05). 

 Regarding thiobarbituric acid-reactive substances (TBARS, which indicates the 

secondary lipid oxidation), the initial values obtained were between 0.33 and 0.77 µg 

malondialdehyde (MDA)/g fish (Table 4.3), which were in agreement to the literature [21]. 

According to the TBARS evolution (Figure 4.2b), unchanged values at AP/25 ºC during the 

6 days was obtained (p > 0.05), while for AP/5 ºC a slight increase (1.24-fold, p < 0.05) after 

6 days was registered. Nevertheless, HS caused an increment on TBARS values, being 

observed an accelerated secondary lipid oxidation (7.21-fold) for 75 MPa condition, 

followed by 60 MPa and finally 50 MPa, with an increase of 4.53- and 2.59-fold, 

respectively.  

Concerning fluorescent compounds, the initial values ranged between 0.22 and 0.28 

(Table 4.3), similar to those observed by Abreu et al. (2010) [21]. A pronounced increase of 

fluorescent compounds formation (p < 0.05) of about 50-fold could be observed for samples 

stored at AP/25 ºC (Figure 4.2c). However, no variation (p > 0.05) was observed for HS and 

AP/5 ºC samples during storage period, no verifying tertiary lipid oxidation products 

formation on samples stored under pressure. 
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Figure 4.2 - Relative values of primary (a, peroxides values), secondary (b, thiobarbituric acid-

reactive substances, TBARS), and tertiary (c, fluorescent compounds) lipid oxidation of Atlantic 

salmon during 10 days of storage under: hyperbaric storage at room temperature (HS/RT; 50 and 60 

MPa, at 25 ºC; and 75 MPa, at 25 ºC) and atmospheric pressure (AP, 0.1 MPa) at the same 

temperature (AP/25 ºC) and refrigeration (AP/5 ºC). Statistical analyses are shown on the Table E3 

of Annex E. 
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For the longest storage condition of 25 days (Table 4.7), 75 MPa/25 ºC caused an 

increase (p < 0.05) of primary lipid oxidation of salmon samples after 25 days, from 9.93 ± 

0.02 to 24.26 ± 1.09 mg Fe (III)/kg lipids, which corresponds to an increase of about 2.4-

fold. For secondary lipid oxidation was observed also an increase (p < 0.05) of TBARS 

values in about 29-fold after 25 days, from an initial value of 0.25 ± 0.06 to 7.35 ± 0.30 µg 

MDA/g fish. On the other hand, no variations (p > 0.05) were observed in tertiary lipid 

oxidation, with fluorescent compounds kept in values similar to fresh salmon samples after 

25 days. Similar to those observed previously in the 10 day-storage, at AP conditions, there 

was observed and increase of lipid oxidation state, registering an increase of formation of 

tertiary lipid oxidation products in about 13-fold for AP/25 ºC samples. 

 

Table 4.7 – Lipid oxidation (1) evolution of Atlantic salmon stored at 75 MPa/25 ºC during 25 days. 

Different letters along each column denote significant differences (p < 0.05) between storage days 

(a-e).  

Storage conditions Primary Secondary Tertiary 

Fresh fish 0 days 9.93 ± 0.02 d 0.25 ± 0.06 d 0.85 ± 0.06 b 

75 MPa/25 ºC 

6 days 15.08 ± 0.28 c 3.00 ± 0.41 c 0.20 ± 0.01 e 

10 days 22.36 ± 1.11 b 5.13 ± 0.33 b 0.37 ± 0.01 d 

18 days 22.95 ± 0.09 b 5.51 ± 0.14 b 0.55 ± 0.03 c 

25 days 24.26 ± 1.09 a 7.35 ± 0.30 a 0.81 ± 0.01 b 

AP/5 ºC 6 days 5.59 ± 0.03 d 0.41 ± 0.01 d 0.60 ± 0 01 c 

AP/25 ºC 6 days 6.97 ± 0.08 d 0.41 ± 0.01 d 11.16 ± 1.86 a 

(1) Primary lipid oxidation by peroxides values (mg Fe (III)/kg lipids); Secondary lipid oxidation by TBARS 

(µg MDA/g fish); and tertiary lipid oxidation by fluorescent compounds. 

 

The lower values of peroxides and TBARS, and the higher values of fluorescent 

compounds, of AP/25 ºC condition can be explained as a result of lipid oxidation 

mechanisms from primary to secondary and tertiary oxidations, due to the interactions 

between hydroperoxides and compounds formed on the secondary oxidation (namely, 

electrophilic compounds) and protein-type molecules (namely, nucleophilic compounds) 

present in the salmon muscle [22]. For conventional refrigeration (AP/5 ºC), all lipid 

oxidation stages showed low values. Contrarily, an increase of the peroxides and TBARS 

values was observed in samples stored at 75 MPa/25 ºC, indicating a possible pro-oxidant 

effect of pressure. Generally, fish lipid oxidation was accelerated by HP processing (high 
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pressure levels and short holding times) and subsequent chilled storage [23–25]. However, 

the effects of pressure on fish lipid oxidation also varied vastly depending on the pressure 

level and holding time, fish species and the type of muscle (dark or white muscle). There are 

several reasons for the HP effect on fish lipid oxidation. Wada & Ogawa (1996) [26] found 

that protein denaturation could be important in catalysing lipid oxidation in fish muscles 

because the interaction between proteins and lipids was destroyed leading to the increase in 

the surface between lipid and oxygen, thus allowing oxidation to occur easily. In addition, 

Atlantic salmon exhibits a fatty and dark muscle containing a higher amount of unsaturated 

lipids and pro-oxidants (iron and haem proteins) [27], which after a pressure treatment 

causes denaturation of haem protein releasing metal ions and promoting lipid auto-oxidation 

[28].  

 

 

4.2.2. Hyperbaric storage at low temperature 

 

This section is adapted from the submitted manuscript: L.G. Fidalgo, R. Castro, M. 

Trigo, S.P. Aubourg, I. Delgadillo and J.A. Saraiva. (2019) Shelf-life extension of fresh 

Atlantic salmon (Salmo salar) under hyperbaric storage at low temperature by evaluation of 

microbial and physicochemical quality indicators. Food and Bioprocess technology. DOI: 

10.1007/s11947-019-02346-3 

 

4.2.2.1. Spoilage endogenous microbiota  

Table 4.8 (and Table F1 from the Annex F) showed the initial microbial counts for 

raw salmon muscle used in this study. Initial total aerobic psychrophiles counts were 

between 4.19 and 5.40 log CFU/g, which were very similar to those obtained in previous 

work (Chapter 4 – Section 4.2.1). According to the limit of 7.0 log CFU/g of aerobic plate 

counts established by ICMSF (1986) [2], the salmon samples used in this study were also in 

good conditions for human consumption before the storage experiments.  

Evolution of the microbial counts in relative values of Atlantic salmon stored under 

the different conditions of pressure/temperature is shown in Figure 4.3 (statistical analyses 

are presented in Table F2 from the Annex F). Control samples, stored at AP at 5, 10 and 15 

ºC, showed a progressive increase (p < 0.05) of total aerobic psychrophiles counts during 
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the 10 days of storage, with increments of 1.49, 2.05 and 1.93 log units, respectively, at the 

3rd day of storage, which correspond to values next or above the acceptable limit of 7.0 log 

CFU/g (Figure 4.3a) [2]. Consequently, these samples were already unacceptable for 

consumption at the 6th day, according to the same acceptability limit [2], and showed evident 

visual signs of spoilage, mainly samples stored at AP/15 ºC. For the other microorganisms 

analysed, these samples showed a similar behaviour to total aerobic psychrophiles, with 

samples stored at AP/15 ºC presenting counts above the acceptable limit after 10 days of 

storage. 

 

Table 4.8 - Initial microbial load (in Log CFU/g) of the different samples of Atlantic salmon used in 

the storage experiments. Table F1 from the Annex F shows initial microbial counts obtained in each 

storage assay. 

Microbial analyses  Results RSD (1) 

Total aerobic psychrophiles 4.19 – 5.40 9% 

Anaerobic bacteria 1.72 – 4.39 28% 

Enterobacteriaceae 1.90 – 2.91 16% 

Lactic acid bacteria 1.95 – 3.15 34% 

Pseudomonas spp. 4.16 – 6.06 13% 

H2S-producing bacteria 3.65 – 5.47 22% 

(1) RSD: Relative Standard Deviation. 

 

Increasing pressure level, microbial evolution was progressively affected during 

storage time. However, the present results showed that decreasing the temperature storage 

under a lower pressure allowed obtaining an improvement of the microbial stability. For 

instance, for the pressure level of 50 MPa, at 5 ºC, a microbial load reduction (p < 0.05) was 

verified, of about 1.45, 1.00, 0.56 and 1.67 log units for total aerobic psychrophiles (Figure 

4.3a), Enterobacteriaceae (Figure 4.3c), Pseudomonas  spp. (Figure 4.3e) and H2S 

producing-bacteria (Figure 4.3f), respectively. For anaerobic bacteria (Figure 4.3b) and 

lactic acid bacteria (Figure 4.3d), the initial microbial load was maintained during the whole 

storage time. On the other hand, increasing the temperature storage to 10 ºC, and maintaining 

the same pressure storage (50 MPa), only allowed obtaining a microbial growth slowdown. 

In this latter condition (50 MPa/10 ºC), there is only an exception for lactic acid bacteria 

counts, which showed a reduction at the 3rd day of about 1.61 log units, further increasing to 

values similar to AP/5 ºC, at the 10th day of storage. However, using a higher pressure of 60 



4.2. MICROBIAL AND PHYSICOCHEMICAL PARAMETERS 

4.2.2. Hyperbaric storage at low temperature 

99 

MPa (at same 10 ºC of storage temperature), this condition was enough to reduce the initial 

microbial counts for all the microorganisms analysed after 10 days of storage (1.29, 1.22, 

1.99, 1.58 and 2.12 log units for total aerobic psychrophiles, Enterobacteriaceae, lactic acid 

bacteria, Pseudomonas spp. and H2S producing-bacteria, respectively), except for anaerobic 

bacteria, for which a maintenance of the initial microbial load was observed. 

 

 

Figure 4.3 - Relative values of total aerobic psychrophiles (a), Enterobacteriaceae (b), anaerobic 

bacteria (c), lactic acid bacteria (d), Pseudomonas spp. (e) and H2S-producing bacteria (f) evolution 

on Atlantic salmon during 10 days of storage under: hyperbaric storage at low temperature (40 and 

50 MPa at 5 ºC; 50 and 60 MPa at 10 ºC; and 50 and 60 MPa at 15 ºC), and under atmospheric 

pressure (AP, 0.1 MPa) at the same temperatures (5, 10 and 15 ºC). Results are shown in relative 

microbial variation (log (N/N0)), calculated by difference between the logarithmic load at the end of 
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storage (N) and the initial logarithmic load at day 0 (N0, - as shown on the Table F1 from the Annex 

F). Statistical analyses are shown in Table F2 from the Annex F. 

A microbial inhibition was obtained using the other pressure/temperature conditions 

(50 and 60 MPa, at 15 ºC), showing total aerobic psychrophiles counts higher than 7 log 

CFU/g (established limit) at the 10th day, except for 40 MPa/5 ºC, which showed a very close 

value to the acceptable limit, of about 6.47 log CFU/g (an increase of 1.91 log units), at the 

end of storage. Accordingly, these samples resulted in an increase of microbial shelf-life to 

at least 6 days, unlike AP/5 ºC that showed microbial load above the acceptable limit at the 

same sampling day. Total aerobic psychrophiles presented a similar behaviour to total 

aerobic psychrophiles counts, while the other microorganisms, as the case of 

Enterobacteriaceae, lactic acid bacteria, Pseudomonas spp. and H2S producing-bacteria, 

were more pressure sensible.  

Recently, for hake loins [5] and Atlantic mackerel fillets [6] stored at 50 MPa/5 ºC 

during 7 and 12 days, respectively, it was reported that microbial growth was inhibited at 

the beginning of the storage period, while microbial inactivation was verified in the samples 

stored under pressure during all storage time. In the current work, similar results were 

obtained for the same storage condition (50 MPa/5 ºC). As a result, the two 

pressure/temperature conditions of 50 MPa/5 ºC and 60 MPa/10 ºC were the most efficient 

to preserve fresh fish, since in addition to microbial growth inhibition, it was observed 

additionally microbial inactivation during the 10 days of storage.  

Since 5 ºC is a refrigeration temperature, it was decided to pursue this work, studying 

a longer storage time of 50 days, in order to verify the possible achievable microbial shelf-

life increase of fresh salmon fish at 60 MPa/10 ºC, since this allows for energetic costs 

reduction (10 ºC versus 5 ºC). Microbial evolution of this longer time experiment (50 days) 

using the pressure/temperature condition of 60 MPa/10 ºC is shown in Table 4.9. 

The initial microbial loads (fresh fish) were very close to those obtained in the first 

experiment (10 days), and a microbial load decrease (p < 0.05) was also verified at day 6 in 

samples stored at 60 MPa/10 ºC, as was verified in the 10-day experiment. On the other 

hand, and similarly to the previously observed results, storage at AP at 5 and 10 ºC, caused 

an increase of the initial microbial load for all the microorganisms, except for 

Enterobacteriaceae on samples stored at AP/5 ºC, for which the initial value was maintained 

after 6 days. Differently, during the 50 days of storage at 60 MPa/10 ºC, a progressive 
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reduction (p < 0.05) was observed for all the microorganisms analysed, with values below 

the detection limit for Enterobacteriaceae, lactic acid bacteria, Pseudomonas spp. and H2S 

producing-bacteria being verified. In the case of total aerobic psychrophiles and anaerobic 

bacteria, a reduction of 1.25 and 0.41 log units, respectively, was obtained. These results 

clearly show the potential of HS to extend the microbial shelf-life of fresh fish. 
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Table 4.9 – Microbial load evolution (in log CFU/g) of Atlantic salmon stored at 60 MPa/10 ºC during 50 days, and AP (5 and 10 ºC) during 15 days. 

Different letters along each column denote significant differences (p < 0.05) between storage conditions (a-e). 

Storage conditions 
Total aerobic 

psychrophiles 

Anaerobic 

bacteria 
Enterobacteriaceae 

Lactic acid 

bacteria 

Pseudomonas 

spp. 

H2S-producing 

bacteria 

Fresh fish 0 days 4.31 ± 0.08 c 2.40 ± 0.25 c 2.47 ± 0.06 b 2.00 ± 0.17 c 4.04 ± 0.23 c 2.23 ± 0.31 c 

60 MPa/10 ºC 

6 days 3.82 ± 0.15 cd 1.93 ± 0.17 c ≤ 1.00 c (1) 2.25 ± 0.27 c 2.90 ± 0.82 d ≤ 1.00 d (1) 

15 days 3.44 ± 0.11 de ≤ 1.00 d (3) ≤ 1.00 c (1) ≤ 1.00 d (1) ≤ 2.00 d (1) ≤ 1.00 d (1) 

30 days 3.31 ± 0.05 de ≤ 1.00 d (3) ≤ 1.00 d (1) ≤ 1.00 d (1) ≤ 2.00 d (1) ≤ 1.00 d (1) 

50 days 3.06 ± 0.13 e 1.99 ± 0.60 c ≤ 1.00 c (1) ≤ 1.00 d (1) ≤ 2.00 d (1) ≤ 1.00 d (1) 

AP/5 ºC 
6 days 5.57 ± 0.51 b 4.12 ± 0.10 b 2.49 ± 0.54 b 3.23 ± 0.05 b 6.02 ± 0.41 b 4.65 ± 0.03 b 

15 days ≥ 7.00 a (2) na (3) na (3) na (3) na (3) na (3) 

AP/10 ºC 
6 days 6.86 ± 0.44 a 6.66 ± 0.50 a 5.50 ± 0.73 a 5.93 ± 0.21 a 7.09 ± 0.18 a 5.75 ± 0.69 a 

15 days ≥ 7.00 a (2) na (3) na (3) na (3) na (3) na (3) 
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4.2.2.2. Physicochemical parameters 

Several physicochemical parameters were evaluated during 50 days for the longer 

storage experiment (60 MP/10 ºC), such as pH, colour, volatile amines and lipid oxidation. 

 

4.2.2.2.1. pH muscle 

Samples stored at 60 MPa/10 ºC and at AP (5 and 10 ºC) were also evaluated by pH 

measurements (Table 4.10). The initial pH obtained in raw salmon samples was 6.02 ± 0.02, 

very similar to values obtained in a previous work (pH 5.95-6.07; Chapter 4 - Section 4.2.1). 

Storage at AP/10 ºC caused a decrease (p < 0.05) of pH, from 6.02 ± 0.02 to 5.86 ± 0.03 and 

5.80 ± 0.04 after 6 and 15 days, respectively, which is probably caused by the accumulation 

of lactic acid produced by microbial glycolysis, as it was previously referred (Chapter 4 - 

Section 4.2.1) for storage at AP/5 ºC, due to the contribution of acid lactic bacteria to the 

decrease of pH muscle. For storage at AP/5 ºC, there was also a similar decrease of the initial 

pH, being verified a reduction to 5.88 ± 0.04 after 15 days. Differently, at 60 MPa/10 ºC no 

change in pH was observed. These results are similar to those obtained by Otero et al. (2017) 

[5] and Otero et al. (2019) [6], which reported that after 7 and 12 days of storage at 5 ºC, 

respectively, no variations were detected in the pH values of Cape hake loins and Atlantic 

mackerel fillets, respectively, both in AP and HS (50 MPa) samples. 

 

Table 4.10 - pH evolution of Atlantic salmon stored at 60 MPa/10 ºC during 50 days, and AP (5 and 

10 ºC) during 15 days. Different letters denote significant differences (p < 0.05) between storage 

conditions (a-c). 

Storage conditions pH  

Fresh fish 0 days 6.02 ± 0.02 b  

60 MPa/10 ºC 

6 days 6.08 ± 0.01 a  

15 days 6.09 ± 0.02 a  

30 days 6.10 ± 0.01 a  

50 days 6.08 ± 0.02 a  

AP/5 ºC 
6 days 6.01 ± 0.02 b  

15 days 5.88 ± 0.04 c  

AP/10 ºC 
6 days 5.86 ± 0.03 c  

15 days 5.80 ± 0.04 c  
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4.2.2.2.2. Volatile amines 

a) Total volatile basic-nitrogen 

The level of total volatile basic-nitrogen (TVB-N, Table 4.11) was initially 26.13 ± 

1.62 mg N/100 g muscle, similarly to values reported by other authors [3] and did not exceed 

the legal limit (35 mg/100 g muscle) stipulated for Atlantic salmon muscle in accordance to 

the Regulation (EC) No 1022/2008 [29].  

 

Table 4.11 – Volatile amines evolution of Atlantic salmon stored at 60 MPa/10 ºC during 50 days, 

and at atmospheric pressure (AP, 5 and 10 ºC) during 6 days. Different letters along each column 

denote significant differences (p < 0.05) between storage conditions (a-c). 

Storage conditions TVB-N TMA-N DMA-N Formaldehyde 

Fresh fish 0 days 26.13 ± 1.62 b 0.03 ± 0.01 b 0.134 ± 0.004 c 75.73 ± 17.84 e 

60 MPa/10 ºC 

6 days 27.32 ± 1.29 b 0.16 ± 0.07 b 0.156 ± 0.005 b 206.89 ± 5.57 c 

15 days 29.01 ± 1.25 b 0.58 ± 0.22 b 0.158 ± 0.005 b 258.19 ± 14.89 b 

30 days 38.65 ± 3.49 a 0.71 ± 0.29 b 0.158 ± 0.012 b 292.43 ± 5.19 ab 

50 days 42.22 ± 6.11 a 1.58 ± 0.45 b 0.151 ± 0.008 bc 302.68 ± 13.42 a 

AP/5 ºC 6 days 25.87 ± 1.16 b 0.22 ± 0.17 b 0.186 ± 0.003 b 208.27 ± 17.33 c 

AP/10 ºC 6 days 44.24 ± 4.59 a 15.88 ± 1.52 a 0.143 ± 0.007 bc 163.28 ± 3.39 d 

(1) TVB-N: Total volatile basic-nitrogen (mg N/100 g muscle); TMA-N: Trimethylamine-nitrogen (mg TMA-

N/100 g muscle): DMA-N: Dimethylamine-nitrogen (mg DMA-N/100 g muscle); Formaldehyde (µg 

formaldehyde/100 g muscle). 

 

Storage at AP/10 ºC caused an increase (p < 0.05) of TVB-N content in about 1.69-

fold, showing salmon deterioration throughout the storage, which could be correlated with 

the higher microbial load of these samples. However, 6 days of refrigeration (AP/5 ºC) did 

not affect (p > 0.05) the formation of TVB-N, showing similar values to the initial one. 

Baixas-Nogueras et al. (2002) [30] observed an increase on TVB-N values for Mediterranean 

hake (Merluccius merluccius) only after 10 days at 6-8 ºC, and only a slight increase after 

20 days in samples stored in ice. Samples stored at AP/10 ºC exceeded the legal limit [29] 

after 6 days of storage, showing an average value of 44.24 ± 4.59 mg N/100 g muscle. 

HS at 60 MPa/10 ºC showed a maintenance (p > 0.05) of the TVB-N formation to at 

least the 15th day of storage, increasing thereafter. These results are in agreement with those 

obtained by Otero et al. (2017) [5], who verified that HS at 50 MPa/5 ºC seemed not to affect 

TVB-N content of hake loins during 7 days, contrarily to a 3-fold increase obtained at AP/5 
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ºC at the same sampling day. On the other hand, Otero et al. (2019) [6] observed that HS at 

the same conditions (50 MPa/5 ºC), after 12 days, resulted in an increase of TVB-N content 

on Atlantic mackerel samples. In our work, after 30 and 50 days of storage of salmon 

samples, TVB-N values increased in about 1.48- and 1.62-fold, respectively, reaching values 

similar to AP/10 ºC after 6 days, higher than the legal limit [29]. HP processing (250 and 

400 MPa, 5 min) of sea bass did not cause changes on TVB-N values up to at least 18 days 

[31]. However, results from HP processing cannot be easily extrapolated to HS, since in the 

latter pressure is much lower, while time under pressure is much longer.  

Özyurt et al. (2009) [32] stated that the rise in TVB-N is related to the activity of 

spoilage bacteria and endogenous enzymes. This parameter includes trimethylamine-

nitrogen (TMA-N, produced by spoilage bacteria), ammonia (produced by deamination of 

amino acids and nucleotides catabolites), and dimethylamine-nitrogen (DMA-N, produced 

by autolytic enzymes mainly during frozen storage). As in HS samples there was no 

microbial growth after 30 days of storage, probably the TVB-N formation was caused by 

enzymatic activity.  

 

b) Trimethylamine-nitrogen 

Initial salmon samples showed a value of 0.03 ± 0.01 mg TMA-N/100 g muscle (Table 

4.11), values close to that obtained by other authors (0.05 ± 0.01 mg TMA-N/100 g) also in 

Atlantic salmon [33]. According to Hansen et al. (2009) [34], salmon contains naturally low 

levels of trimethylamine N-oxide (TMAO) and the TMA-N formation is low, which is in 

agreement with the low levels found in this study and in salmon species [35]. After 6 days 

of storage, TMA-N formation was clearly affected by storage under AP/10 ºC, presenting an 

increase (p < 0.05) of the initial values of about 570-fold. In addition, although not as 

pronounced and without significant statistical differences (p < 0.05), there was an increase 

of TMA-N values on samples stored at AP/5 ºC of about 7.80-fold of the initial value, and a 

progressive increase (p < 0.05) on HS samples over storage time, showing an increase of 

about 57-fold the initial value at the 50th day. The level of TMA-N found in fresh fish rejected 

by sensory panels varies between species, but it is typically around 10-15 mg TMA-N/100 

g in aerobically-stored fish [36]. Consequently, only samples stored at AP/10 ºC could be 

rejected, since these fish samples showed a value of 15.88 ± 1.52 mg TMA-N/100 g. 
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TMA-N value is one of the most commonly employed quality methods to assess 

microbial activity in marine species kept under refrigerated conditions. According to Baixas-

Nogueras et al. (2002) [30], hake samples stored in ice showed values around 4 mg/100 g 

only after 20 days, but earlier and higher TMA-N values (> 15 mg/100 g after 10 days) were 

observed for samples stored at 6-8 °C, which agree to what was obtained in the current study.  

On the other hand, according to the microbial inhibition (and inactivation) under HS 

(60 MPa/10 ºC) during the 50 days of storage, an inhibition of the TMA-N formation was 

expected to occur. However, the conversion of TMAO into TMA-N observed in this study 

may be caused by non-enzymatic processes or by endogenous tissue enzymes. Nevertheless, 

a good correlation between microbial inactivation by HP processing and the TMA-N 

formation was observed in many fish muscles [37]. 

 

c) Dimethylamine-nitrogen and formaldehyde 

DMA-N content on the initial samples (fresh salmon) was 0.134 ± 0.004 mg DMA-

N/100 g muscle (Table 4.11), which agrees with the values obtained by other authors using 

Coho salmon (1.0-1.9 mg DMA-N/kg muscle [38]) and hake (1.83 mg DMA-N/kg muscle 

[39]). After 6 days under refrigeration (AP/5 ºC), an increase (p < 0.05) of about 1.38-fold 

was observed. However, for samples stored at AP/10 ºC (6 days) there was no effect (p > 

0.05) on DMA-N formation. For HS samples, a small increase was verified (to a maximum 

of ~0.158 mg DMA-N/100 g muscle after 15 and 30 days) and decreasing to 0.151 ± 0.008 

mg DMA-N/100 g muscle after 50 days.   

Initial salmon sample showed a formaldehyde content of about 75.73 ± 17.84 µg 

formaldehyde/100 g muscle (Table 4.11), which is in agreement with values reported before 

by Chung & Chan (2009) [40] using Atlantic salmon (<1 mg/kg) and Vázquez et al. (2018) 

[39] using hake samples (~0.83 mg formaldehyde/kg muscle). All stored samples showed an 

increase (p < 0.05) of the initial formaldehyde content. After 6 days of storage, there were 

no differences (p > 0.05) between samples stored at AP/5 ºC and HS (60 MPa/10 ºC), 

presenting an increase of formaldehyde values to 208.27 ± 17.33 and 206.89 ± 5.57 µg 

formaldehyde/100 g muscle, respectively, while at AP/10 ºC, a less intense increase was 

verified (163.28 ± 3.39 µg FA/100 g muscle) at the same storage day. For HS samples, 

formaldehyde content increased progressively (p < 0.05) until the 50th day of storage to a 
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value of 302.68 ± 13.42 µg formaldehyde/100 g muscle, which corresponds to a rise in about 

4-fold of the initial value.  

As it was explained previously, TMA-N formation is mainly caused by microbial 

activity, while concerning DMA-N, its formation can be explained based on the TMAO 

breakdown catalysed by an endogenous enzyme widely present in fish species (i.e. 

trimethylamine oxide aldolase) and be produced equimolecularly with formaldehyde [41]. 

A marked inhibitory effect of storage pressure on DMA-N formation was observed in the 

current study and this effect was verified in other studies when HP treatments (150-450 MPa 

for 2 min) were applied on hake (M. merluccius) before freezing [39]. It is important to 

mention that, there was a low DMA-N and formaldehyde formation on AP/10 ºC-stored 

samples, which might be due to the high TMA-N content in the same samples, indicating 

that practically all TMAO was converted to TMA-N. However, formaldehyde content 

increased ca. 4-fold on HS samples along the storage time, which indicates that possibly the 

enzymatic activity of trimethylamine oxide aldolase was not totally inhibited and occured 

enzymatic reduction of TMAO to DMA-N and formaldehyde. However, DMA-N content 

increased only between the 6th and 30th days (ca. 1.2-fold), resulting in similar values to the 

initial one after 50 days of storage. These results could indicate that, besides natural 

formation of formaldehyde in fish and seafood by enzymatic reaction, other biochemical 

reactions can also occur, as was stated by Noordiana et al. (2011) [42]. 

 

4.2.2.2.3. Instrumental colour parameters 

The colour parameters values obtained in the initial raw salmon were: 56.54 ± 1.39 for 

L* (lightless), 16.61 ± 3.19 for a* (redness) and 18.06 ± 4.09 for b* (yellowness) (Table 

4.12), similar to values obtained previously (Chapter 4 – Section 4.2.1).  Nevertheless, 

according to the literature, there are several reasons for colour differences of salmon muscle, 

which could be caused by different content in astaxanthin carotenoid, as well as to the haem 

pigments [11]. Accordingly, to minimize these effects, several measurements in different 

locations of the muscle salmon were carried out in the current study.  
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Table 4.12 – Instrumental colour parameters evolution of Atlantic salmon stored at 60 MPa/10 ºC 

during 50 days, and AP (5 and 10 ºC) during 6 days. Different letters along each column denote 

significant differences (p < 0.05) between storage conditions (a-b). 

Storage conditions L* a* b* ∆E* 

Fresh fish 0 days 56.54 ± 1.39 ab 16.61 ± 3.19 a 18.06 ± 4.09 a - 

60 MPa/10 ºC 

6 days 54.71 ± 3.05 b 19.11 ± 2.88 a 19.68 ± 2.70 a 5.12 ± 1.96 a 

15 days 59.98 ± 0.57 a 20.00 ± 1.16 a 21.15 ± 1.05 a 5.80 ± 1.28 a 

30 days 59.32 ± 0.53 ab 18.87 ± 1.38 a 19.36 ± 0.57 a 3.93 ± 1.09 a 

50 days 60.60 ± 1.72 a 19.53 ± 3.62 a 20.60 ± 3.24 a 6.96 ± 1.07 a 

AP/5 ºC 6 days 56.77 ± 2.17 ab 16.59 ± 2.32 a 18.00 ± 3.55 a 3.75 ± 1.29 a 

AP/10 ºC 6 days 57.63 ± 2.26 ab 19.54 ± 2.23 a 20.00 ± 4.04 a 5.17 ± 2.59 a 

 

Salmon samples stored at atmospheric pressure (AP/5 and 10 ºC) after 6 days presented 

a maintenance (p > 0.05) of the colour parameters (lightness, redness and yellowness). 

Furthermore, compared to fresh fish, colour parameters were not statistically (p > 0.05) 

affected by pressure storage, showing values between 54.71-60.60, 19.11-20.00 and 19.36-

21.15 for lightness, redness and yellowness parameters, respectively, as can be seen on 

Table 4.12. Since these parameters did not change in any sample, this is reflected on the 

value of ∆E*, resulting in no differences (p > 0.05) between samples. The ∆E* parameter 

shows the comparison between samples stored under the different conditions and the 

respective initial values obtained in raw salmon samples (fresh fish).  

The presence of carotenoids (astaxanthin and canthaxanthin), and somewhat by haem 

proteins, on the salmon muscle contributes to the characteristic red colour [11], being a very 

important organoleptic property for the customer acceptance [14]. Generally, according to 

the literature, a reduction of salmon redness was obtained by increasing pressure and 

treatment time, due to a pressure-induced myofibrillar denaturation, including the 

astaxanthin-binding proteins or structural changes of astaxanthin-actinin [17], as it was 

observed in salmon muscle treated from 100 to 200 MPa and 5 ºC for 10-60 min [16]. In the 

current study, redness of salmon muscle stored under pressure was not affected, as also the 

other colour parameters, revealing that under these storage conditions astaxanthin and/or 

myoglobin are probably unaffected. These results are similar to those obtained in the 

previous (Chapter 4 – Section 4.2.1) using the 75 MPa/25 ºC condition (during 10 or 25 

days). On the other hand, Otero et al. (2017) [5] and Otero et al. (2019) [6] verified that 

storage under pressure (50 MPa/5 ºC, during 7 and 12 days, respectively) increased the 
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whiteness of the raw hake loins and Atlantic mackerel fillet, respectively, but after cooking 

the differences disappeared. 

 

4.2.2.2.4. Lipid oxidation 

The total lipid content extracted from salmon samples ranged from 15.4 and 21.9%, 

which values are in the ranged presented in the literature for the same fish species [20]. 

Initially (Table 4.13), the peroxides value and TBARS were 3.80 ± 1.28 mg Fe (III)/kg lipids 

and 0.36 ± 0.04 µg MDA/g fish, which are in agreement to those previously obtained 

(Chapter 4 – Section 4.2.1). However, concerning fluorescent compounds, the initial value 

was 0.05 ± 0.01, which was lower to that obtained in a previous work (0.85 ± 0.06, Chapter 

4 – Section 4.2.1).  

 

Table 4.13 – Lipid oxidation (1) evolution of Atlantic salmon stored at 60 MPa/10 ºC during 50 days, 

and AP (5 and 10 ºC) during 6 days. Different letters along each column denote significant 

differences (p < 0.05) between storage conditions (a-c). 

Storage conditions Primary Secondary Tertiary 

Fresh fish 0 days 3.80 ± 1.28 a 0.36 ± 0.04 b 0.05 ± 0.01 d 

60 MPa/10 ºC 

6 days 3.35 ± 0.51 a 1.89 ± 0.15 a  0.10 ± 0.01 cd 

15 days 3.67 ± 0.85 a 2.66 ± 0.36 a  0.06 ± 0.01 cd 

30 days 3.74 ± 0.15 a 2.38 ± 0.12 a  0.12 ± 0.01 bcd 

50 days 3.91 ± 0.97 a 2.65 ± 0.68 a 0.15 ± 0.01 bc 

AP/5 ºC 6 days 3.30 ± 0.37 a 0.35 ± 0.03 b 0.21 ± 0.03 b 

AP/10 ºC 6 days 4.32 ± 1.01 a 0.47 ± 0.01 b 0.42 ± 0.05 a 

(1) Primary lipid oxidation by peroxides values (mg Fe (III)/kg lipids); Secondary lipid oxidation by TBARS 

(μg malondialdehyde (MDA)/g muscle); and tertiary lipid oxidation by fluorescence compounds. 

 

As can be seen in Table 4.13, primary lipid oxidation did not change (p > 0.05) on HS 

and AP samples, with values ranged between 3.30 and 4.32 mg Fe (III)/kg lipids. No 

variations on values (p > 0.05) of TBARS were obtained for both storage conditions at AP 

(5 and 10 ºC). However, HS at 60 MPa/10 ºC caused an increment on TBARS values 

immediately after 6 days to 1.89 ± 0.15 µg MDA/g fish, remaining thereafter statically 

unchanged (p > 0.05) during all storage time (50 days: 2.65 ± 0.68 µg MDA/g fish). 

Otherwise, an increase of fluorescent compounds formation (p < 0.05) to a value of 0.21 ± 

0.03 and 0.42 ± 0.05 for samples stored at AP (5 and 10 ºC samples, respectively), which 
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correspond to an increase of about 4- and 8.4-fold of the initial value, respectively. On the 

other hand, no variations (p > 0.05) were observed for HS samples during storage time, with 

the tertiary lipid oxidation products being kept in values similar to fresh salmon samples.  

According to Aubourg (1999) [22], the mechanism of lipid oxidation is a process 

resulted from interactions between hydroperoxides (primary lipid oxidation) and compounds 

formed on the secondary oxidation (mainly, electrophilic compounds) and protein-type 

molecules (manly, nucleophilic compounds) present in the salmon muscle. This mechanism 

could be the explanation for the obtained results in the AP conditions (lower values of 

TBARS, and the higher values of fluorescent compounds). Contrarily, an increase of the 

TBARS values was observed in the HS samples, indicating a possible pro-oxidant effect of 

pressure, but not as intense as for AP samples. Furthermore, in previous work (Chapter 4 – 

Section 4.2.1), higher TBARS values were observed for HS samples stored at a higher 

storage pressure/temperature (75 MPa/25 ºC), with values reaching 7.35 ± 0.30 µg MDA/g 

fish after 25 days. These results indicate that a lower storage temperature (10 ºC) probably 

retards lipid oxidation, which is in agreement to the results obtained by Otero et al. (2019) 

[6], verifying that HS, at 50 MPa/5 °C, did not enhance lipid oxidation in mackerel fillets. 

Additionally, the higher values of TBARS and lower values of fluorescent compounds 

observed for HS in the present work, indicates that probably, HS reduced the reactions 

involved in the mechanism from secondary to tertiary lipid oxidations. Additionally, 

pressure storage possibly can result in a higher availability of astaxanthin in salmon muscle 

and exert a protective effect on the fish’s lipids [23]. Overall, HS samples showed a less 

advanced stage of lipid oxidation.  
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4.3. ENZYMATIC ACTIVITY AND PROTEINS STABILITY 

 

This section is adapted from the submitted manuscript: L.G. Fidalgo, I. Delgadillo and 

J.A. Saraiva. Autolytic changes involving proteolytic enzymes on Atlantic salmon (Salmo 

salar) preserved by hyperbaric storage.  

 

 

4.3.1. Effect of hyperbaric storage on the lysosomal proteases  

 

4.3.1.1. Acid phosphatase  

Figure 4.4 shows the acid phosphatase activities in salmon muscle during 10 days of 

storage time. At AP/5 ºC, residual activity decreased (35%; p < 0.05) after 3 days of storage 

with no further changes (p > 0.05) during the 10 days. Rode & Hovda (2016) [43] observed 

that acid phosphate also slightly decreased (about 10%) during 11 days at 0.5 ºC. At AP/10 

ºC, a higher residual activity was obtained (~85%) but at AP/25 and 37 ºC, residual activity 

was lower (22 and 23%, respectively; p < 0.05).  

 

 

Figure 4.4 - Residual activity (%) of acid phosphatase of Atlantic salmon after 10 days of storage 

under: hyperbaric storage (60 MPa at 10 ºC; 50, 60 and 75 MPa at 25 ºC; 75 MPa at 37 ºC) and under 

atmospheric pressure (AP, 0.1 MPa) at the same temperature (10, 25 and 37 ºC) and under 

refrigeration (AP/5 ºC). Different letters denote significant differences (p < 0.05) between storage 

days for each storage condition (a-f) and between storage conditions for each storage day (A-C). 
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After 10 days, 60 MPa (10 and 25 ºC) caused an increase (p < 0.05) of 1.5- and 1.2-

fold, respectively, of the initial activity. Contrarily, at 50 MPa/25 ºC and 75 MPa/25 and 37 

ºC a decrease (p < 0.05) of activity was observed, to values similar to AP samples. In these 

HS samples, the observed residual activity was low (20-34%), being not statistically 

different (p > 0.05) to control samples at AP/5, 25 or 37 ºC. The storage assay during longer 

times corroborate these results for both storage conditions, 60 MPa/10 ºC and 75 MPa/25 ºC 

(Table 4.14), being observed an increase and decrease, respectively, of residual activity 

during storage time (50 and 25 days, respectively). 

 

Table 4.14 - Enzymatic activities (acid phosphatase, cathepsin B, cathepsin D, and calpains) of 

Atlantic salmon stored under hyperbaric storage: 60 MPa/10 ºC and 75 MPa/25 ºC during 50 and 25 

days, respectively; and under atmospheric pressure (0.1 MPa) at same temperature (10 and 25 ºC) 

and refrigeration (4 ºC). Different letters along each column denote significant differences (p < 0.05) 

between storage conditions and days (a-f). 

Conditions 
Enzymes activity (1) 

Acid phosphatase Cathepsin B Cathepsin D Calpains 

Fresh fish 0 days 100 c 100 c 100 ab 100 a 

60 MPa/10 ºC 

6 days 162.8 ± 11.2 b 109.8 ± 3.6 bc 67.6 ± 9.8 b 27.4 ± 1.1 de 

15 days 146.5 ± 10.0 b 94.7 ± 5.4 c 99.8 ± 17.6 ab 15.0 ± 1.8 ef 

30 days 111.4 ± 4.4 c 69.6 ± 5.9 d 80.0 ± 20.6 b 2.3 ± 0.4 f 

50 days 221.1 ± 5.5 a 154.5 ± 8.8 a 129.5 ± 14.1 a 28.9 ± 2.3 d 

AP/5 ºC 6 days 42.2 ± 1.5 d 101.4 ± 16.0 c 77.7 ± 21.2 b 66.7 ± 0.5 c 

AP/10 ºC 6 days 46.1 ± 3.4 d 129.6 ± 1.2 b 70.5 ± 10.5 b 83.9 ± 11.9 b 

 

Fresh fish 0 days 100 a 100 a 100 100 b 

75 MPa/25 ºC 

6 days 37.0 ± 2.3 bc 49.9 ± 9.1 b 99.6 ± 13.7 15.3 ± 1.3 d 

10 days 40.0 ± 2.0 b 6.7 ± 6.0 d 71.1 ± 13.3 13.6 ± 2.2 d 

18 days 28.5 ± 3.3 de 25.3 ± 2.6 cd 71.1 ± 7.6 8.4 ± 1.0 e 

25 days 22.3 ± 2.9 e 12.5 ± 3.9 d 63.8 ± 10.1 14.9 ± 0.4 d 

AP/5 ºC 6 days 42.2 ± 1.5 b 99.1 ± 15.3 a 77.9 ± 21.3 66.6 ± 0.5 c 

AP/25 ºC 6 days 32.3 ± 3.2 cd 42.2 ± 3.0 bc 69.4 ± 17.5 126.7 ± 2.0 a 

(1) Enzymatic activities are shown as residual activities compared to the initial values. 

 

Acid phosphatase can be used as an indicator of lysosome disruption [44], since 40-

60% is bound to lysosomes membranes [45]. So, as lysosomes are very sensitive to pressure, 

during storage time acid phosphatase could be released from the organelles, what can explain 
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the higher values observed at 60 MPa/25 ºC. However, at a higher pressure of 75 MPa/25 

ºC, a protein denaturation effect caused by pressure and storage temperature could explain 

the observed lower residual activities. Differently, at 50 MPa/25 ºC, the observed low 

residual activity could be related to the higher microbial activity observed in these samples 

[46].  

 

4.3.1.2. Cathepsins B and D 

Cathepsin B activity in Atlantic salmon muscle was evaluated after 10 days of HS and 

AP conditions, and the results are shown in the Figure 4.5.  

 

 

Figure 4.5 - Residual activity (%) of cathepsin B of Atlantic salmon after 10 days of storage under: 

hyperbaric storage (60 MPa at 10 ºC; 50, 60 and 75 MPa at 25 ºC; 75 MPa at 37 ºC) and under 

atmospheric pressure (AP, 0.1 MPa) at the same temperature (10, 25 and 37 ºC) and under 

refrigeration (AP/5 ºC). Different letters denote significant differences (p < 0.05) between storage 

days for each storage condition (a-f) and between storage conditions for each storage day (A-C). 

 

Cathepsin B activity was not affected by AP/5 ºC after 10 days, which is in agreement 

with results presented by Hultmann & Rustad (2004) [48] and Duun & Rustad (2008) [49] 

also in Atlantic salmon. However, cathepsin B activity decreased when the storage 

temperature was increased to 25 or 37 ºC (at AP; 42 and 3%, respectively). Compared to 

AP/5 ºC, HS at 60 MPa/10 ºC caused a reduction of residual activity (p < 0.05) after 10 days 

of storage of about 48%, being statistically (p < 0.05) similar to control samples at AP/10 ºC 

after 3 days. At 25 ºC, there were no differences on cathepsin B activity between HS and AP 

samples, except for an increase for 60 MPa after 3 days, but activity was reduced (p < 0.05) 
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when compared to fresh and AP/5 ºC samples. Furthermore, at 37 ºC, the activity was 

reduced to values lower than 6% in all samples (AP and HS) already after 3 days. 

Temperature storage seemed to clearly affect cathepsin B activity, reducing it significantly 

at 37 ºC to values below the detection limit. Moreover, pressure storage seemed to have no 

effect on cathepsin B activity, being observed a reduction of activity similar to the respective 

control samples at AP. Generally, this reduction can result from the enzyme denaturation 

caused mainly by the storage time under the different storage temperatures. When cathepsin 

B activity was compared to AP/5 ºC, lower values were observed under HS after 10 days, as 

for instance, residual activities of about 29%, 37% and 35% at 50, 60 and 75 MPa (25 ºC) 

were obtained when compared to 89% at AP/5 ºC.  

For the longer storage assay (Table 4.14) was observed that at 60 MPa/10 ºC residual 

activities decreased between the 15th and 30th days (but in this case without significant 

differences; p > 0.05), but then increased (~2.2-fold) after 50 days of storage. For 75 MPa/25 

ºC was observed that cathepsin B activity also decreased (p < 0.05) when compared to fresh 

fish and AP samples after 25 days of storage (13%). Cathepsin B is a lysosomal cysteine 

protease that hydrolyses a wide range of proteins and has an important role in the hydrolysis 

of tissue proteins [50]. Cathepsin B activity increase might be due to disruption of lysosomes 

and consequent release of the enzyme, thus favouring contact with substrate [51], being this 

a possible explanation of the results observed after longer storage time (50 days) at 60 

MPa/10 ºC. On the other hand, in the present work, using a high storage pressure/temperature 

of 75 MPa/25 ºC, an opposite behaviour was obtained, with a strong effect of pressure on 

the denaturation of this enzyme. 

Cathepsin D is an aspartic protease and its activity evolution in the conditions studied 

in this work are shown in Figure 4.6. AP/5 ºC showed a significant reduction (p < 0.05) of 

cathepsin D activity only after 10 days of storage (48%). For AP/10 and 25 ºC, similar (p > 

0.05) residual activities were obtained (71 and 69%, respectively) after 3 days, when 

compared to fresh fish samples. However, at AP/37 ºC, a lower residual activity (21%) was 

observed. Generally, HS seemed to not affect cathepsin D activity during storage, since 

residual activities were similar to AP/5 ºC after 30 days of storage and the respective control 

samples at AP. However, at 60 MPa/25 ºC, there was an increase of residual activity during 

storage, increasing from 50% (day 6) to about 100% (at the day 6 and 10). At 37 ºC were 

observed the lowest residual activities (7% and 21%). Cathepsin D is a lysosomal enzyme 
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and the verified activity increase at 60 MPa/25 ºC could be caused by the disruption of the 

lysosomes and consequent enzyme release [51]. For the storage assay during longer time 

were also observed no significant effects (p > 0.05) of HS on cathepsin D activity (Table 

4.14), with only an increase of residual activity (p < 0.05) from the 30th to 50th day (from 

80% to 130%, respectively) for samples stored at 60 MPa/10 ºC. 

 

 

Figure 4.6 - Residual activity (%) of cathepsin D of Atlantic salmon after 10 days of storage under: 

hyperbaric storage (60 MPa at 10 ºC; 50, 60 and 75 MPa at 25 ºC; 75 MPa at 37 ºC) and under 

atmospheric pressure (AP, 0.1 MPa) at the same temperature (10, 25 and 37 ºC) and under 

refrigeration (AP/5 ºC). Different letters denote significant differences (p < 0.05) between storage 

days for each storage condition (a-f) and between storage conditions for each storage day (A-C). 

 

 

4.3.2. Effect of hyperbaric storage on the cytosolic enzymes  

 

4.3.2.1. Calpains 

Figure 4.7 shows calpains (cysteine proteases) activity during the different storage 

conditions. Under AP/5 ºC conditions, it was verified that the residual activity remained 

unchanged (p > 0.05) after 6 days and decreased (71%; p < 0.05) after 10 days. At AP/10 ºC 

after 3 days, there was a decrease (p < 0.05) of 87%. Increasing storage temperature caused 

the residual activity to progressively decrease to values of about 51% (AP/25 ºC) and 2.5% 

(AP/37 ºC). 
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Figure 4.7 - Residual activity (%) of calpains of Atlantic salmon after 10 days of storage under: 

hyperbaric storage (60 MPa at 10 ºC; 50, 60 and 75 MPa at 25 ºC; 75 MPa at 37 ºC) and under 

atmospheric pressure (AP, 0.1 MPa) at the same temperature (10, 25 and 37 ºC) and under 

refrigeration (AP/5 ºC). Different letters denote significant differences (p < 0.05) between storage 

days for each storage condition (a-f) and between storage conditions for each storage day (A-C). 

 

Similar to AP samples, HS caused a decrease of the residual activity during storage. 

At 60 MPa/10 ºC, residual activity was lower (60%, p < 0.05) than AP/5 and 10 ºC after 3 

days and decreased (9%, p < 0.05) after 10 days. A similar effect was observed at 25 ºC 

immediately after 3 days, with pressure levels of 50, 60 and 75 MPa showing reductions (p 

< 0.05) to residual activities of about 12, 7 and 31%, respectively, being significant different 

(p < 0.05) to AP/25 ºC (51%). However, at 37 ºC, it was not verified a pressure-effect on 

calpains activity, since HS samples showed similar values to AP/37 ºC (< 2.5%). Moreover, 

these samples showed the lowest residual activities, indicating a significant effect of storage 

time, regardless the pressure level. Bessiere et al. (1999) [52] observed that pressure 

treatments induced a dissociation of the two subunits of calpains (µ- and m-calpains) with 

this causing activity decrease [53]. Besides that, it was observed an effect of storage 

temperature on calpains activity, since lower residual activities were verified for samples 

stored at 37 ºC.   

For longer storage times (Table 4.14) was verified a similar behaviour. However, a 

possible activity recovery was observed for samples stored at 60 MPa/10 ºC and 75 MPa/25 

ºC, showing a slight increase of residual activity from 30th day (2%) and 18th day (8%), 

respectively, to 50th day (29%) and 25th day (15%), respectively.  
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4.3.3. Effect of hyperbaric storage on the muscle proteins 

 

4.3.3.1. Myofibrillar fragmentation index 

Myofibrillar fragmentation index (MFI) results during the different storage conditions 

are shown in Figure 4.8. Storage at AP/5 ºC did not affect MFI of salmon samples during 

10 days of storage, as well as at AP/37 ºC after 3 days, since they did not show significant 

differences (p > 0.05) when compared to initial salmon samples. However, at AP/10 or 25 

ºC, there was a decrease (34%) or increase (143%), respectively, of MFI values.  

 

 

Figure 4.8 - Relatives values of myofibrillar fragmentation index from Atlantic salmon after 10 days 

of storage under: hyperbaric storage (60 MPa at 10 ºC; 60 and 75 MPa at 25 ºC; 75 MPa at 37 ºC) 

and under atmospheric pressure (AP, 0.1 MPa) at the same temperature (10, 25 and 37 ºC) and under 

refrigeration (AP/5 ºC). Different letters denote significant differences (p < 0.05) between storage 

days for each storage condition (a-d) and between storage conditions for each storage day (A-C). 

 

After 10 days, HS at 60 MPa/10 ºC showed a decrease of MFI values (45%), being 

however not significant different (p > 0.05) to samples stored at AP/5 ºC. Similar results (p 

< 0.05) were observed for 60 MPa/25 ºC (71%). On the other hand, the major influence on 

MFI was for 75 MPa. This pressure level clearly caused a pronounced increase of MFI 

values, increasing immediately 1.5- and 2.7-fold at 75 MPa/25 ºC and 75 MPa/37 ºC, 

respectively, after 3 days. Moreover, MFI values at 75 MPa increased progressively until the 

10th day (3.2- and 4.3-fold, respectively). Under these conditions, a linear correlation was 

observed between the MFI values and storage time (75 MPa/25 ºC: % relative MFI = 24  
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storage days + 102, r2 = 0.84; 75 MPa/37 ºC: % relative MFI = 23  storage days + 210, r2 

= 0.95).  

For the storage assay using longer times, similar results were observed (Table 4.15). 

There was a decrease for 60 MPa/10 ºC until the 50th day of storage (from 27.11 ± 1.64 to 

17.44 ± 0.86, respectively). Contrary, and similar to previously stated, at 75 MPa/25 ºC, MFI 

values increased 4.8-fold at the 25th day of storage, from 21.35 ± 2.57 to 101.46 ± 1.90, 

respectively.  

 

Table 4.15 - Myofibrillar fragmentation index and sarcoplasmic proteins content of Atlantic salmon stored 

under hyperbaric storage: 60 MPa/10 ºC and 75 MPa/25 ºC during 50 and 25 days, respectively; and under 

atmospheric pressure (0.1 MPa) at same temperature (10 and 25 ºC) and refrigeration (5 ºC). Different letters 

along each column denote significant differences (p < 0.05) between storage conditions and days (a-f). 

Conditions 
Protein stability 

Myofibrillar fragmentation index Sarcoplasmic proteins (1) 

Fresh fish 0 days 27.11 ± 1.64 b 19.77 ± 2.06 ab 

60 MPa/10 ºC 

6 days 23.88 ± 0.73 c 15.63 ± 2.36 bcd 

15 days 16.36 ± 0.42 de 11.62 ± 2.23 d 

30 days 13.93 ± 0.24 e 5.65 ± 0.63 e 

50 days 17.44 ± 0.86 d 18.34 ± 1.80 bc 

AP/5 ºC 6 days 30.37 ± 1.58 a 24.87 ± 0.82 a 

AP/10 ºC 6 days 8.28 ± 1.40 f 14.07 ± 2.65 cd 

 

Fresh fish 0 days 21.35 ± 2.57 h 14.28 ± 1.46 a 

75 MPa/25 ºC 

6 days 56.37 ± 1.29 d 9.35 ± 1.51 b 

10 days 69.55 ± 0.39 c 9.63 ± 1.65 b 

18 days 85.19 ± 0.51 b 7.27 ± 0.97 b 

25 days 101.46 ± 1.90 a 7.75 ± 1.11 b 

AP/5 ºC 6 days 23.82 ± 1.12 f 18.03 ± 2.03 a 

AP/25 ºC 6 days 30.61 ± 3.55 e 10.05 ± 0.74 b 

 (1) Sarcoplasmic proteins values are shown in mg Bovine Serum Albumin (BSA)/g fish muscle. 

 

Otero et al. (2019) [6] stated that HS at low temperature (50 MPa/5 ºC) caused 

differences on the electrophoretic pattern of the myofibrillar fraction of Atlantic mackerel 

what could be due to a direct effect of pressure on myofibrillar proteins but also to a pressure-

induced effect on the autolytic capacity of endogenous proteases. In the present work, there 

was no effect in MFI of AP/5 ºC samples during the 10 days of storage, but a pronounced 
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effect of storage at 25 ºC was verified, mainly at 75 MPa/25 and 37 ºC, with a higher increase 

of MFI values when compared to AP/25 ºC. 

Muscle is composed mainly of myofibrillar proteins, which are strongly degraded by 

proteolysis during fish postmortem. MFI could reflect the extent of muscle myofibrillar 

protein degradation, being an useful indicator of I-band (composed by actin) rupture state 

and breakage of intermyofibrils linkages [54]. High MFI values indicate higher damage in 

the myofibrils proteins [55], being more significant using a pressure storage of 75 MPa, 

which was visually confirmed immediately after 3 days of storage, mainly at 37 ºC. 

According to Zhou et al. (2016) [56], after a HP treatment (200-400 MPa, 2 min), muscle 

sarcomeres became shorter and the number of suspended particles of myofibrillar extracts 

increased. Differently, in the present work, lower pressure levels (60-75 MPa) were used 

and during longer storage time (10 days), but still, the combined effect of 75 MPa and longer 

storage time was enough to cause damage on myofibrillar proteins.  

 

4.3.3.2. Sarcoplasmic proteins content 

The sarcoplasmic proteins content of samples stored at different conditions is shown 

in the Figure 4.9. The solubility of sarcoplasmic proteins of salmon was affected by storage 

time and temperature. At AP/5 ºC, there was a decrease (p < 0.05) after 10 days (35%). The 

decrease of sarcoplasmic protein during refrigerated storage time at 4 ºC is in accordance 

with the results obtained by other authors [57] using turbot (Psetta maxima). Increasing 

storage temperature at AP, showed no changes (p > 0.05) on sarcoplasmic proteins content 

at AP/10 and 37 ºC, but at AP/25 ºC was obtained a reduction to 70%.  

At 60 MPa/10 ºC, there were no significant differences (p > 0.05) on sarcoplasmic 

proteins content, neither at 60 MPa/25 ºC, even though a low value was obtained after 6 days 

(67%) in the latter samples. However, at 75 MPa/25 ºC, sarcoplasmic proteins decreased (p 

< 0.05) to a similar value to AP/5 ºC (39%) after 10 days. A 75 MPa/37 ºC, a reduction (p < 

0.05) of 58% was immediately detected after 3 days and maintained not statistically different 

(p > 0.05) during the 10 days (67%), being similar to respective control samples at AP/37 ºC 

(p > 0.05).  
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Figure 4.9 - Relatives values of sarcoplasmic proteins from Atlantic salmon after 10 days of storage 

under: hyperbaric storage (60 MPa at 10 ºC; 60 and 75 MPa at 25 ºC; 75 MPa at 37 ºC) and under 

atmospheric pressure (AP, 0.1 MPa) at the same temperature (10, 25 and 37 ºC) and under 

refrigeration (AP/5 ºC). Different letters denote significant differences (p < 0.05) between storage 

days for each storage condition (a-d) and between storage conditions for each storage day (A-C). 

 

For longer storage times (Table 4.15) was observed that at 60 MPa/10 ºC the 

sarcoplasmic proteins content decreased (p < 0.05) progressively after the 15th day, from an 

initial value of 19.77 ± 2.06 to 11.62 ± 2.23 mg Bovine Serum Albumin (BSA)/g fish, 

reaching a value of 5.65 ± 0.63 mg BSA/g fish (29%) after 30 days. However, at the 50th 

day, sarcoplasmic proteins increased (p < 0.05) again (3.2-fold) to a similar value to those 

obtained in the initial fresh fish (18.34 ± 1.80 mg BSA/g fish). At 75 MPa/25 ºC, the longer 

storage assay for 25 days (Table 4.15) confirmed the behaviour obtained previously during 

10 days (Figure 4.9), verifying a decrease (54%; p < 0.05) of sarcoplasmic proteins content 

values during storage time (from 14.28 ± 1.46 to 7.75 ± 1.11 mg BSA/g fish). 

Sarcoplasmic proteins are mainly composed of enzymes associated with energy-

producing metabolism (e.g. glycolysis and citrate cycle) [58]. The effect of HP processing 

on sarcoplasmic proteins was studied by several authors, with results indicating that 

increasing pressure level caused a decrease of sarcoplasmic proteins content [59]. According 

to Marcos et al. (2010) [59], changes in muscle protein solubility could indicate a protein 

denaturation, being the solubility decrease due to the formation of insoluble protein 

aggregates that can no longer be extracted. However, the decreased protein solubility 

observed suggests certain denaturation of sarcoplasmic proteins induced mainly by storage 
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time, since values were not different from the respective control samples at AP (including 

AP/5 ºC). However, at 60 MPa/10 ºC, no effects (p < 0.05) were observed on sarcoplasmic 

proteins during 30 days of storage, but an increase was verified after 50 days, indicating a 

storage effect on sarcoplasmic protein extractability. 
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4.4. CONCLUSIONS 

 

HS/RT of Atlantic salmon, using pressure levels of 60 and 75 MPa (at 25 ºC), was 

found to be an efficient method to slowdown microbial growth or even to reduce the initial 

microbial load, reflecting in a microbial shelf-life increase (at least 25 days) using a pressure 

condition of 75 MPa, being higher than that observed for refrigeration (≈3 days). A level of 

75 MPa was effective to cause no changes on quality physicochemical parameters for at least 

10 days, such as pH, water activity and colour parameters. However, higher primary and 

secondary lipid oxidation products (peroxides and TBARS values, respectively) were found 

for HS samples, compared to AP samples. Contrary, tertiary lipid oxidation products 

(fluorescent compounds) increased only for AP/25 ºC, indicating an advanced stage of lipid 

oxidation in these samples. 

Furthermore, HS/LT of Atlantic salmon, using conditions of 50 MPa/5 ºC or 60 

MPa/10 ºC, it also allowed to obtain a slowdown of the microbial growth or even a reduction 

of the initial microbial load, resulting in a microbial stability of at least 50 days when stored 

at 60 MPa/10 ºC. Additionally, these samples did not show colour parameters differences 

along storage time. Regarding chemical quality parameters, there was an increase of the 

TVB-N and TMA-N formation on samples stored during 6 days at AP/10 ºC, surpassing the 

established limit for fresh fish. In addition, samples stored at AP/10 ºC showed low DMA-

N and formaldehyde content, which is correlated to the high TMA-N content in the same 

samples, since practically the whole TMAO was converted to TMA-N. On the other hand, 

samples stored at 60 MPa/10 ºC only showed an increase on TVB-N formation after 30 days 

of storage, with values higher than the stablish limit. Besides that, TMA-N formation on HS 

and AP/5 ºC samples was stable and below the stablished limit. Since the microbial activity 

was inhibited/reduced under pressure, it was expected that formaldehyde content increased 

on HS samples, but DMA-N content did not change over the storage time in these samples, 

which indicates that, besides the formaldehyde formation by enzymatic activity (TMAO 

aldolase activity), formaldehyde formation by other chemical reactions mechanisms could 

also occur. Compared to fresh salmon, secondary lipid oxidation (TBARS) was increased by 

HS. However, tertiary lipid oxidation (fluorescent compounds) increased only for AP 

samples (5 and 10 ºC), revealing an advanced stage of lipid oxidation in these samples. 
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Proteolytic activity and proteins muscle were clearly affected by HS, being the effect 

dependent of pressure level, storage temperature and storage time. Generally, residual 

activities decreased when compared to initial fresh samples, indicating a pronounced effect 

for storage temperature of 37 ºC (in HS and AP). However, a possible activity recovery was 

observed in some enzymes after longer storage time. Higher values of MFI were obtained 

for higher pressure/temperature storage conditions (75 MPa/25 or 37 ºC), contrary to 

sarcoplasmic proteins content, which decreased. Otherwise, at 60 MPa/10 ºC, a decrease of 

MFI values was observed after 50 days of storage, with no effect on sarcoplasmic proteins 

during the 30 days of storage. So, increasing temperature storage, a strong effect on 

proteolytic activity was observed during HS. However, at low temperatures/pressure, 

muscles proteins seemed to be less affected. 
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5.1. OVERVIEW 

 

This chapter describes the effect of hyperbaric storage at room and low temperatures 

on the quality of vacuum-packaged Atlantic salmon, using the best conditions obtained and 

described previously in the Chapter 4 (HS/RT: 75 MPa/25 ºC; HS/LT: 60 MPa/10 ºC). 

Atlantic samples were vacuum-packaged and evaluated important microbial and 

physicochemical parameters during 30 days of storage. Packaged conditions were defined 

after the results obtained in a preliminary assay, with the purpose to verify a possible 

reduction of oxidation values under HS (results are shown in the Annex G).  

Microbial analyses of spoilage endogenous microbiota and muscle pH of salmon 

samples, and inoculated surrogate-pathogenic microorganisms (Bacillus subtilis endospores, 

Escherichia coli and Listeria innocua) were evaluated after storage under hyperbaric 

conditions at HS/RT (75 MPa/25 ºC) and HS/LT (60 MPa/10 ºC) (Chapter 5 - Section 5.2). 

Additionally, these both storage conditions were also evaluated by physicochemical 

parameters, such as lipid stability (fatty acids profile and lipid oxidation), myofibrillar 

fragmentation index, physical properties (drip loss, water holding capacity, texture and 

scanning electron microscopy) and volatile profile (Chapter 5 - Section 5.3).  
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5.2. MICROBIAL PARAMETERS 

 

This section is adapted from the submitted manuscript: L.G. Fidalgo, C.A. Pinto, I. 

Delgadillo and J.A. Saraiva. Hyperbaric storage of vacuum-packaged fresh Atlantic salmon 

(Salmo salar) loins by evaluation of spoilage microbiota and inoculated surrogate-

pathogenic microorganisms. 

 

 

5.2.1. Spoilage endogenous microbiota and muscle pH 

 

Table 5.1 presents the initial microbial load of Atlantic salmon loins used in the 

storage experiment, and also the evolution of pH muscle during storage. Total aerobic 

mesophiles, anaerobic bacteria, Enterobacteriaceae, Pseudomonas spp. and H2S-producing 

bacteria counts were 3.37 ± 0.34, 2.05 ± 0.08, 2.12 ± 0.13, 3.54 ± 0.28 and 2.15 ± 0.26 log 

CFU/g, respectively, while for lactic acid bacteria was below the detection limit (≤ 1.00 log 

CFU/g). These results agree to those obtained and already described previously in the 

Chapter 4 - Sections 4.2.1 and 4.2.2.  

As it was observed previously in the Chapter 4 - Sections 4.2.1 and 4.2.2, microbial 

load in atmospheric pressure (AP) samples increased (p < 0.05) along storage, being verified 

an increase of total aerobic mesophiles values to above the established limit (7.0 log CFU/g) 

[1] after 3 and 6 days of storage at AP/10-25 ºC and AP/5 ºC, respectively. In the current 

work, similarly, the established limit was surpassed between the 5th and 15th days for AP/5 

ºC, and after 5 days for AP/10 and 25 ºC, with total aerobic mesophiles counts of 7.06 ± 

0.20, 7.20 ± 0.05 and ≥ 8.48 log CFU/g, respectively. Both HS samples showed an inhibition 

and inactivation of initial microbial load during storage. HS/LT at 60 MPa/10 ºC caused a 

reduction (p < 0.05) to about 2.49 ± 0.05 log CFU/g of total aerobic mesophiles counts after 

5 days (which corresponds to a reduction of about 0.9 log units) and maintained in similar 

values (p > 0.05) after 30 days (2.15 ± 0.14 log CFU/g), while for HS/RT condition of 75 

MPa/25 ºC, a more pronounced total aerobic mesophiles load reduction (p < 0.05) was 

observed to a value of 2.16 ± 0.28 log CFU/g after 5 days (a reduction of about 1.2 log units), 

decreasing thereafter to below the detection limit (≤ 1.00 log CFU/g) after 30 days of storage 
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(a reduction of about 2.4 log units). For the other microorganisms (anaerobic bacteria, 

Enterobacteriaceae, lactic acid bacteria, Pseudomonas spp. and H2S-producing bacteria) was 

observed a reduction to values below detection limit after the 30 days of storage. So, it is 

possible to observe that the spoilage microbiota behaviour was not different from previously 

obtained results (Chapter 4), but in previous work, salmon samples were packaged in the 

presence of air, contrary to the current study, where samples were vacuum packaged. 

Initial pH of salmon loins was 6.13 ± 0.06, which agreed with results obtained in 

previous work reported in the Chapter 4. After 15 days of storage at AP/5 ºC, there was a 

decrease (p < 0.05) of pH to a value of 5.91 ± 0.02, increasing (p < 0.05) thereafter to 6.12 

± 0.08; at AP/10 ºC, a similar decreasing (p < 0.05) was observed after 5 days of storage. In 

the Chapter 4, a similar behaviour was obtained after 10 days at AP/5 ºC, being attribute to 

the accumulation of acid lactic from the glycolysis process [2]. In these samples there was 

an increase of fermentative acid lactic bacteria growth during storage, being the possible 

reason for the pH decrease. However, after 30 and 15 days at AP/5 ºC and AP/10 ºC, 

respectively, the pH increased (p < 0.05) to similar values to those obtained in the fresh 

salmon. The increase of pH could be assigned to the production of alkaline bacterial 

metabolites spoilage process during storage [2]. The spoilage rate verified by the alkaline 

metabolites production increases with the increase of storage temperature, being observed 

that at AP/25 ºC, there is not variation of pH after 5 days of storage. Under both HS 

conditions, pH was stable (p > 0.05) during storage time, ranging values between 6.13-6.19 

and 6.19-6.24 for 60 MPa/10 ºC and 75 MPa/25 ºC, respectively. 
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Table 5.1 - Spoilage microbiota evolution (in log CFU/g) and pH of Atlantic salmon loins stored at 60 MPa/10 ºC, 75 MPa/25 ºC and atmospheric pressure 

(AP) at 5 ºC during 30 days; at AP/10 ºC during 15 days; and at AP/25 ºC during 5 days. Different letters along each column denote significant differences 

(p < 0.05) between storage conditions and storage time (a-c). 

Storage conditions 
Total aerobic 

mesophiles 

Anaerobic 

bacteria 
Enterobacteriaceae 

Lactic acid 

bacteria 

Pseudomonas 

spp. 

H2S-producing 

bacteria 
pH 

Fresh fish 0 days 3.37 ± 0.34 d 2.05 ± 0.08 e 2.12 ± 0.13 c 1.00 d (1) 3.54 ± 0.28 d 2.15 ± 0.26 d 6.13 ± 0.06 abc 

60 MPa/10 

ºC 

5 days 2.49 ± 0.05 e 1.00 f (1) 1.00 d (1) 1.00 d (1) 2.00 e (1) 1.00 e (1) 6.13 ± 0.02 abc 

15 days 2.35 ± 0.20 e 2.18 ± 0.17 e 1.00 d (1) 1.00 d (1) 2.00 e (1) 1.00 e (1) 6.18 ± 0.02 abc 

30 days 2.15 ± 0.14 e 1.00 f (1) 1.00 d (1) 1.00 d (1) 2.00 e (1) 1.00 e (1) 6.19 ± 0.01 abc 

75 MPa/25 

ºC 

5 days 2.16 ± 0.28 e 1.00 f (1) 1.00 d (1) 1.00 d (1) 2.00 e (1) 1.00 e (1) 6.19 ± 0.01 abc 

15 days 2.03 ± 0.05 e 1.00 f (1) 1.00 d (1) 1.00 d (1) 2.00 e (1) 1.00 e (1) 6.27 ± 0.06 a 

30 days 1.00 f (1) 1.00 f (1) 1.00 d (1) 1.00 d (1) 2.00 e (1) 1.00 e (1) 6.24 ± 0.02 ab 

AP/5 ºC 

5 days 5.18 ± 0.31 c 3.94 ± 0.18 d 2.46 ± 0.33 c 1.00 d (1) 4.88 ± 0.31 c 4.25 ± 0.07 c 6.15 ± 0.03 abc 

15 days 7.06 ± 0.20 b (2) 4.69 ± 0.41 c 2.08 ± 0.13 c 4.19 ± 0.50 c 5.00 ± 0.01 c 4.18 ± 0.32 c 5.91 ± 0.02 ad 

30 days 7.11 ± 0.12 b (2) 6.69 ± 0.41 b 4.08 ± 0.13 b 6.18 ± 0.47 b 6.00 ± 0.01 b 6.17 ± 0.33 b 6.12 ± 0.08 bc 

AP/10 ºC 
5 days 7.20 ± 0.05 b (2) 7.20 ± 0.28 b 3.99 ± 0.52 b 4.07 ± 0.08 c 5.00 ± 0.01 c 4.00 ± 0.01 c 5.86 ± 0.02 e 

15 days 8.04 ± 0.28 a (2) 8.26 ± 0.12 a 5.00 ± 1.40 b 7.88 ± 0.38 a 5.49 ± 0.11 bc 7.00 ± 0.01 a   6.18 ± 0.12 abc 

AP/25 ºC 5 days 8.48 a (2) 8.48 a 8.16 ± 0.25 a 7.54 ± 0.30 a 7.61 ± 0.63 a 6.48 ± 0.36 ab 6.05 ± 0.04 cd 

(1) Counts were below the detection limit (≤ 1 log CFU/g, or ≤ 2 log CFU/g in the case of Pseudomonas spp.); 

(2) Counts were above the acceptable limit (≥ 7 log CFU/g) according to ICMSF (1986) [1]; 
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5.2.2. Inoculated surrogate-pathogens microorganisms  

 

5.2.2.1. Bacillus subtilis endospores 

Figure 5.1 shows the behaviour of B. subtilis endospores during storage at different 

pressure/temperature conditions. Salmon samples were inoculated with B. subtilis 

endospores, being previously counted the endogenous microbial load of bacteria and 

endospores (named endogenous total load), and also during the storage experiment to control 

the presence of both endogenous B. subtilis bacteria and endospores in salmon samples. 

There were no detected endogenous B. subtilis endospores during all storage experiments. 

Furthermore, endogenous total load decreased (p < 0.05) for HS samples, 60 MPa/10 ºC and 

75 MPa/25 ºC, from an initial value of 3.65 ± 0.09 to 2.74 ± 0.19 and ≤1.30 log CFU/g, 

respectively, after 30 days of storage. After inoculation with B. subtilis endospores, initial 

salmon samples showed an initial load of 5.02 ± 0.18 log CFU/g, which corresponds to the 

sum of endogenous and inoculated B. subtilis endospores (EI_total load). Endospores load 

were obtained by heating salmon samples (at 80 ºC for 20 min) to kill the vegetative forms 

of B. subtilis (obtaining only endospores - I_endospores), resulting in an initial value of 4.37 

± 0.22 log CFU/g. 

For both HS samples, EI_total load decreased (p < 0.05) during storage time. HS/LT 

at 60 MPa/10 ºC showed a slower decrease than HS/RT at 75 MPa/25 ºC. After 5 days, a 

reduction of about 1.1 and 2.5 log units was obtained for 60 MPa/10 ºC and 75 MPa/25 ºC, 

respectively, being obtained values of 2.72 ± 0.27 and ≤2.30 log CFU/g, respectively, after 

30 days of storage. Contrarily, AP samples showed an increase along storage time, showing 

values of 8.43 ± 0.17 log CFU/g after 15 days at AP/25 ºC, and 7.31 ± 0.09 and 6.47 ± 0.15 

log CFU/g after 30 days at AP/10 and 5 ºC, respectively. 
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Figure 5.1 - Bacillus subtilis counts evolution in Atlantic salmon kept under different storage 

conditions: hyperbaric storage at low temperature (HS/LT, 60 MPa/10 ºC); hyperbaric storage at 

room temperature (HS/RT, 75 MPa/25 ºC); atmospheric pressure and same temperatures (AP/10 ºC 

and AP/25 ºC) and refrigeration (AP/5 ºC). There were no detected B. subtilis endospores in non-

inoculated samples, so endogenous total load (E_total load) only correspond to vegetative forms 

(bacteria). Empty bars with diagonal and horizontal dashes mean that the values are below the 

quantification limit (≤ 2.30 log CFU/mL) and the detection limit (≤ 1.30 log CFU/mL), respectively. 

Different letters (a-f) indicate significant differences (p < 0.05) between different storage 

conditions/storage times. 

 

Regarding I_endospores results, it was visible that HS conditions caused an 

inactivation of B. subtilis endospores to values below the detection limit (≤ 1.30 log CFU/g) 

after 30 days of storage. This effect may be attributed to a combined effect of hydrostatic 

pressure and the food matrix nutrients that trigger the endospore germination pathways but, 

due to the pressure hurdle, the endospores cannot undergo the outgrowth process, thus being 

inactivated [3]. On the other hand, I_endospores counts were maintained in similar values 

(p > 0.05) for samples stored at AP/5 and 10 ºC, while for AP/25 ºC, there was a decrease (p 

< 0.05) of I_endospores count to 2.69 ± 0.08 log CFU/g. According to Pinto et al. (2018) 

[3], inoculated B. subtilis endospores in carrot juice and brain heart infusion (BHI)-broth 

(high nutritional matrix) showed similar behaviour to those obtained in the present work for 

salmon samples stored at AP/RT, attributing this behaviour to germination and outgrowth of 
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the endospores to vegetative forms, increasing total microbial load (vegetative and 

endospores forms) and decreasing endospores counts. 

Sterilization, which involves high temperatures combined with long processing times, 

is used for inactivation of spore-forming bacteria and bacterial endospores [4]. However, 

this process results in reduction of food product quality. High pressure (HP) processing 

(1200 MPa for 14 h) showed to be not enough to inactivate B. subtilis endospores [5], being 

the combination of pressure (≥ 500 MPa during short holding times) and temperature (60-

90 ºC) efficient [4]. Moreover, application of temperature in muscle food products, as the 

case of fresh fish, caused changes in sensorial and quality properties, becoming less 

appreciated by consumers. So, HS seemed to be an efficient method to improve fresh fish 

safety. In the current work, HS performed at 60 MPa/10 ºC and 75 MPa/25 ºC for 30 days 

caused B. subtilis endospores reductions, pointing to a potential microbial safety of fresh 

Atlantic salmon. These results agree to those obtained previously by Pinto et al. (2018) [3], 

in which observed that HS/RT (50 and 100 MPa at RT: 18-21 ºC) for 60 days also caused B. 

subtilis endospores reductions (inoculated in three different matrices: McIlvaine buffer, 

carrot juice and BHI-broth). 

 

5.2.2.2. Escherichia coli and Listeria innocua 

In order to evaluate the effect of HS in a gram-negative and a gram-positive pathogens 

surrogate microorganism, non-pathogenic E. coli ATCC 25922 and L. innocua ATCC 33090 

were inoculated in fresh Atlantic salmon. Figure 5.2 shows the behaviour of E. coli and L. 

innocua counts in inoculated salmon samples stored under the different conditions. Control 

microbial analyses of these microorganisms were also performed in non-inoculated salmon 

samples, in which the presence of both microorganisms in any samples along storage 

experiment.  
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Figure 5.2 - Escherichia coli (a) and Listeria innocua (b) counts evolution in Atlantic salmon kept 

under different storage conditions: hyperbaric storage at low temperature (HS/LT, 60 MPa/10 ºC); 

hyperbaric storage at room temperature (HS/RT, 75 MPa/25 ºC); atmospheric pressure and same 

temperatures (AP/10 ºC and AP/25 ºC) and refrigeration (AP/5 ºC). Red symbols of * and # mean 

that the values are below the quantification limit (≤ 2.00 log CFU/mL) and the detection limit (≤1.00 

log CFU/mL), respectively. Different letters (a-f) indicate significant differences (p < 0.05) between 

different storage conditions/storage times. 

 

In inoculated salmon samples, the initial E. coli counts were 4.40 ± 0.19 log CFU/g 

(Figure 5.2a). After 5 days at AP/25 ºC, microbial load increased (p < 0.05) to a value of 

8.78 ± 0.05 log CFU/g, keeping in similar values after 15 days (8.69 ± 0.01 log CFU/g). 

According to Adoga et al. (2010) [6], E. coli is one of principal spoilage organisms during a 

short storage at 30-31 ºC during 12 h, which agrees with results obtained in the present work 



CHAPTER 5. RESULTS AND DISCUSSION:  

Hyperbaric storage of vacuum-packaged fresh Atlantic Salmon 

140 

at AP/25 ºC. At AP/10 and 5 ºC, E. coli seemed to be unaffected, maintaining its loads in 

similar values (p > 0.05) during 15 days (4.25 ± 0.49 and 4.55 ± 0.05 log CFU/g), and 

decreasing (p < 0.05) to a value of 3.00 ± 0.01 log CFU/g in both conditions after 30 days. 

Samples stored under these two conditions revealed an increase of lactic acid bacteria counts 

and, according to Aymerich et al. (1998) [7], some strains of lactic acid bacteria are 

antagonistic against many microorganisms, including spoilage and pathogenic bacteria, as 

the case of E. coli, because they produce bacteriocins, so, being a possible reason to the 

observed E. coli reduction in the same samples. Contrarily, under HS at 60 MPa/10 ºC and 

75 MPa/25 ºC, E. coli counts decreased during storage time, resulting in values below limits 

of quantification (≤ 2.00 log CFU/g) and detection (≤ 1.00 log CFU/g), respectively.  

Regarding L. innocua, the initial counts were 5.91 ± 0.11 log CFU/g (Figure 5.2b). 

For inoculated samples stored at AP/25 and 10 ºC, there was a pronounced increase (p < 

0.05) of microbial load during storage time, resulting in counts of 8.13 ± 0.20 and 8.11 ± 

0.13 log CFU/g, after 15 and 30 days, respectively. Additionally, at AP/25 ºC, there was a 

slight decrease of about 10% from the 5th to the 15th day, which can be associated to a 

possible less availability of required amount of nutrients, when bacteria increased to high 

population densities, which might have led to microbial competitions [8]. Storage at AP/5 

ºC showed no changes (p > 0.05) during the 30 days of storage (with counts between 5.75 

and 5.83 log CFU/g). Bacteriocin-producing lactic acid bacteria has the ability to grow and 

produce bacteriocins at low temperatures [9], being probably the reason to the inhibition of 

L. innocua growth in samples stored at AP/5 C. HS/LT and HS/RT showed a slow decrease 

of L. innocua during storage, which was only verified after 30 days at 60 MPa/10 ºC and 

after 15 days at 75 MPa/25 ºC (4.27 ± 0.05 and 4.80 ± 0.01 log CFU/g, respectively). After 

30 days, these samples presented L. innocua counts of 4.27 0.05 and 3.80 0.34 log CFU/g 

(60 MPa/10 ºC and 75 MPa/25 ºC, respectively). 
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In the present study, E. coli did not grow in vacuum-packaged salmon samples stored 

at AP/10 and 5 ºC, as well as, in samples stored under both HS conditions. In addition, 

HS/LT and HS/RT allowed obtaining a reduction of initial E. coli counts. For L. innocua, a 

similar behaviour was observed, HS allowed to decrease initial microbial population, 

showing that besides the shelf-life extension, it also ensured microbial safety. Furthermore, 

L innocua seemed to be more pressure-resistant than E. coli (reductions of about 2.4-3.4 and 

1.6-2.1 log units, respectively, at 60 MPa/10 ºC-75 MPa/25 ºC, respectively). This behaviour 

might be related with the fact that gram-positive bacteria (as L. innocua) are more pressure-

resistant than gram-negative bacteria (as E. coli) due to the presence of a peptidoglycan layer 

on gram-positive bacteria [10]. These results are in agreement with those reported by Pinto 

et al. (2017) [11], in inoculated watermelon juice with E. coli and L. innocua and stored at 

75 and 100 MPa (at RT: 18–23 °C) during 10 days.   

 

 

5.3. PHYSICOCHEMICAL PARAMETERS 

 

5.3.1. Hyperbaric storage at room temperature  

 

This section is adapted from the submitted manuscript: L.G. Fidalgo, M.M.Q. Simões, 

S. Casal, J.A. Lopes-da-Silva, I. Delgadillo, J.A. Saraiva. Hyperbaric storage at room 

temperature of vacuum-packaged fresh Atlantic salmon (Salmo salar) loins - effect on lipid 

stability, textural properties and volatile compounds. Food and Bioprocess technology. 

 

5.3.1.1. Physical properties  

5.3.1.1.1. Drip loss and water holding capacity 

As can be seen in Table 5.2, after 5 days of storage, salmon samples stored at AP/25 

ºC showed a drip loss of 10.0%, while for HS (75 MPa/25 ºC) and AP/5 ºC, drip loss 

presented lower values of 6.1 and 1.4%, respectively. During storage, drip loss increased (p 

< 0.05) in samples at these two conditions (75 MPa/25 ºC and AP/5 ºC). At 75 MPa/25 ºC, 

drip loss increased progressively, with a linear change tendency (Drip loss = 0.2946 × 
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storage time (days) + 4.451, r² = 0.9957) reaching a higher value (p < 0.05) of 13.4% after 

30 days of storage, compared to the value of 6.6% at AP/5 ºC.  

 

Table 5.2 – Water content (%), drip loss (%) and water holding capacity (%) of Atlantic salmon 

stored at 75 MPa/25 ºC and at atmospheric pressure (AP) at 5 ºC during 30 days, and at AP/25 ºC 

during 5 days. Different letters along each column denote significant differences (p < 0.05) between 

storage conditions (a-d).  

Storage conditions Water content (1) Drip loss Water holding capacity 

Fresh fish 0 days 71.8 ± 3.2 - 95.8 ± 0.7 ab 

75 MPa/25 ºC 

5 days 70.5 ± 0.9 6.1 ± 1.0 bcd 92.2 ± 1.8 c 

15 days 71.5 ± 0.3 8.6 ± 3.3 ab 94.7 ± 1.0 abc 

30 days 69.5 ± 3.5 13.4 ± 2.4 a 96.4 ± 0.7 ab 

AP/5 ºC 
5 days 69.8 ± 1.8 1.4 ± 0.3 d 96.5 ± 0.5 ab 

15 days 69.4 ± 3.0 3.8 ± 1.3 cd 93.8 ± 0.9 bc 

 30 days 73.3 ± 4.3 6.6 ± 1.0 bc 97.9 ± 0.7 a 

AP/25 ºC 5 days 67.0 ± 1.2 10.0 ± 0.7 ab 93.6 ± 2.2 bc 

(1) No significant differences were observed. 

 

The initial water holding capacity (WHC) was 95.8% (Table 5.2), which is in 

agreement with values obtained by other authors for Atlantic salmon [12, 13]. At AP/5 ºC, 

WHC did not change (p > 0.05) during the 30 days, neither under storage at AP/25 ºC during 

5 days; while at 75 MPa/25 ºC, a slight decrease (p < 0.05) after 5 days was observed to a 

value of 92.2%, increasing further to a value of 96.4% after 30 days, with a linear change 

tendency (WHC = 0.4215 × storage time (days) + 90.213, r² = 0.9857).   

Drip loss is a factor that adversely influence the consumer’s acceptability of muscle 

foods. Generally, HP at levels used for pasteurization (400-600 MPa) during few minutes, 

promotes the drip loss and reduces WHC, which is primarily related to disruption of proteins 

electrostatic and hydrophobic interactions, inducing changes in protein-protein 

conformation and denaturation of important myofibrillar and/or sarcoplasmic proteins [14], 

leading to exudation from muscles which reflects as drip loss. This behaviour was observed 

in samples stored at 75 MPa/25 ºC, since drip loss increased during the 30 days of storage. 

Furthermore, Christensen et al. (2017) [12] stated that denaturation of structural proteins, 

like myosin and actin, induced by pressure, caused reduced WHC of the proteins, in 

accordance to what was observed in the present study after 5 days at 75 MPa/25 ºC. 
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However, WHC increased during storage under pressure, possibly due to the effect of 

compression leading to the expulsion of most of free fluid from the fish muscle, which 

reduced the amount of expressed soluble proteins and increased the WHC of muscle [15]. In 

addition, there was a linear correlation between drip loss and WHC (WHC = 0.5459 × Drip 

loss + 89.319; r² = 0.9123) for HS samples. Otero et al. (2017) [16] stored Cape hake loins 

at 50 MPa/5 ºC and verified a similar behaviour; WHC of HS samples increased after 7 days, 

with the authors explaining these results, due to that fact that probably part of the free water 

in these samples had been previously released as drip loss and the water still present was 

more strongly retained by the tissue. 

 

5.3.1.1.2. Texture properties 

Textural properties of salmon samples stored at the different conditions were evaluated 

by texture profile analysis (TPA) analysis, which is based on the imitation of mastication or 

chewing process, being performed with double-compression cycles. Through TPA test, it 

was possible to obtain a wide range of food texture properties: hardness, adhesiveness, 

springiness and resilience (Table 5.3).  

 

Table 5.3 - Texture properties of Atlantic salmon stored at 75 MPa/25 ºC and at atmospheric pressure 

(AP) at 5 ºC during 30 days, and at AP/25 ºC during 5 days. Different letters along each column 

denote significant differences (p < 0.05) between storage conditions (a-b). 

Storage conditions Hardness (N) (1) Adhesiveness (N.s) (1) Springiness Resilience 

Fresh fish 0 days 3.21 ± 0.51 -0.36 ± 0.11 1.49 ± 0.12 1.27 ± 0.29a 

75 MPa/25 ºC 

5 days 2.22 ± 0.22 -0.25 ± 0.09 1.28 ± 0.28 0.70 ± 0.57ab 

15 days 2.15 ± 0.72 -0.48 ± 0.16 1.22 ± 0.11 0.63 ± 0.10ab 

30 days 2.29 ± 0.38 -0.33 ± 0.05 1.14 ± 0.24 0.09 ± 0.01b 

AP/5 ºC 
5 days 2.74 ± 0.39 -0.43 ± 0.12 1.37 ± 0.28 0.99 ± 0.65ab 

15 days 3.27 ± 0.28 -0.44 ± 0.13 1.38 ± 0.10 0.95 ± 0.19ab 

 30 days 2.43 ± 0.41 -0.38 ± 0.18 1.42 ± 0.14 0.95 ± 0.21ab 

AP/25 ºC 5 days 2.67 ± 0.43 -0.21 ± 0.00 1.13 ± 0.07 0.45 ± 0.20ab 

(1) No significant differences were observed. 

 

Surprisingly, considering the effects discussed above, no significant differences (p > 

0.05) were found between the conditions for the textural properties of hardness, adhesiveness 

and springiness. However, resilience decreased (p < 0.05) from 1.27 ± 0.29 to 0.09 ± 0.01 
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for samples stored at 75 MPa/25 ºC after 30 days. Resilience is a measure of the elasticity of 

the muscle and describes the ability of the muscle to recover from deformation and offer 

resistance to a subsequent deformation [17]. Veland & Torrissen (1999) [17] stated that if 

resilience is equal to 1, all the work performed by the probe during the downstroke is 

returned by the muscle during the upstroke. In the case of HS samples seemed that fibres 

affected by the deformation would not all be stretched at the same rate and would not all 

reach the limit of elastic (recoverable) deformation at the same time. In the Figure H1 and 

Figure H2 (from the Annex H) is possible to see this effect on texture (resilience) after 30 

days of storage at 75 MPa/25 ºC, observing a visual disintegration of the muscle structure. 

Chéret et al. (2005) [18] verified that TPA parameters are diversely affected by higher 

pressure, and its effect changes markedly at about 300 MPa, for 5 min. However, a lower 

pressure (75 MPa) was used in the present study and for longer times (up to 30 days). Cape 

hake loins [16] and Atlantic mackerel [19] were stored at 50 MPa/5 ºC during 7 and 12 days, 

respectively, being verified that storage under pressure increased the shear resistance of Cape 

hake loins, but in the case of Atlantic mackerel, no effect on firmness were observed. 

 

5.3.1.2. Myofibrillar fragmentation index 

Muscle is composed mainly of myofibrillar proteins, which are strongly degraded by 

proteolysis within few days of postmortem. Myofibrillar fragmentation index (MFI) reflects 

the extent of muscle myofibrillar protein degradation, being an useful indicator of I-band 

(composed by actin) rupture and breakage of intermyofibrils linkages [20]. As shown in 

Figure 5.3, MFI of salmon samples significantly increased (p > 0.05) after 5 days of storage 

at AP/25 ºC, from 11 ± 4 to 85 ± 28, which correspond to an increase of about 8-fold the 

initial value. At 75 MPa/25 ºC, MFI also increased (p < 0.05) after 30 days of storage (89 ± 

13), reaching values similar (p > 0.05) at AP/25 ºC after 5 days. However, no changes (p > 

0.05) were verified at AP/5 ºC after 30 days of storage, showing a MFI value of 10 ± 5 at 

the end of storage. Although for a slight higher temperature, different results were obtained 

by Wang et al. (2016) [21] for grass carp (Ctenopharyngodon idellus), with MFI 

significantly increasing during storage for 8 h at 8 ºC (under AP conditions).  
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Figure 5.3 - Myofibrillar fragmentation index of Atlantic salmon stored at 75 MPa/25 ºC and at 

atmospheric pressure (AP) at 5 ºC during 30 days, and at AP/25 ºC during 5 days. Different letters 

denote significant differences (p < 0.05) between salmon samples stored at different conditions and 

time (a-c). 

 

Otero et al. (2019) [19] reported that HS at low temperature (50 MPa/5 ºC) caused 

differences on the electrophoretic pattern of the myofibrillar fraction of Atlantic mackerel, 

what could be due to a direct effect of pressure on myofibrillar proteins, but also to a 

pressure-induced effect on the autolytic capacity of endogenous proteases. In the present 

work, there was no effect in MFI for AP/5 ºC samples after 30 days of storage, but a 

pronounced effect of storage at AP/25 ºC was verified, showing an increase of about 8-fold 

the initial MFI. At 75 MPa/25 ºC after 5 days, salmon samples revealed a slower increase of 

about 4-fold. However, after 15 days, an increase of about 6-fold was observed, resulting in 

similar values to AP/25 ºC (5 days) after 30 days of storage (8-fold). This behaviour can be 

explained by a possibly inhibition of autolytic enzymes (proteases) under pressure, reflecting 

in a lower deteriorative effect on muscle structure. The muscle proteins are important for 

quality characteristics such as textural properties; although no significant effects were 

observed for other textural characteristics such as hardness, adhesiveness and springiness, 

as already discussed, an increase of MFI for HS samples was observed, which could be 

correlated to the low resilience values (observed in TPA analysis). 
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5.3.1.3. Lipid stability: fatty acids profile and lipid oxidation 

5.3.1.3.1. Fatty acids profile evolution  

Fifteen fatty acids (FA) were identified in the salmon samples under study, as can be 

seen in Table 5.4. The FA composition did not change significantly between samples, 

showing a moderate content of polyunsaturated fatty acids (PUFAs, 17.6-22.1 g/100 g 

lipids), with a low amount of saturated fatty acids (SFA, 9.6-11.6 g/100 g lipids) and a high 

content of monounsaturated fatty acids (MUFA, 37.4-42.4 g/100 g lipids). The PUFA/SFA 

ratio was between 1.77 and 1.97, which were in all the cases higher than the minimum 

recommended value for human diet of 0.45 [22].  

The total SFA composition was not significantly (p > 0.05) affected by storage (Table 

5.4). The source of total SFAs mainly came from myristic acid (C14:0), palmitic acid 

(C16:0) and stearic acid (C18:0), with FA contents in the initial salmon samples of 1.14 ± 

0.12, 7.57 ± 1.04 and 2.05 ± 0.16 g/100 g lipids, respectively. Among SFAs, palmitic acid 

(C16:0) was largely predominant in all samples (7.15-8.71 g/100 g lipids), followed by 

stearic acid (C18:0) (1.57-2.06 g/100 g lipids). Similar results were observed for other fish 

species, such as saithe (Pollachius virens) and hoki (Macruronus novaezelandiae) [23], and 

Atlantic mackerel (Scomber scombrus) [24]. 

MUFA predominated in the FA profile (Table 5.4), with palmitoleic acid (C16:1n-7), 

vaccenic acid (C18:1n-7), oleic acid (C18:1n-9), gadoleic acid (C20:1n-9) and eruric acid 

(C22:1n-9) showing initial values of 1.59 ± 0.28, 3.56 ± 0.55, 29.29 ± 7.11, 4.84 ± 0.58 and 

0.64 ± 0.06 g/100 g lipids, respectively. Among the MUFAs, oleic acid (C18:1n-9) showed 

the higher amount, followed by gadoleic acid (C20:1n9). Gonçalves et al. (2017) [25] also 

reported oleic acid as the predominant FA in farmed Chilean salmon samples, with 

concentrations within the range of 29.8-33.1 g/100 g lipids, being in agreement with the 

values obtained in the present work. Furthermore, no significant difference (p > 0.05) in 

MUFA content were found among the samples, regardless of storage condition and storage 

time.  

The highest amount of PUFA was associated to n-6 compounds (10.6-13.3 g/100 g 

lipids), followed by n-3 compounds in a lower content (6.3-9.3 g/100g lipids). These results 

were similar to Gonçalves et al. (2017) [25] for farmed Chilean salmon. These results are 

associated to the feeding of farmed fish caused by the substitution of fish diets with other 
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alternatives with low quantities of n-3 and high levels of n-6 compounds (vegetal source) 

and SFA (animal source) [25] 

Total n-3 PUFA were mainly composed of eicosatetraenoic acid (C20:4n-3), 

eicosapentaenoic acid (EPA, C20:5n-3), docosapentaenoic acid (C22:5n-3) and 

docosahexaenoic acid (DHA, C22:6n-3), presenting an initial FA content of 0.74 ± 0.10, 

1.98 ± 0.16, 0.94 ± 0.11 and 4.51 ± 0.70 g/100 g lipids, respectively (Table 5.4). From the 

identified n-3 PUFAs, only DHA showed significant variation (p < 0.05) during storage. HS 

samples showed tendency to have higher DHA content than the AP samples (mainly at AP/5 

ºC for 15 days and AP/25 ºC for 5 days), with values between 4.24 and 5.39 g/100 g lipids, 

compared to values between of 3.23 and 4.21 g/100g lipids for AP samples. DHA is very 

unstable toward oxidation due to the high number of double bonds in its chemical structure, 

so for AP samples the decrease of this PUFA might be due to its susceptibility to oxidation 

at RT (25 ºC after 5 days) and under refrigeration (5 ºC for longer storage times, 15 days). 

These results are in agreement with those obtained by Chaijan et al. (2005) [26] and Tenyang 

et al. (2017) [27] who observed a decrease in PUFA content during refrigerated storage of 

sardine (Sardinella gibbosa) and catfish oil, respectively. The reason for the different results 

for DHA at AP and HS might be related to the different behaviour of the samples concerning 

lipid oxidation (see below) and should be further studied. Furthermore, several n-6 PUFAs 

were detected in the salmon samples: linoleic acid (C18:2n-6), eicosadienoic acid (C20:2n-

6) and docosadienoic acid (C22:2n-6), with values for the initial salmon samples of 9.04 ± 

1.63, 0.95 ± 0.15 and 2.24 ± 0.45 g/100 g lipids, respectively. Total n-6 PUFAs did not show 

any significant variation (p > 0.05) for all samples.  
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Table 5.4 – Fatty acids profile (1) (wt.%, g FA/100 g of total lipids) of Atlantic salmon stored at 75 MPa/25 ºC, at atmospheric pressure (AP) at 5 ºC and 

AP/25 ºC for different storage times. Different letters along each row denote significant differences (p < 0.05); absence of letters indicates not statistically 

significant differences. 

Free fatty acids (1) 
Fresh fish  75 MPa/25 ºC  AP/5 ºC  AP/25 ºC 

0 days  5 days 15 days 30 days  5 days 15 days  5 days 

C14:0 1.14 ± 0.12  1.27 ± 0.13 1.17 ± 0.06 1.05 ± 0.19  1.01 ± 0.10 1.30 ± 0.14  1.14 ± 0.02 

C16:0 7.57 ± 1.04  8.71 ± 0.61 8.24 ± 0.50 7.15 ± 1.41  6.78 ± 0.97 7.37 ± 0.16  7.86 ± 1.29 

C18:0 2.05 ± 0.16  1.57 ± 1.14 2.06 ± 0.12 1.82 ± 0.30  1.84 ± 0.18 1.91 ± 0.20  2.02 ± 0.35 

∑ SFA 10.76 ± 1.22  11.55 ± 1.02 11.47 ± 0.58 10.02 ± 1.90  9.62 ± 1.17 10.57 ± 0.36  10.01 ± 2.08 

C16:1n-7 1.59 ± 0.28  1.59 ± 0.24 1.57 ± 0.13 1.22 ± 0.16  1.34 ± 0.09 1.68 ± 0.12  1.49 ± 0.09 

C18:1n-7 3.56 ± 0.55  3.70 ± 0.31 3.09 ± 0.11 2.99 ± 1.09  3.34 ± 0.76 3.54 ± 0.81  3.76 ± 0.14 

C18:1n-9 29.29 ± 7.11  28.06 ± 3.29 29.80 ± 1.62 28.59 ± 1.06  29.69 ± 3.20 31.47 ± 5.33  28.53 ± 1.97 

C20:1n-9 4.84 ± 0.58  4.79 ± 0.23 4.46 ± 0.15 3.90 ± 0.70  4.36 ± 0.55 4.89 ± 0.74  4.62 ± 0.67 

C22:1n-9 0.64 ± 0.06  0.80 ± 0.13 0.71 ± 0.02 0.71 ± 0.18  0.66 ± 0.11 0.80 ± 0.21  0.76 ± 0.04 

∑ MUFA 39.91 ± 8.45  38.94 ± 4.13 39.63 ± 1.83 37.42 ± 1.09  39.39 ± 4.40 42.38 ± 6.64  37.72 ± 2.76 

C20:4n-3 0.74 ± 0.10  0.76 ± 0.04 0.74 ± 0.07 0.64 ± 0.05  0.66 ± 0.06 0.71 ± 0.08  0.72 ± 0.13 

C20:5n-3 (EPA) 1.98 ± 0.16  2.24 ± 0.29 2.12 ± 0.12 1.86 ± 0.36  1.80 ± 0.27 1.90 ± 0.05  2.01 ± 0.46 

C22:5n-3 0.94 ± 0.11  0.94 ± 0.12 0.93 ± 0.04 0.86 ± 0.16  0.90 ± 0.08 0.95 ± 0.07  0.87 ± 0.11 

C22:6n-3 (DHA) 4.51 ± 0.70abc  5.39 ± 0.41a 4.93 ± 0.34ab 4.24 ± 0.92abc  4.21 ± 0.65abc 3.52 ± 0.32bc  3.23 ± 0.55c 

∑ n-3 PUFA 8.17 ± 0.89ab  9.33 ± 0.76a 8.72 ± 0.40ab 7.59 ± 1.48ab  7.57 ± 0.99ab 7.08 ± 0.40ab  6.31 ± 1.26b 

C18:2n-6 9.04 ± 1.63  9.49 ± 0.50 8.87 ± 0.27 7.78 ± 1.25  8.35 ± 1.10 9.86 ± 1.49  9.11 ± 0.69 

C20:2n-6 0.95 ± 0.15  0.97 ± 0.03 0.92 ± 0.04 0.83 ± 0.15  0.89 ± 0.06 0.99 ± 0.11  0.93 ± 0.05 

C22:2n-6 2.24 ± 0.45  2.31 ± 0.08 2.24 ± 0.18 2.02 ± 0.21  2.14 ± 0.10 2.43 ± 0.42  2.16 ± 0.18 

∑ n-6 PUFA 12.23 ± 2.12  12.77 ± 0.59 12.02 ± 0.48 10.63 ± 1.60  11.37 ± 1.25 13.28 ± 2.00  11.26 ± 1.76 

PUFA/SFA 1.90 ± 0.17  1.93 ± 0.22 1.81 ± 0.10 1.82 ± 0.04  1.97 ± 0.06 1.92 ± 0.14  1.77 ± 0.07 

n-6/n-3 ratio 1.51 ± 0.27  1.38 ± 0.16 1.38 ± 0.10 1.41 ± 0.08  1.51 ± 0.09 1.88 ± 0.30  1.79 ± 0.14 
(1) SFA: total saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid. 
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Also, no significant changes were observed for the n-6/n-3 ratio (Table 5.4), with 

values between 1.38 and 1.88. According to Simopoulos (2008) [28], a lower ratio of n-6/n-

3 ratio is desirable (approximately 1) to reduce the risk of many chronic diseases, such as 

secondary prevention of cardiovascular diseases, reduction of rectal cell proliferation in 

patients with colorectal cancer, suppression of inflammation in patients with rheumatoid 

arthritis, and beneficial effects on patients with asthma.  

Polyene index evolution in the salmon loins is a measure of the variation of long chain 

(LC)‐PUFAs (DHA and EPA) during storage, relative to a saturated fatty acid representative 

of marine products such as salmon (C16:0), being a good index to evaluate lipid oxidation 

(Figure 5.4) [29]. Salmon stored at AP/25 ºC for 5 days presented already a decrease (p < 

0.05) from an initial value of 0.86 ± 0.03 to 0.68 ± 0.04. However, at AP/5 ºC, the polyene 

index decreased also significantly (p < 0.05) but only after 15 days to a value of 0.73 ± 0.03 

(Figure 5.4). On the other hand, HS did not cause changes (p > 0.05) on polyene index 

during storage (between 0.85 and 0.88). The decrease of polyene index during storage 

verified for samples stored under AP showed that oxidation mechanisms are active during 

storage. 

 

 

Figure 5.4 – Polyene index of Atlantic salmon stored at 75 MPa/25 ºC, AP/5 ºC and AP/25 ºC during 

30, 15 and 5 days, respectively. Different letters denote significant differences (p < 0.05) between 

salmon samples stored at different conditions and time (a-b). 

 

There is no information regarding the effect of HS/RT on FA profile of fish products, 

but recently Otero et al. (2019) [19] reported that hyperbaric cold storage (HS at low 
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temperature, 50 MPa/5 ºC during 12 days) did not reveal significant changes on the fatty 

acid composition of Atlantic mackerel during storage, as well as in samples stored at AP/5 

ºC. These authors verified no changes on polyene index for 12 days, neither at AP/5 ºC or at 

50 MPa/5 ºC [19]. In the present study, most of FA were also not affected by storage 

conditions; only DHA content was higher after 30 days at HS/RT than at AP, reflecting a 

higher n-3 PUFAs preservation. Consequently, polyene index was maintained in HS/RT 

samples, and decreased for AP samples (AP/25 ºC after 5 days and AP/5 ºC after 15 days). 

FA variations under HS/RT were already studied in different food products, such as 

ready-to-eat cod meal “Bacalhau com natas” (50-150 MPa/~21 ºC during 12 h) [30], raw 

bovine meat (50-150 MPa/~21 ºC during 12 h) [31], and whey cheese (100 MPa/17 ºC during 

10 days) [32], revealing no consistent pattern to a possible effect of HS/RT, possibly due to 

the short storage periods (maximum of 10 days). 

 

5.3.1.3.2. Lipid oxidation evolution  

Primary (peroxides values), secondary (thiobarbituric acid reactive substances, 

TBARS) and tertiary (fluorescence ratio) lipid oxidation was assessed to evaluate the 

rancidity development on salmon loins during 30 days of storage (Figure 5.5). Initial fresh 

salmon samples presented peroxide values, TBARS and a fluorescence ratio of 4.76 ± 0.50 

mg Fe (III)/kg lipids, 0.21 ± 0.14 µg MDA/g fish and 0.04 ± 0.01, respectively, which are in 

agreement with previous work (Chapter 4 – Section 4.2.1). Peroxides values (Figure 5.5a) 

did not show significative changes (p > 0.05) during the 30 days of storage in all conditions, 

showing values between 3.55 and 4.76 mg Fe (III)/kg lipids. Concerning to TBARS (Figure 

5.5b), there was a pronounced increase for samples stored at 75 MPa/25 ºC, reaching a value 

of 1.01 ± 0.12 µg MDA/g fish (5-fold) after 5 days of storage, remaining thereafter constant 

(p > 0.05) until 30th day. However, a higher increase was observed in the previous study 

(Chapter 4 ), when Atlantic salmon muscle portions were stored at 75 MPa/25 ºC, revealing 

an increment of TBARS values in about 29-fold after 25 days of storage. In the present study, 

salmon loins were vacuum-packaged, which allowed obtaining lower TBARS values. Lower 

TBARS values (between 0.13 and 0.27 µg MDA/g fish) were observed for the samples 

stored under AP (5 and 25 ºC, after 15 and 5 days, respectively).  
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Figure 5.5 - Primary lipid oxidation (a; peroxides values in mg Fe (III)/kg lipids), secondary lipid 

oxidation (b; thiobarbituric acid reactive substances, TBARS in µg MDA/g fish) and tertiary lipid 

oxidation (c; fluorescent compounds in fluorescence ratio) of Atlantic salmon stored at 75 MPa/25 

ºC, at atmospheric pressure (AP) at 5 ºC and AP/25 ºC during 30, 15 and 5 days, respectively. 

Different letters denote significant differences (p < 0.05) between salmon samples stored at different 

conditions and time (a-c). For primary lipid oxidation (a) no significant differences were observed in 

all cases. 
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Moreover, the fluorescence ratio increased (p < 0.05) for AP samples stored at 25 ºC 

about 40-fold the initial value, showing a fluorescence ratio of 1.54 ± 0.19 after 5 days of 

storage (Figure 5.5c). For AP/5 ºC, there was also a slightly increase (p> 0.05) of about 9-

fold after 5 days of storage, compared to those obtained in fresh salmon, decreasing after 15 

days. For HS, 75 MPa/25 ºC, fluorescent compounds did not change (p > 0.05) during 30 

days of storage and were much lower compared to the other two storage conditions.  

The lipid oxidation mechanism that occur during salmon storage was already described 

in the previous study (Chapter 4). Basically, lipid oxidation in fish is a complex chain of 

reactions, which originates primary and secondary products, which can react with amino 

constituents (proteins, peptides, free amino acids, and phospholipids), producing interaction 

compounds (fluorescent compounds). Generally, AP samples (being at 25 ºC more 

pronounced than at 5 ºC) showed lower TBARS values and higher fluorescent compounds, 

as a result of lipid oxidation mechanisms from secondary and tertiary oxidations, 

respectively. On the other hand, HS samples showed high TBARS values and lower 

fluorescent compounds, indicating that oxidation extent was lower when compared to AP 

samples. These results indicate that under HS, no tertiary compounds formation occurs, 

produced from the interaction between secondary products and amino constituents of the 

muscle, resulting in higher TBARS but a lower fluorescence ratio value.  

   

5.3.1.4. Volatile compounds profile 

Twenty-nine volatile compounds were detected in the headspace over salmon samples 

using solid-phase microextraction followed by gas chromatography-mass spectrometry 

(SPME-GC/MS) analysis (Table 5.5 and Table 5.6). The compounds identified were mainly 

alcohols (n = 6), aldehydes (n = 10), alkanes (n = 7), esters (n = 4), ketones (n =1) and 

sulphur compounds (n =1).  
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Table 5.5 – Volatile compounds of Atlantic salmon stored at 75 MPa/25 ºC and at atmospheric pressure (AP) at 5 ºC during 30 days, and at AP/25 ºC during 

5 days. Different letters along each raw denote for significant differences (p < 0.05) between storage conditions (a-d); absence of letters means that there 

were not statistically significant differences. Values correspond to the ratio between peak area of each compound and peak area of internal standard (× 100). 

Volatile compounds RT (min) KI (1) 
Fresh fish  75 MPa/25 ºC  AP/5 ºC   AP/25 ºC 

0 days  6 days 15 days 30 days  5 days 15 days 30 days  5 days 

Alcohols              

Pent-1-en-3-ol 2.921 670 7.3 ± 0.6  8.1 ± 0.9 8.6 ± 4.7 3.1 ± 0.6  7.4 ± 2.7 6.0 ± 1.6 6.8 ± 0.5  nd (2) 

3-Methylbutan-1-ol 3.847 717 nd (2)  nd (2) nd (2) nd (2)  3.8 ± 1.1 d 96.9 ± 6.6 a 49.7 ± 2.2 b  15.7 ± 7.4 c 

2-Methylbutan-1-ol 3.954 720 nd (2)  nd (2) nd (2) nd (2)  0.9 ± 0.6 c 20.2 ± 3.0 a 25.5 ± 5.8 a  8.4 ± 2.7 b 

Butane-2,3-diol 5.913 779 nd (2)  nd (2) nd (2) nd (2)  6.5 ± 3.2 b 14.5 ± 0.9 a 9.0 ± 3.7 ab  10.8 ± 4.4 ab 

Oct-1-en-3-ol 12.930 973 6.4 ± 6.3  7.8 ± 1.6 7.6 ± 3.8 3.9 ± 0.3  5.2 ± 1.9 5.7 ± 2.1 5.5 ± 0.4  nd (2) 

Phenylethyl alcohol 19.375 1108 nd (2)  nd (2) nd (2) nd (2)  1.4 ± 0.3 c 22.8 ± 0.8 a 13.6 ± 3.5 b  22.2 ± 2.8 a 

Aldehydes              

3-Methylbutanal 2.569 642 nd (2)  nd (2) nd (2) 2.2 ± 0.7 b  2.1 ± 0.7 b 9.5 ± 4.2 a 7.2 ± 1.8 a  nd (2)) 

Hexanal 5.533 768 36.2 ± 12.3 a  23.4 ± 4.3 abc 16.4 ± 8.1 bc 10.0 ± 3.4 c  34.0 ± 7.5 ab 24.8 ± 2.4 abc 40.4 ± 6.2 a  11.3 ± 0.2 c 

Hept-4-enal 9.305 893 5.9 ± 1.0 a  4.6 ± 1.1 ab 2.6 ± 0.7 bc 1.2 ± 0.5 c  4.4 ± 0.3 ab 3.8 ± 0.4 b 4.2 ± 1.0 ab  nd (2) 

Heptanal 9.428 898 6.7 ± 3.5 a  2.5 ± 0.8 ab 3.4 ± 2.5 ab 1.1 ± 0.6 b  3.7 ± 0.8 ab 5.1 ± 1.2 ab 4.9 ± 1.3 ab  nd (2) 

Benzaldehyde 11.778 951 6.0 ± 3.6 b  5.2 ± 1.9 b 6.0 ± 2.6 ab 4.5 ± 0.2 b  4.2 ± 2.6 b 10.4 ± 3.4 ab 13.3 ± 1.8 a  7.6 ± 2.9 ab 

Octanal 14.104 1004 2.3 ± 0.6 b  7.0 ± 1.9 a 5.9 ± 2.5 ab 2.3 ± 0.8 b  4.6 ± 1.6 ab 4.6 ± 1.7 ab 7.8 ± 1.1 a  nd (2) 

Hepta-2,4-dienal 14.420 1005 8.7 ± 2.1  6.2 ± 3.4 10.0 ± 7.2 nd (2)  10.5 ± 1.2 9.8 ± 2.7 6.0 ± 2.2  nd (2) 

Phenylacetaldehyde 15.747 1032 nd (2)  nd (2) nd (2) nd (2)  2.4 ± 1.4 c 136.3 ± 30.6 a 48.3 ± 7.3 b  31.0 ± 16.1 bc 

Nonanal 19.044 1101 2.9 ± 0.9  6.2 ± 1.4 8.7 ± 5.7 5.6 ± 1.4  6.4 ± 1.9 7.8 ± 2.5 6.5 ± 1.6  8.7 ± 1.2 

Decanal 23.852 1200 1.9 ± 2.0  2.2 ± 0.8 2.2 ± 1.8 1.2 ± 0.7  1.9 ± 0.8 2.2 ± 0.7 1.1 ± 0.2  2.4 ± 1.2 

(1) KI - experiment value of Kovats Index (KI); 

(2) ND – Not detected. 
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Table 5.6 (cont.) – Volatile compounds of Atlantic salmon stored at 75 MPa/25 ºC and at atmospheric pressure (AP) at 5 ºC during 30 days, and at AP/25 

ºC during 5 days. Different letters along each raw denote for significant differences (p < 0.05) between storage conditions (a-d); absence of letters means that 

there were not statistically significant differences. Values correspond to the ratio between peak area of each compound and peak area of internal standard 

(×100). 

Volatile compounds RT (min) KI (1) 
Fresh fish  75 MPa/25 ºC  AP/5 ºC   AP/25 ºC 

0 days  6 days 15 days 30 days  5 days 15 days 30 days  5 days 

Alkanes              

Decane 13.961 1000 9.6 ± 2.6 b  27.6 ± 9.0 a 10.3 ± 4.7b 8.7 ± 3.8b  20.5 ± 3.0 ab 15.7 ± 5.4 ab 10.4 ± 1.7 b  nd (2) 

Undecane 18.644 1093 12.0 ± 2.5  45.0 ± 15.6 24.6 ± 15.9 20.7 ± 6.0  29.1 ± 6.2 20.4 ± 5.9 13.6 ± 1.4  35.6 ± 24.5 

Dodecane 23.313 1190 7.6 ± 1.3  29.3 ± 11.6 19.6 ± 0.116 19.9 ± 4.3  15.9 ± 3.8 11.1 ± 2.0 7.5 ± 0.9  23.9 ± 15.6 

Tridecane 27.240 1290 3.9 ± 0.8  13.3 ± 5.7 8.8 ± 5.3 9.9 ± 2.0  6.6 ± 1.7 4.1 ± 0.1 2.8 ± 0.1  11.3 ± 7.6 

Pentadecane 33.403 1496 9.7 ± 3.4 c  6.0 ± 2.5 c 6.9 ± 3.2 c 5.5 ± 2.5 c  10.1 ± 4.7 c 13.4 ± 5.5 bc 42.1 ± 7.9 a  24.9 ± 11.4 b 

Heptadecane 37.830 1680 10.7 ± 6.5 bcd  5.9 ± 3.3 d 7.5 ± 5.6 cd 5.1 ± 2.8 d  8.3 ± 4.4 bcd 8.0 ± 1.2 bc 8.8 ± 1.5 b  14.8 ± 2.5 a 

2,6,10,14-

Tetramethylpentadecane 
38.335 1700 16.4 ± 3.7 b 

 

9.3 ± 0.3 b 11.1 ± 5.0 b 8.5 ± 0.6 b 

 

13.5 ± 4.3 b 18.0 ± 3.2 b 8.0 ± 0.9 b 

 

35.2 ± 6.2 a 

Esters              

Ethyl acetate 2.256 616 2.5 ± 0.1 bc  nd (2) nd (2) nd (2)  12.7 ± 1.6 bc 32.4 ± 11.3 ab 32.5 ± 11.3 ab  55.4 ± 27.9 a 

Ethyl 2-methylpropanoate 4.458 735 nd (2)  nd (2) nd (2) nd (2)  nd (2) nd (2) nd (2)  56.0 ± 12.6 

Ethyl 2-methylbutanoate 7.356 826 nd (2)  nd (2) nd (2) nd (2)  nd (2) nd (2) nd (2)  86.6 ± 30.2 

Ethyl 4-methylpentanoate 12.412 962 nd (2)  nd (2) nd (2) nd (2)  nd (2) nd (2) nd (2)  281.5 ± 59.1 

Ketones              

Butan-2-one 2.141 607 nd (2)  nd (2) nd (2) nd (2)  2.1 ± 0.6 b 1.9 ± 0.9 b 2.1 ± 0.8 b  131.2 ± 66.3 a 

Sulphur compounds              

Dimethyl disulphide 4.098 724 nd (2)  nd (2) nd (2) nd (2)  nd (2) nd (2) nd (2)  16.4 ± 2.3 

(1) KI - experiment value of Kovats Index (KI); (2) ND – Not detected. 
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A total of six alcohols were identified, being only pent-1-en-3-ol and oct-1-en-3-ol 

present on fresh salmon (Table 5.5). These two compounds were not detected in samples 

stored at AP/25 ºC. Generally, these alcohols are used as markers for salmon freshness, and 

are originated from n−6 PUFA oxidation by lipoxygenase and/or other chemical reactions 

[33]. Their presence in fish might originate from the degradation of linoleic acid and -

linolenic acid, respectively [34]. Other alcohols, such as phenylethyl alcohol, 2-

methylbutan-1-ol, 3-methylbutan-1-ol and butane-2,3-diol, were only detected in samples 

stored at AP (5 and 25 ºC). These compounds are associated to microbial activity and are 

considered as possible indicators of fish spoilage or loss of freshness during storage [35].  

In total, ten aldehydes were identified by SPME-GC/MS method during storage. 

Among them, hexanal, nonanal, decanal and benzaldehyde were found in all samples stored 

at the different conditions. Other aldehydes detected in salmon samples, such as heptanal, 

octanal, hept-4-enal and hepta-2,4-dienal were not detected at AP/25 ºC. According to the 

literature, these C6–C9 aldehydes are commonly described as the main compounds 

responsible of typical fresh-fish flavour [36], being produced from lipoxygenase action on 

n-6 or n-9 PUFAs [37]. For instance, formation of hexanal and heptanal has been reported 

as being originated from the oxidation of n-6 PUFA (mainly from linoleic acid) and that of 

nonanal from n-9 PUFA oxidation (mainly from oleic acid) [37]. In contrast, 

phenylacetaldehyde was only detected in samples stored at AP/5 and 25 ºC, and 3-

methylbutanal in samples stored at AP/5 ºC and 75 MPa/25 ºC (only after 30 days). The 

production of 3-methylbutanal and phenylacetaldehyde has been shown to be related to 

spoilage and could originate from both Strecker degradation and microbial activity on 

leucine and phenylalanine, respectively, formed by the reaction between α-dicarbonyl 

compounds and amino acids [38, 39]. 

Alkanes were also significantly present in the volatiles of salmon samples. Seven 

alkanes were identified in all samples stored under the different conditions, such as decane, 

undecane, dodecane, tridecane, pentadecane, heptadecane and pristane (2,6,10,14-

tetramethylpentadecane); only decane was not detected in samples stored at AP/25 ºC after 

5 days. It has been reported that C8–C19 alkanes unimportantly contributed to the flavour 

because of their high odour threshold values [40]. Pristane (2,6,10,14-

tetramethylpentadecane) is a naturally occurring hydrocarbon that is generated by copepods 

in marine ecosystems, while other organisms eat these copepods and do not readily 
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metabolize this compound, which causes it to accumulate throughout the marine food chain 

[41]. 

Four ester compounds were identified in salmon samples: ethyl acetate, ethyl 2-

methylpropanoate, ethyl 2-methylbutanoate and ethyl 4-methylpentanoate. Ethyl acetate was 

detected in fresh fish in small quantities and in samples stored at AP, being present in high 

quantities in samples stored at AP/25 ºC. Moreover, ethyl 2-methylpropanoate, ethyl 2-

methylbutanoate and ethyl 4-methylpentanoate were detected only in samples stored at 

AP/25 ºC. Ethyl esters formation was associated with esterase activity of lactic acid bacteria 

[42] and amino acid catabolism of Pseudomonas spp. [43]. 

Only one ketone was detected in salmon samples, butan-2-one, being present in 

samples stored at AP, and at a higher amount in samples stored at 25 ºC. In addition, dimethyl 

disulphide was only detected at AP/25 ºC. Dimethyl disulphide can be formed by 

endogenous enzymes and by microbial activity, and has been suggested as one the main 

cause of putrid spoilage aromas in fish [44]. These compounds have been associated to the 

action of H2S-producing organisms, like Shewanella putrefaciens, thus contributing to off-

flavour in fish products [45]. The origin of these sulphur compounds is from microbial 

degradation of cysteine and methionine to form hydrogen sulphide and methyl mercaptan, 

respectively [46]. The proposed mechanism for forming oxidized volatile sulphur 

compounds includes the fast air oxidation of methyl mercaptan to form dimethyl disulphide 

[47].
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Overall, it was possible to identify several potential markers for salmon freshness 

(pent-1-en-3-ol, oct-1-en-3-ol, hexanal, heptanal, octanal, nonanal, decanal, benzaldehyde, 

hept-4-enal, hepta-2,4-dienal, alkanes) and for spoilage of salmon (phenylethyl alcohol, 2-

methylbutan-1-ol, 3-methylbutan-1-ol, butane-2,3-diol, phenylacetaldehyde, 3-

methylbutanal, ethyl esters, butan-2-one, dimethyl disulphide), showing clear differences 

between HS and AP stored samples. The volatile profile of samples stored at 75 MPa/25 ºC 

was more similar to fresh ones, retaining fresh-like alcohols and aldehyde components, for 

example pent-1-en-3-ol, oct-1-en-3-ol, heptanal, octanal and hept-4-enal, which were not 

detected or detected at lower amounts for samples stored at AP/25 ºC and AP/5 ºC 

particularly for the former. Most of these fresh-like compounds were not detected in samples 

stored at AP (5 ºC and 25 ºC), but spoilage-like compounds of microbial activity 

(phenylethyl alcohol, 2-methylbutan-1-ol, 3-methylbutan-1-ol, butane-2,3-diol, ethyl esters 

and dimethyl disulphide) were found instead. 

 

 

5.3.2. Hyperbaric storage at low temperature 

 

This section is adapted from the submitted manuscript: L.G. Fidalgo, M.M.Q. Simões, 

S. Casal, J.A. Lopes-da-Silva, A.M.S. Carta, I. Delgadillo, J.A. Saraiva (2019). 

Physicochemical parameters, lipids stability, and volatiles profile of vacuum-packaged fresh 

Atlantic salmon (Salmo salar) loins preserved under pressure at 10 ºC. Food Research 

International. Just Accepted. 

 

5.3.2.1. Physical properties and myofibrillar protein stability  

Drip loss and WHC were evaluated in salmon samples stored under the different 

conditions of HS/LT and AP (5 and 10 ºC) (Table 5.7). Samples stored at AP/10 ºC showed 

the highest drip loss values, of about 6.1% and 6.8% after 5 and 15 days, respectively, which 

were not different (p > 0.05) from samples stored at AP/5 ºC for 30 days (6.6%). For HS at 

60 MPa/10 ºC no significant differences on drip loss values (p > 0.05) were observed during 

30 days of storage. However, WHC changed (p < 0.05) during the 30 days of HS, decreasing 

from 95.8% to 92.0% after 5 days, but increasing further to 97.4% after 30 days. Generally, 

HP promoted drip loss and reduced WHC, which is normally associated to disruption of 
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electrostatic and hydrophobic interactions [14]. These effects induce changes in protein-

protein conformation and denaturation of important myofibrillar and/or sarcoplasmic 

proteins, leading to exudation from muscles which is collected as drip loss. However, drip 

loss did not change under HS, with WHC decreasing effect during the 15 days of storage, 

and slightly increasing after 30 days. Otero et al. (2017) [16] stored Cape hake loins at 50 

MPa/5 ºC and verified a similar behaviour; WHC of HS samples increased already after 7 

days, being a possible explanation the fact that probably part of the free water in these 

samples had been previously released as drip loss and the water still present was more 

strongly retained by the tissue. 

 

Table 5.7 – Water content (%), drip loss (%) and water holding capacity (%) of Atlantic salmon 

stored at 60 MPa/10 ºC and at atmospheric pressure (AP) at 5 ºC during 30 days, and AP/10 ºC during 

15 days. Different letters along each column denote for significant differences (p < 0.05).  

Storage conditions Water content (1) Drip loss Water holding capacity 

Fresh fish 0 days 71.8 ± 3.2 - 95.8 ± 0.7 ab 

60 MPa/10 ºC 

5 days 72.0 ± 0.2 3.6 ± 0.4 abc 92.0 ± 1.7 c 

15 days 73.7 ± 0.2 3.4 ± 0.8 bc 91.9 ± 0.1 c 

30 days 73.7 ± 0.3 2.6 ± 0.3 c 97.4 ± 0.4 a 

AP/5 ºC 

5 days 69.8 ± 1.8 1.4 ± 0.3 c 96.5 ± 0.5 a 

15 days 69.4 ± 3.0 3.8 ± 1.3 abc 93.8 ± 0.9 bc 

30 days 73.3 ± 4.3 6.6 ± 1.0 ab 97.9 ± 0.7 a 

AP/10 ºC 
5 days 71.5 ± 1.3 6.1 ± 1.9 ab 95.6 ± 1.0 ab 

15 days 68.0 ± 2.6 6.8 ± 1.9 a 93.6 ± 0.3 bc 

(1) No significant differences were observed. 

 

Through TPA test, it was possible to obtain a wide range of food texture properties: 

hardness, adhesiveness, springiness, and resilience (Table 5.8). Comparing to fresh salmon, 

no significant differences (p > 0.05) were found between the conditions for the texture 

properties of hardness, adhesiveness and springiness. However, HS at 60 MPa/10 ºC showed 

lower values for resilience, being statistically different (p < 0.05) from fresh salmon. After 

30 days, samples stored under HS decreased 70% relatively to the initial value, from 1.27 ± 

0.29 to 0.38 ± 0.03. Veland & Torrissen (1999) [17] noted that a resilience value of 1 means 

that all the work performed by the probe during the downstroke is returned by the muscle 

during the upstroke. So, resilience is the capacity of the muscle to recover after a 
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deformation, resisting to a subsequent deformation [17]. Contrary to those observed 

previously for HS/RT condition (75 MPa/25 ºC, Chapter 5 - Section 5.3.1), for 60 MPa/10 

ºC, no visual differences (Figure H1 and Figure H2 of Annex H) on structure consistency 

were observed between samples, compared to fresh salmon samples and those stored at AP. 

Cape hake loins [16] and Atlantic mackerel [19] were stored at 50 MPa/5 ºC during 7 and 

12 days, respectively, being verified that storage under pressure increased the shear 

resistance of Cape hake loins, but no effect on firmness were observed in the case of Atlantic 

mackerel. 

 

Table 5.8 – Texture properties of Atlantic salmon stored at 60 MPa/10 ºC and at atmospheric pressure 

(AP) at 5 ºC during 30 days, and at AP/10 ºC during 15 days. Different letters along each column 

denote for significant differences (p < 0.05) between storage conditions (a-b). 

Storage conditions Hardness (N) Adhesiveness (N.s) Springiness (1) Resilience 

Fresh fish 0 days 3.21 ± 0.51 ab -0.36 ± 0.11 ab 1.49 ± 0.12 1.27 ± 0.29 a 

60 MPa/10 ºC 

5 days 3.05 ± 0.26 ab -0.17 ± 0.01 a 1.13 ± 0.11 0.5 ± 0.34 ab 

15 days 3.28 ± 0.05 ab -0.34 ± 0.01 ab 1.14 ± 0.04 0.51 ± 0.10 ab 

30 days 2.68 ± 0.04 ab -0.28 ± 0.02 ab 1.12 ± 0.02 0.38 ± 0.03 b 

AP/5 ºC 

5 days 2.74 ± 0.39 ab -0.43 ± 0.12 ab 1.37 ± 0.28 0.99 ± 0.65 ab 

15 days 3.27 ± 0.28 ab -0.44 ± 0.13 ab 1.38 ± 0.10 0.95 ± 0.19 ab 

30 days 2.43 ± 0.41 b -0.38 ± 0.18 ab 1.42 ± 0.14 0.95 ± 0.21 ab 

AP/10 ºC 
5 days 3.47 ± 0.57 a -0.54 ± 0.05 b 1.25 ± 0.08 0.67 ± 0.19 ab 

15 days 2.67 ± 0.24 ab -0.36 ± 0.16 ab 1.25 ± 0.20 0.61 ± 0.40 ab 

(1) No significant differences were observed. 

 

The images of muscular fibre sections obtained by scanning electron microscopy 

(SEM) analysis are shown in Figure 5.6. In fresh samples (day 0, Figure 5.6a), fibres appear 

with some extracellular space, being this associated to the dehydration method that could 

weaken links between fibres and myocommata. 

Storage of salmon samples at AP/10 ºC (Figure 5.6b) induced numerous cracks inside 

the fibres, a deterioration of pericellular connective tissue being visible after 15 days of 

storage. For samples stored at AP/5 ºC (Figure 5.6c), there are no visible differences on 

muscle fibres after 15 days of storage, while after 30 days of storage (Figure 5.6d) is clearly 

visible the same deterioration observed on AP/10 ºC samples. This evolution of myofibrils 

structure is the result of natural degradation by proteases and microorganisms [18], which is 
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in accordance with the high microbial load obtained in previous work for AP/10 ºC samples 

already shown in the Section 5.2.1 (in this Chapter 5). Additionally, the presence of 

microorganisms is visible in AP samples, corresponding to the numerous light points 

observed. 

 

 

Figure 5.6 - Scanning electron micrograph of longitudinal sections of: fresh Atlantic salmon muscle 

(a); stored at atmospheric pressure (AP) at 10 ºC during 15 days (b); AP/5 ºC during 15 days (c) and 

30 days (d); and 60 MPa/10 ºC during 15 days (e ) and 30 days (f).  
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On the other hand, the appearance of the fibres showed minor changes when samples 

were stored under HS at 60 MPa/10 ºC (Figure 5.6e), when compared to AP samples. From 

Figure 5.6e it is visible that the extracellular space decreases after 15 days of storage, 

slightly increasing after 30 days (Figure 5.6f), with some cracks inside de fibres but less 

pronounced than for AP samples (mainly AP/5 ºC also after 30 days). Hughes et al. (2015) 

[48] verified that HP (300 MPa for 5 min) can cause stretching of the connective tissue with 

low changes in texture due to the continued presence of collagen in the tissue. 

Figure 5.7 shows the results regarding MFI of salmon samples stored under different 

conditions. Compared to fresh salmon, no significant differences (p > 0.05) were verified in 

HS samples during 30 days of storage, as well as for AP/5 ºC. Differently, for AP/10 ºC there 

was an increase (p < 0.05) of the initial values from 11 ± 5 to 25 ± 6 and 28 ± 6 after 5 and 

15 after 15 days, respectively.  

 

 

Figure 5.7 – Myofibrillar fragmentation index of Atlantic salmon stored at 60 MPa/10 ºC and at 

atmospheric pressure (AP) at 5 ºC during 30 days, and AP/10 ºC during 15 days. Different letters 

denote significant differences (p < 0.05) between salmon samples stored at different conditions and 

time (a-b). 

 

MFI could indicate the degradation extension of muscle myofibrillar proteins [20]. In 

the present study, there was a pronounced myofibrillar degradation on samples stored at 10 

ºC, contrarily to those observed under pressure and at the same temperature (60 MPa/10 ºC). 

According to Otero et al. (2019) [19], HS at lower temperature (50 MPa/5 ºC) caused 

differences on the electrophoretic pattern of the myofibrillar fraction of Atlantic mackerel, 
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what could be due to a direct effect of pressure on myofibrillar proteins but also to a pressure-

induced effect on the autolytic capacity of endogenous proteases. In the present work, at 60 

MPa/10 ºC salmon samples revealed a stability of MFI values, possibly due to an inhibition 

of endogenous enzymes under pressure. 

 

5.3.2.2. Lipid stability: Fatty acid profile and lipid oxidation  

The fatty acids profile of salmon samples stored under different conditions of HS/LT 

and AP (5 and 10 ºC) is shown in Table 5.9. The total SFA (9.62-13.21 g/100 g lipids), 

MUFA (34.03-44.10 g/100 g lipids) and PUFA (17.57-22.33 g/100 g lipids) composition did 

not change (p < 0.05) between samples, being MUFA predominant in the FA profile of 

salmon samples. Regarding PUFA, n-6 compounds were identified in higher quantities 

(9.84-13.28 g/100 g lipids), followed by n-3 compounds in lower amount (6.83-9.66 g/100 

g lipids), with no significant differences (p > 0.05) between conditions and during storage. 

Otherwise, even though no differences in n-3 and n-6 in different salmon samples were 

detected, the n-6/n-3 ratio changed (p < 0.05) under the different conditions studied (Figure 

5.8a). HS samples showed a lower n-6/n-3 ratio values and no changes (p > 0.05) were 

observed along 30 days of storage (between 1.16 and 1.28 g/100 g lipids), when compared 

to the values obtained in AP samples after 15 days (1.88 and 1.82 g/100 g lipids for AP/5 ºC 

and 10 ºC, respectively).  
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Table 5.9 - Fatty acids profile (1) (wt.%, g FA/100 g of total lipids) of Atlantic salmon stored at 60 MPa/10 ºC during 30 days, and at atmospheric pressure 

(AP) at 5 ºC and 10 ºC during 15 days. Different letters along each row denote significant differences (p < 0.05); absence of letters indicates not statistically 

significant differences. 

Fatty acids 
Fresh fish  60 MPa/10 ºC  AP/5 ºC  AP/10 ºC 

0 days  5 days 15 days 30 days  5 days 15 days  5 days 15 days 

C14:0 1.14 ± 0.12ab  1.05 ± 0.22b 1.29 ± 0.14ab 1.47 ± 0.10a  1.01 ± 0.10b 1.30 ± 0.14ab  1.06 ± 0.12b 1.30 ± 0.05ab 

C16:0 7.57 ± 1.04  7.90 ± 1.99 9.22 ± 1.05 9.42 ± 0.42  6.78 ± 0.97 7.37 ± 0.16  7.20 ± 1.10 8.17 ± 0.96 

C18:0 2.05 ± 0.16  1.92 ± 0.40 2.13 ± 0.37 2.32 ± 0.11  1.84 ± 0.18 1.91 ± 0.20  1.91 ± 0.30 2.09 ± 0.15 

∑ SFA 10.76 ± 1.22  10.87 ± 2.58 12.64 ± 1.54 13.21 ± 0.61  9.62 ± 1.17 10.57 ± 0.36  10.16 ± 1.40 11.56 ± 1.15 

C16:1n-7 1.59 ± 0.28  1.24 ± 0.36 1.59 ± 0.15 1.43 ± 0.34  1.34 ± 0.09 1.68 ± 0.12  1.44 ± 0.20 1.67 ± 0.19 

C18:1n-7 3.56 ± 0.55  2.90 ± 0.70 3.30 ± 0.37 3.64 ± 0.94  3.34 ± 0.76 3.54 ± 0.81  3.15 ± 0.91 3.44 ± 0.51 

C18:1n-9 29.29 ± 7.11  25.41 ± 7.65 33.90 ± 2.01 25.59 ± 9.19  29.69 ± 3.20 31.47 ± 5.33  30.63 ± 3.43 32.85 ± 3.60 

C20:1n-9 4.84 ± 0.58  3.90 ± 0.90 4.61 ± 0.65 4.51 ± 0.55  4.36 ± 0.55 4.89 ± 0.74  4.00 ± 0.65 4.66 ± 0.27 

C22:1n-9 0.64 ± 0.06  0.59 ± 0.13 0.71 ± 0.08 0.75 ± 0.16  0.66 ± 0.11 0.80 ± 0.21  0.64 ± 0.14 0.80 ± 0.11 

∑ MUFA 39.91 ± 8.45  34.03 ± 9.30 44.10 ± 2.61 34.92 ± 10.18  39.39 ± 4.40 42.38 ± 6.64  39.85 ± 5.24 43.41 ± 3.09 

C20:4n-3 0.74 ± 0.10  0.66 ± 0.17 0.77 ± 0.12 0.77 ± 0.05  0.66 ± 0.06 0.71 ± 0.08  0.66 ± 0.07 0.76 ± 0.12 

C20:5n-3 (EPA) 1.98 ± 0.16  2.05 ± 0.62 2.37 ± 0.19 2.43 ± 0.24  1.80 ± 0.27 1.90 ± 0.05  1.90 ± 0.33 1.97 ± 0.35 

C22:5n-3 0.94 ± 0.11  0.83 ± 0.21 1.01 ± 0.07 0.98 ± 0.07  0.90 ± 0.08 0.95 ± 0.07  0.82 ± 0.08 0.93 ± 0.14 

C22:6n-3 (DHA) 4.51 ± 0.70  4.98 ± 1.68 5.50 ± 0.82 5.29 ± 0.25  4.21 ± 0.65 3.52 ± 0.32  3.44 ± 0.23 3.50 ± 0.39 

∑ n-3 PUFA 8.17 ± 0.89  8.52 ± 2.66 9.66 ± 1.19 9.48 ± 0.42  7.57 ± 0.99 7.08 ± 0.40  6.83 ± 0.59 7.16 ± 0.73 

C18:2n-6 9.04 ± 1.63  7.06 ±1.99 9.37 ± 0.75 8.81 ± 1.20  8.35 ± 1.10 9.86 ± 1.49  8.13 ± 1.28 9.76 ± 0.78 

C20:2n-6 0.95 ± 0.15  0.81 ± 0.22 0.98 ± 0.12 0.97 ± 0.14  0.89 ± 0.06 0.99 ± 0.11  0.83 ± 0.06 0.97 ± 0.08 

C22:2n-6 2.24 ± 0.45  1.98 ± 0.53 2.32 ± 0.47 2.35 ± 0.22  2.14 ± 0.10 2.43 ± 0.42  2.03 ± 0.21 2.32 ± 0.32 

∑ n-6 PUFA 12.23 ± 2.12  9.84 ± 2.70 12.67 ± 1.34 12.13 ± 1.47  11.37 ± 1.25 13.28 ± 2.00  11.00 ± 1.52 13.05 ± 1.16 

n-6/n-3 ratio 1.51 ± 0.27abc  1.16 ± 0.08c 1.31 ± 0.03bc 1.28 ± 0.20bc  1.51 ± 0.09abc 1.88 ± 0.30a  1.61 ± 0.14abc 1.82 ± 0.04ab 

(1) SFA: total saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid. 
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The polyene index values are shown in Figure 5.8b. HS samples showed a stable 

polyene index (p > 0.05) during 30 days of storage. This is in contrast with the values 

observed for AP samples; AP/10 ºC polyene index decreased (p < 0.05) after 5 days from 

0.86 ± 0.03 to 0.75 ± 0.05, as samples stored at AP/5 ºC decreased (p < 0.05) to a similar 

value after 15 days (0.73 ± 0.03). Polyene index evolution in the salmon loins is a good index 

to evaluate lipid oxidation [29], indicating that the decrease of polyene index during storage 

verified in AP samples showed that oxidation mechanisms are active during storage. 

 

 

Figure 5.8 - Ratio of n-6/n-3 (a) and polyene index (b) of Atlantic salmon stored at 60 MPa/10 ºC 

during 30 days, and at atmospheric pressure (AP) at 5 ºC and AP/10 ºC during 15 days. Different 

letters denote significant differences (p < 0.05) between salmon samples stored at different conditions 

and time (a-b). 
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Table 5.10 shows the primary (peroxides values), secondary (TBARS) and tertiary 

(fluorescence ratio) lipid oxidations in salmon samples stored under the different conditions 

of HS/LT and AP (5 and 10 ºC). Higher peroxides values were obtained for HS samples 

(between 5.07 and 5.99 mg Fe (III)/kg lipids), when compared to AP samples, AP/5 ºC being 

the condition with the lower value (3.55 ± 0.12 mg Fe (III)/kg lipids after 15 days). On the 

other hand, TBARS values did not show significant changes (p > 0.05) during storage in all 

the conditions, showing values between 0.12 and 0.28 µg MDA/g fish. However, the 

fluorescence ratio (tertiary lipid oxidation) increased (p < 0.05) for the AP/5 ºC and the 

AP/10 ºC samples after 5 days of storage, going from 0.04 ± 0.01 to 0.33 ± 0.02 and 0.22 ± 

0.04, respectively. For HS, 60 MPa/10 ºC, the fluorescence ratio did not change (p > 0.05) 

during the 30 days of storage. 

 

Table 5.10 - Lipid oxidation (1) of Atlantic salmon stored at 60 MPa/10 ºC during 30 days, and at 

atmospheric pressure (AP) at 5 ºC and AP/10 ºC during 15 days. Different letters along each column 

denote for significant differences (p < 0.05) between storage conditions. 

Storage conditions Primary Secondary Tertiary 

Fresh fish 0 days 4.76 ± 0.50 abc 0.21 ± 0.14 0.04 ± 0.01 d 

60 MPa/10 ºC 

5 days 5.07 ± 0.99 abc 0.28 ± 0.17 0.05 ± 0.01 d 

15 days 5.56 ± 0.73 ab 0.25 ± 0.09 0.04 ± 0.01 d 

30 days 5.99 ± 0.65 a 0.22 ± 0.02 0.04 ± 0.01 d 

AP/5 ºC 
5 days 4.07 ± 0.68 bc 0.17 ± 0.11 0.33 ± 0.02 a 

15 days 3.55 ± 0.12 c 0.13 ± 0.05 0.25 ± 0.03 b 

AP/10 ºC 
5 days 4.34 ± 0.49 abc 0.12 ± 0.02 0.22 ± 0.04 bc 

15 days 4.37 ± 0.52 abc 0.12 ± 0.01 0.18 ± 0.03 c 
(1) Primary lipid oxidation by peroxides values (mg Fe (III)/kg lipids); Secondary lipid oxidation by TBARS 

(μg malondialdehyde (MDA)/g muscle); and tertiary lipid oxidation by fluorescence ratios. 

 

Basically, undesirable products formation, resulting from lipid oxidation, could be 

originated from a complex and sequential mechanism, thus resulting in the formation of 

primary and secondary products, followed by the reaction of these compounds with amino 

constituents of the fish muscle (proteins, peptides, free amino acids, and phospholipids), 

producing interaction compounds, which could be quantified by fluorescence methods [49]. 

The results from the present study showed that HS/LT allowed to slowdown lipid oxidation 

of salmon samples, which was also confirmed by the stable polyene index, when compared 

to AP samples. Recently, Otero et al. (2019) [19] reported that hyperbaric cold storage (HS 
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at low temperature, 50 MPa/5 ºC) did not reveal significant changes on the lipid oxidation 

(evaluated by quantification of polymerization compounds through high-performance size-

exclusion chromatography), fatty acid composition and polyene index of Atlantic mackerel 

during 12 days of storage. 

 

5.3.2.3. Volatile compounds profile 

Table 5.11 and Table 5.12 shows the volatile profile identified in the headspace over 

salmon samples stored under HS/LT and AP (5 and 10 ºC). In fresh salmon samples, eighteen 

volatile compounds were identified, including alcohols (pent-1-en-3-ol and oct-1-en-3-ol), 

aldehydes (hexanal, hept-4-enal, heptanal, benzaldehyde, octanal and hepta-2,4-dienal), 

alkanes and ethyl acetate. For 60 MPa/10 ºC during 30 days, a similar volatile compounds’ 

profile was identified, differing in the absence of ethyl acetate in HS samples.  

Otherwise, for salmon samples stored at AP, some volatile compounds disappeared, 

and new ones appeared. In both AP samples (5 and 10 ºC) new alcohols (phenylethyl alcohol, 

2-methylbutan-1-ol, 3-methylbutan-1-ol and butane-2,3-diol), aldehydes 

(phenylacetaldehyde and 3-methylbutanal) and a ketone (butan-2-one) were detected. Some 

alcohols, such as phenylethyl alcohol, 2-methylbutan-1-ol, 3-methylbutan-1-ol and butane-

2,3-diol, are associated to microbial activity and are considered as possible indicators of fish 

spoilage or loss of freshness during storage [35]. The production of 3-methylbutanal and 

phenylacetaldehyde has been also shown to be related to spoilage. Other ethyl esters, such 

as ethyl 2-methylpropanoate, ethyl 2-methylbutanoate and ethyl 4-methylpentanoate were 

also detected, in samples stored at AP/10 ºC after 15 days. The ethyl esters’ formation was 

associated with esterase activity and amino acid catabolism of some microorganisms, such 

as lactic acid bacteria [42] and Pseudomonas spp. [43], respectively.  
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Table 5.11 – Volatile compounds of Atlantic salmon stored at 60 MPa/10 ºC and at atmospheric pressure (AP) at 5 ºC during 30 days, and AP/10 ºC 

during 15 days. Different letters along each raw denote for significant differences (p < 0.05) between storage conditions (a-d); absence of letters means 

that there were not statistically significant differences. Values correspond to ratio between peak area of each compound and peak area of internal standard 

(× 100). 

Volatile organic compounds RT (min) KI (1) 
Fresh fish  60 MPa/10 ºC  AP/5 ºC   AP/10 ºC  

0 days  5 days 15 days 30 days  5 days 15 days 30 days  5 days 15 days 

Alcohols               

Pent-1-en-3-ol 2.921 670 7.3 ± 0.6 ab  8.4 ± 1.3 a 8.3 ± 1.8 a 8.1 ± 1.6 a  7.4 ± 2.7ab 6.0 ± 1.6ab 6.8 ± 0.5 ab  3.3 ± 1.0 b nd (2) 

3-Methylbutan-1-ol 3.847 717 nd (2)  nd (2) nd (2) nd (2)  3.8 ± 1.1c 96.9 ± 6.6a 49.7 ± 2.2 b  83.0 ± 23.0 ab 124.4 ± 37.8 a 

2-Methylbutan-1-ol 3.954 720 nd (2)  nd (2) nd (2) nd (2)  0.9 ± 0.6b 20.2 ± 3.0a 25.5 ± 58 a  19.7 ± 6.7 a 15.0 ± 7.2 a 

Butane-2,3-diol 5.913 779 nd (2)  nd (2) nd (2) nd (2)  6.5 ± 3.2c 14.5 ± 0.9ab 9.0 ± 3.7 abc  15.6 ± 3.2 a 8.2 ± 3.9 bc 

Oct-1-en-3-ol 12.930 973 6.4 ± 6.3  11.3 ± 0.8 9.6 ± 0.7 7.6 ± 2.8  5.2 ± 1.9 5.7 ± 2.1 5.5 ± 0.4  5.2 ± 1.2 nd (2) 

Phenylethyl alcohol 19.375 1108 nd (2)  nd (2) nd (2) nd (2)  1.4 ± 0.3c 22.8 ± 0.8ab 13.6 ± 3.5 bc  26.6 ± 7.1 a 32.4 ± 10.9 a 

Aldehydes               

3-Methylbutanal 2.569 642 nd (2)  nd (2) nd (2) nd (2)  2.1 ± 0.7 c 9.5 ± 4.2 ab 7.2 ± 1.8 bc  14.0 ± 2.8 a 13.2 ± 4.0 ab 

Hexanal 5.533 768 36.2 ± 12.3 a  43.4 ± 5.8 a 27.2 ± 2.6 a 24.8 ± 3.4 a  34.0 ± 7.5 a 24.8 ± 2.4 a 40.4 ± 6.2 a  28.2 ± 9.6 a 4.7 ± 2.3 b 

Hept-4-enal 9.305 893 5.9 ± 1.0 a  5.0 ± 2.2 ab 3.3 ± 0.6 ab 3.2 ± 1.0 ab  4.4 ± 0.3 ab 3.8 ± 0.4 ab 4.2 ± 1.0 ab  2.8 ± 0.5 b 3.0 ± 1.1 ab 

Heptanal 9.428 898 6.7 ± 3.5 ab  9.6 ± 1.0 a 6.1 ± 1.3 ab 6.0 ± 1.9 ab  3.7 ± 0.8 b 5.1 ± 1.2 ab 4.9 ± 1.3 ab  7.5 ± 0.9 ab 2.9 ± 1.9 b 

Benzaldehyde 11.778 951 6.0 ± 3.6 b  9.6 ± 1.7 ab 8.0 ± 0.8 ab 4.3 ± 2.8 b  4.2 ± 2.6 b 10.4 ± 3.4 ab 13.3 ± 1.8 ab  17.5 ± 6.4 a 12.5 ± 6.0 ab 

Octanal 14.104 1004 2.3 ± 0.6 d  11.8 ± 0.8 a 7.6 ± 1.9 ab 6.8 ± 2.4 bc  4.6 ± 1.6 bcd 4.6 ± 1.7 bcd 7.8 ± 1.1 ab  7.5 ± 1.6 ab 2.7 ± 1.6 cd 

Hepta-2,4-dienal 14.420 1005 8.7 ± 2.1 ab  11.2 ± 2.4 a 13.5 ± 4.8 a 8.0 ± 3.2 a  10.5 ± 1.2 ab 9.8 ± 2.7 ab 6.0 ± 2.2 ab  3.7 ± 2.2 b nd (2) 

Phenylacetaldehyde 15.747 1032 nd (2)  nd (2) nd (2) nd (2)  2.4 ± 1.4 d 136.3 ± 30.6 a 48.3 ± 7.3 cd  95.4 ± 26.5 ab 65.6 ± 25.9 bc 

Nonanal 19.044 1101 2.9 ± 0.9 c  14.4 ± 0.4 a 11.1 ± 1.3 bc 7.7 ± 3.1 abc  6.4 ± 1.9 ab 7.8 ± 2.5 abc 6.5 ± 1.6 bc  11.9 ± 4.5 ab 5.5 ± 4.5 bc 

Decanal 23.852 1200 1.9 ± 2.0 ab  4.5 ± 1.5 ab 4.5 ± 1.0 ab 1.8 ± 0.2 ab  1.9 ± 0.8 ab 2.2 ± 0.7 ab 1.1 ± 0.2 b  8.0 ± 5.9 a 2.2 ± 1.8 ab 

(1) KI – experiment value of Kovats Index (KI);  

(2) ND – Not detected. 
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Table 5.12 (cont.) – Volatile compounds of Atlantic salmon stored at 60 MPa/10 ºC and at atmospheric pressure (AP) at 5 ºC during 30 days, and AP/10 

ºC during 15 days. Different letters along each raw denote for significant differences (p < 0.05) between storage conditions (a-d); absence of letters means 

that there were not statistically significant differences. Values correspond to ratio between peak area of each compound and peak area of internal standard 

(× 100). 

Volatile organic compounds RT (min) KI (1) 
Fresh fish  60 MPa/10 ºC  AP/5 ºC   AP/10 ºC  

0 days  5 days 15 days 30 days  5 days 15 days 30 days  5 days 15 days 

Alkanes               

Decane 13.961 1000 9.6 ± 2.6 bc  6.0 ± 1.9 bc 5.1 ± 2.8 c 10.8 ± 2.0 abc  20.5 ± 3.0 a 15.7 ± 5.4 ab 10.4 ± 1.7 bc  13.3 ± 6.5 abc 8.4 ± 1.1 bc 

Undecane 18.644 1093 12.0 ± 2.5  11.0 ± 4.2 27.0 ± 17.3 22-0 ± 6.0  29.1 ± 6.2 20.4 ± 5.9 13.6 ± 1.4  21.6 ± 10.6 22.2 ± 5.6 

Dodecane 23.313 1190 7.6 ± 1.3 b  10.8 ± 5.1 ab 24.1 ± 11.1 a 17.1 ± 5.4 ab  15.9 ± 3.8 ab 11.1 ± 2.0 ab 7.5 ± 0.9 b  14.1 ± 6.3 ab 13.0 ± 2.2 ab 

Tridecane 27.240 1290 3.9 ± 0.8 b  6.7 ± 3.5 ab 11.1 ± 4.2 a 7.5 ± 2.8 ab  6.6 ± 1.7 ab 4.1 ± 0.1 b 2.8 ± 0.1 b  7.0 ± 3.0 ab 6.0 ± 1.3 ab 

Pentadecane 33.403 1496 9.7 ± 3.4 b  8.4 ± 3.9 b 12.2 ± 1.1 b 9.4 ± 3.7 b  10.1 ± 4.7 b 13.4 ± 5.5 b 42.1 ± 7.9 a  19.2 ± 3.5 b 17.6 ± 3.3 b 

Heptadecane 37.830 1680 10.7 ± 6.5  6.2 ± 1.4 10.6 ± 5.1 8.4 ± 3.8  8.3 ± 4.4 8.0 ± 1.2 8.8 ± 1.5  10.8 ± 3.0 9.2 ± 2.9 

2,6,10,14-Tetramethylpentadecane 38.335 1700 16.4 ± 3.7 ab  15.8 ± 2.9 ab 15.7 ± 2.0 ab 13.8 ± 3.2 ab  13.5 ± 4.3 a 18.0 ± 3.2 a 8.0 ± 0.9 b  22.9 ± 3.7 a 19.0 ± 4.6 ab 

Esters               

Ethyl acetate 2.256 616 2.5 ± 0.1 a  nd (2) nd (2) nd (2)  12.7 ± 1.6 c 32.4 ± 11.3 a 32.5 ± 11.3 a  16.2 ± 0.9 bc 29.0 ± 0.4 ab 

Ethyl 2-methylpropanoate 4.458 735 nd (2)  nd (2) nd (2) nd (2)  nd (2) nd (2) nd (2)  nd (2) 12.0 ± 3.1 

Ethyl 2-methylbutanoate 7.356 826 nd (2)  nd (2) nd (2) nd (2)  nd (2) nd (2) nd (2)  nd (2) 11.3 ± 8.2 

Ethyl 4-methylpentanoate 12.412 962 nd (2)  nd (2) nd (2) nd (2)  nd (2) nd (2) nd (2)  nd (2) 14.3 ± 9.9 

Ketones               

Butan-2-one 2.141 607 nd (2)  nd (2) nd (2) nd (2)  2.1 ± 0.6 b 1.9 ± 0.9 b 2.1 ± 0.8 b  5.7 ± 1.1 b 107.9 ± 38.9 a 

(1) KI – experiment value of Kovats Index (KI);  

(2) ND – Not detected. 
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Additionally, compounds such as pent-1-en-3-ol and oct-1-en-3-ol, hexanal, heptanal, 

octanal, nonanal, decanal and hepta-2,4-dienal were not detected in AP samples. Pent-1-en-

3-ol and oct-1-en-3-ol are commonly used as markers for salmon freshness; and C6–C9 

aldehydes, such as hexanal, nonanal, decanal, benzaldehyde, heptanal, octanal, hept-4-enal, 

and hepta-2,4-dienal, are commonly described as the main compounds responsible of typical 

fresh-fish flavour [36]; being all of these compounds produced by lipoxygenase action on 

PUFAs [33, 34, 37].  

The results clearly show that all HS/LT samples are more related to fresh salmon 

samples than the other samples, indicating that HS kept much better the fresh salmon 

volatiles profiles for up to 30 days. 
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5.4. CONCLUSIONS 

 

Both HS studied conditions at LT (60 MPa/10 ºC) and at RT (75 MPa/25 ºC) allowed 

to obtain a shelf-life extension of vacuum-packaged Atlantic salmon up to 30 days. These 

two conditions showed an inhibition and additional inactivation of initial spoilage microbial 

load after 30 days, being the effect more pronounced at HS/RT than at HS/LT, resulting in 

a decrease of the total aerobic mesophiles to values below the detection limit (≤ 1.00 log 

CFU/g) at HS/RT. For the other endogenous microorganisms was also observed a reduction 

to values below the detection limit after the 30 days of storage for both HS conditions. 

Furthermore, HS at 60 MPa/10 ºC and 75 MPa/25 ºC showed to be an effective method 

to control some inoculated surrogated-pathogen microorganisms in Atlantic salmon during 

30 days of storage. Both HS conditions caused an inactivation of B. subtilis endospores to 

values below detection limit after 30 days of storage. Furthermore, HS/LT and HS/RT 

allowed to obtain a reduction of initial E. coli and L. innocua counts, being observed that the 

later seemed to be more pressure-resistant than the former.  

Additionally, HS/RT (75 MP/25 ºC) and HS/LT (60 MPa/10 ºC) of vacuum-packaged 

fresh Atlantic salmon were found to be efficient methods to retain important 

physicochemical properties up to at least 15 and 30 days of storage, respectively, when 

compared to the conventional refrigeration.  

Most of the FAs were not affected by storage conditions and the main difference was 

observed for DHA that showed no changes for samples stored under HS/RT during the 30 

days, but decreased for samples stored under AP, reflecting in a stable and better n-3 PUFAs 

content. Consequently, polyene index was maintained in HS/RT samples, and decreased for 

AP samples (AP/25 ºC after 5 days and AP/5 ºC after 15 days). Furthermore, HS/RT samples 

revealed a slower increase of MFI values and lower lipid oxidation when compared to AP 

samples. Also, at HS/LT was observed a lower lipid oxidation state compared to AP samples, 

while no variations of myofibrillar fragmentation index were observed for samples stored at 

HS/LT. The volatile compounds identified were mainly alcohols, aldehydes, alkanes, esters, 

ketones and sulphur compounds. Samples stored at 75 MPa/25 ºC and 60 MPa/10 ºC showed 

a similar volatile profile to that of fresh samples. On the other hand, spoilage-like compounds 

were detected in higher amounts in samples stored under AP. For HS/RT, drip loss increased 

during storage under pressure, with no significant differences on WHC after the 30 days of 
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storage. Stable drip loss and water holding capacity were observed for HS/LT samples. 

Longitudinal section images obtained by SEM revealed that HS/LT caused lower changes 

in muscle fibres than in the samples stored at AP. No effect was found between the 

conditions for the textural properties of hardness, adhesiveness and springiness. However, 

resilience decreased for samples stored at 75 MPa/25 ºC and 60 MPa/10 ºC after 30 days.  

These results showed the great potential of HS for preservation of low acidity/high 

water activity foods, as the case of fresh fish, whose shelf-life is very limited. This opens the 

possibility for considerable shelf-life extensions of fresh fish with additionally microbial 

safety, retaining important physicochemical parameters related to quality of fresh fish. 

Additionally, HS at RT has shown an important advantage of a possible energy savings, 

when compared to conventional refrigeration, since energy is only required for compression 

and decompression of the pressure vessel, and not during storage.  
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6.1. OVERVIEW 

 

At the end of each thesis chapter, conclusions were drawn regarding hyperbaric storage 

at room and low temperatures (HS/RT and HS/LT, respectively). In this section, an 

integrated overview of the main results and conclusions of this thesis are presented, 

highlighting some important aspects. It is also discussed some possible future research work, 

particularly specific analyses that could/should be done, in order to further assess the 

advantages and feasibility of hyperbaric storage as a new methodology for fish preservation. 
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6.2. CONCLUDING REMARKS 

 

Fish is a highly perishable food characterized by short shelf-life, due to the action of 

different damage mechanisms, such as microbial spoilage, autolytic degradation and lipid 

oxidation. These deleterious reactions cause several quality changes particularly on 

microbial quality, texture, colour, and flavour, being necessary fish storage under 

refrigeration or frozen. However, many of these changes still occur mainly during 

refrigerated storage. Furthermore, storage using low temperatures is one of the most energy-

intensive technologies applied in food supply chain, involving a number of sustainability-

related challenges. 

HS has attracted great interest lately due to the possibility to preserve food products 

above atmospheric pressure at room (RT) or low temperatures (LT), maintaining equal to 

better food quality and increasing shelf-life comparatively to the conventional method of 

refrigeration. These two approaches of hyperbaric preservation (HS/RT and HS/LT) have 

been showing many advantages, mainly in increasing shelf-life and retaining important fresh 

physicochemical parameters of different food products. Additionally, HS/RT, generally 

viewed as having an additional advantage over refrigeration for food storage, since with 

HS/RT the only energy needed is to achieve the targeted pressure level and at the end to 

decompress the vessel, thereby eliminating the costs of energy needed during food storage 

as needed for refrigeration.  

 

The main objective of this work was to evaluate storage under pressure (Hyperbaric 

Storage - HS) as a new fish preservation methodology, using as a case-study Atlantic salmon 

(Salmo salar). The work was developed strategically based on: (1) a screening study was 

performed to define the best conditions of HS/RT and HS/LT to preserve salmon muscle 

portions; (2) using the best conditions obtained, it was studied the influence of HS on 

spoilage and inoculated surrogate-pathogenic microorganisms, and important 

physicochemical parameters (lipid stability, texture and volatile profile) related to quality of 

vacuum-packaged salmon loins. 
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With the results obtained in the present thesis, it was possible to conclude that, when 

compared to conventional refrigeration (at atmospheric pressure, AP/5 ºC): 

 

• HS/RT was found to be an efficient method: 

▪ To slowdown microbial growth or even to reduce the initial microbial load (by 

inactivation) from salmon portions, using conditions of 60 and 75 MPa (25 ºC), respectively, 

to at least 6 and 25 days of storage, respectively; 

▪ To cause no changes in several quality physicochemical parameters (pH, 

water activity and colour parameters) from salmon portions, at 75 MPa/25 ºC for at least 

25 days. However, formation of primary and secondary lipid oxidation products was 

increased by HS/RT after 6 days of storage, compared to control samples (AP/5 and 25 

ºC), and increasing until the 25th day of storage; differently, lower level of tertiary lipid 

oxidation products were verified for HS/RT, but an increment as observed for control 

samples stored at AP/25 ºC, with these samples showing an advanced stage of lipid 

oxidation immediately after 6 days; 

▪ To obtain a shelf-life extension of vacuum-packaged salmon loins up to 30 days: 

o by decrease of the initial population of spoilage and inoculated surrogate-

pathogenic microorganisms (Bacillus subtilis endospores, Escherichia coli and Listeria 

innocua), showing that besides the shelf-life extension, it also ensured better microbial safety 

of vacuum-packaged Atlantic salmon; 

o retention of important physicochemical properties for at least 15 days: with a 

slight increase of drip loss and a slight decrease of water holding capacity after 5 days, 

increasing further after 30 days; maintenance of most textural properties, being only 

resilience affected by HS (decreased after 30 days); stable polyene index values and lower 

lipid oxidation, contrary to AP samples, which showed lower polyene index (decrease of 

docosahexaenoic acid, DHA, n-3 polyunsaturated fatty acid); a slower increase of 

myofibrillar fragmentation index values, when compared to AP samples; and a volatile 

profile similar to fresh salmon samples, retaining fresh-like alcohols and aldehydes 

compounds, which disappeared in AP samples (mainly at 25 ºC, which several microbial 

activity spoilage-like compounds were found). 
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• Also, HS/LT was found to be an efficient method: 

▪ To reduce the initial microbial load from salmon portions, using conditions of 

50 MPa/5 ºC and 60/10 ºC to at least 10 and 50 days of storage, respectively; 

▪ To maintain the initial pH values and colour parameters from salmon portions to 

at least 50 days when stored at 60 MPa/10 ºC. However, an increase of total volatile based-

nitrogen (TVB-N) formation after 30 days was observed, remaining below acceptable limit 

until the 15th day, and showing also stable trimethylamine-nitrogen (TMA-N) and 

dimethylamine-nitrogen during storage time (contrary, control samples stored at AP/10 ºC, 

showed an increase of the TVB-N and TMA-N formation on samples after only 6 days of 

storage). Furthermore, besides the increase of secondary lipid oxidation products by HS, an 

increase of tertiary lipid oxidation products was observed only for AP samples (5 and 10 

ºC), revealing a more advanced stage of lipid oxidation in these samples. 

▪ To obtain a shelf-life extension of vacuum-packaged salmon loins up to 15 days: 

o by reduction of spoilage and inoculated surrogate-pathogenic 

microorganisms, allowing to obtain a shelf-life extension with better microbial safety, 

compared to control samples sored at AP; 

• retention of important physicochemical properties for at least 30 days, with 

no variations in drip loss and water holding capacity; lower changes on muscle fibres 

(compared to AP samples), visible by scanning electron micrographs, but with a decrease of 

resilience (only after 30 days); no changes in myofibrillar fragmentation index; stable fatty 

acids profile with a polyene index similar to fresh samples during the 30 days of storage, 

confirmed by the lower lipid oxidation state of these samples, compared to AP; and volatile 

profile more similar to the fresh salmon samples, retaining fresh-like compounds, generally 

not detected in AP samples after 15 days that presented several spoilage-like compounds 

probably derived from microbial activity. 

 

• Proteolytic activity and proteins muscle were affected by HS (RT and LT, during 

10 days or 25 and 50 days, respectively), being observed that increasing temperature storage, 

a stronger effect on proteolytic activity and proteins muscle was observed during HS, while 

at low temperatures/pressure, muscles proteins seemed to be less affected: 

▪ Residual enzymatic proteolytic activities decreased when compared to initial 

fresh samples, indicating a pronounced effect for storage temperature of 37 ºC (in HS and 
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AP, during 10 days of storage). However, a possible activity recovery was observed in some 

enzymes after longer storage time (during 25 days at HS/RT and 50 days at HS/LT).  

▪ Compared to control samples (AP/5, 25 and 37 ºC, stored during 3 days), higher 

values of myofibrillar fragmentation index (MFI) were obtained for higher 

pressure/temperature storage conditions (75 MPa/25 or 37 ºC, after 6 or 3 days, 

respectively); contrary sarcoplasmic proteins content decreased after 10 days, similarly to 

the respectively control samples (AP/25 and 37 ºC, after 6 days) and conventional 

refrigeration (AP/5 ºC, after 10 days). Otherwise, at 60 MPa/10 ºC, a decrease of MFI values 

was observed, with no effect on sarcoplasmic during 10 days, maintaining this behaviour for 

longer storage times of 50 days.  

 

Worth mention is the fact that the changes described above for HS were overall 

observed for storage times much longer that the achievable shelf-life by refrigeration. 

Control samples at the same storage temperatures (at RT and LT) and conventional 

refrigeration (5 ºC) were studied during shorter storage times, due to limitation by microbial 

growth, surpassing acceptable limits after a few days. For conventional refrigeration it was 

observed that the acceptable limit was exceeded after 6 days of storage, showing already a 

microbial load close to this limit at the 3rd day of storage. On the other hand, taken into 

account both microbial and physicochemical parameters, for HS samples it was observed an 

increase of vacuum-packaged salmon stability during to at least 15 days for both conditions 

at HS/RT (75 MPa/25 ºC) and at HS/LT (60 MPa/10 ºC), limited only by changes in physical 

properties (mainly by decrease of resilience only after 30 days for both conditions).  
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6.3. FUTURE WORK 

 

As new and novel techniques are sought to enhance food preservation, HS is expected 

to become a future trend not only due to its capabilities in food preservation, but for its 

sustainability, as an environmentally friendlier technology, with the opportunity to reduce 

energy costs in food preservation and significantly smaller carbon footprint compared to 

refrigeration.  

However, there are still several issues that need to be studied in relation to fish 

preservation by HS: 

▪ Besides the great results obtained at the level of microbial inhibition and inactivation 

of spoilage and surrogate-pathogenic microorganisms, several foodborne pathogenic 

bacteria, the behaviour of several important microorganisms, such as Listeria 

monocytogenes, Salmonella enteritidis, Salmonella typrimurium, Clostridium botulinum, 

Staphylococcus aureus and Escherichia coli O157:H7, need to studied. 

▪ The effect of HS on biogenic amines, non-volatile organic bases, including histamine, 

putrescine, cadaverine, tyramine, tryptamine, spermine and spermidine, with will be allowed 

to evaluate the proteolytic decomposition of salmon muscle; 

• Oxidative process involved during HS of vacuum-packaged Atlantic salmon, 

specifically due to protein oxidation (e.g. carbonyl and sulphydryl groups quantification); 

and from lipid oxidation, using other specific methods to detect oxidation products (e.g. High 

Pressure Liquid Chromatography).  

• Enzymes behaviour under pressure, particularly proteolytic enzymes and effects on 

salmon muscle should be also studied, for example, by determination of the protein muscle 

profile analyses using the sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and the isoelectric focusing electrophoreses (IEF); 

• Determination of myoglobin and astaxanthin contents, since the latter is the primary 

carotenoid that contributes to the yellow-orange colour of salmon, being considered one of 

the most important quality parameters in fresh salmon;  

• Sensorial analyses will be also important to evaluate, since they provide an ultimate 

evaluation of HS on salmon by possible consumers. 
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• Study different fish species and other seafood products is also interesting to further 

evaluate HS as a wide food preservation methodology, as well as other types of food 

products. 

• Optimisation of the HS conditions for scale-up and industrial applicability. 
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ANNEX A  

 

Table A1 - Standard curve equation and linear correlation parameters for volatile amines 

determination. 

Parameter Standard curve equation R2 

Trimethylamine-nitrogen y = 0.0233x + 0.0074 0.996 

Dimethylamine-nitrogen y = 0.9444x - 0.1243 0.990 

Formaldehyde y = 0.1327x + 0.0048 0.999 
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ANNEX B  

 

Table B1 – Retention time (min), calibration curve parameters, and limit of detection and quantification limits (LOD and LOQ, in mg/mL) of  the fatty 

acids obtained in Atlantic salmon stored at 75 MPa/25 ºC, AP/5 ºC and AP/25 ºC during 30, 15 and 5 days, respectively. 

Retention time (min) Fatty acid Common name IUPAC name Calibration curve r2 LOD (7) LOQ (7) 

15.6 C14:0 Myristic acid Tetradecanoic acid y = 0.8922x - 0.0043 0.9911 0.0192 0.0639 

26.5 C16:1n-7 Palmitoleic acid (Z)-hexadec-9-enoic acid y = 0.8375x - 0.0059 0.9923 0.0204 0.0681 

28.2 C16:0 Palmitic acid Hexadecanoic acid (3)    

35.6 C17:0 (1) Surrogate fatty acid Heptadecanoic acid y = 0.3152x - 0.0079 0.9920 0.0542 0.1808 

40.5 C18:2n-6 Linoleic acid (9Z,12Z)-octadeca-9,12-dienoic acid (4)    

41.2 C18:1n-9 Oleic acid (Z)-octadec-9-enoic acid y = 1.5686x - 0.1101 0.9992 0.0125 0.0418 

41.6 C18:1n-7 Vaccenic acid (E)-octadec-11-enoic acid (4)    

43.5 C18:0 Stearic acid Octadecanoic acid y = 1.0098x - 0.0147 0.9895 0.0169 0.0564 

51.6 C19:0 (2) Internal standard Nonadecanoic acid     

53.1 C20:5n-3 (EPA) Eicosapentaenoic acid (5Z,8Z,11Z,14Z,17Z)-icosa-5,8,11,14,17-pentaenoic acid (5)    

54.8 C20:4n-3 Eicosatetraenoic acid (8Z,11Z,14Z,17Z)-icosa-8,11,14,17-tetraenoic acid (5)    

56.2 C20:2n-6 Eicosadienoic acid (11Z,14Z)-icosa-11,14-dienoic acid y = 0.9136x - 0.0113 0.9896 0.0187 0.0624 

56.8 C20:1n-9 Gadoleic acid (Z)-icos-9-enoic acid (5)    

67.3 C22:6n-3 (DHA) Docosahexaenoic acid (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaenoic acid (6)    

68.5 C22:5n-3 Docosapentaenoic acid (7Z,10Z,13Z,16Z,19Z)-docosa-7,10,13,16,19-pentaenoic acid (6)    

71.9 C22:2n-6 Docosadienoic acid (2E,4E)-docosa-2,4-dienoic acid (6)    

72.3 C22:1n-9 Eruric acid (Z)-docos-13-enoic acid y = 1.0317x - 0.0137 0.9878 0.0166 0.0552 

(1) C17:0 was used as a surrogate added at the beginning of the FAMEs synthesis; 
(2) C19:0 was used as an internal standard added after the FAMEs synthesis (before injection); 
(3) The concentration of C16:0 (Palmitic acid) was calculated using the calibration curve of C16:1n-7 (Palmitoleic acid); 
(4) The concentrations of C18:2n-6 (Linoleic acid) and C18:1n-7 (Vaccenic acid) were calculated using the calibration curve of C18:0 (Stearic acid); 
(5) The concentrations of C20:5n-3 (EPA, Eicosapentaenoic acid), C20:4n-3 (Eicosatetraenoic acid) and C20:1n-9 (Gadoleic acid) were calculated using the calibration curve of C20:2n-6 
(Eicosadienoic acid); 
(6) The concentrations of C22:6n-3 (DHA, Docosahexaenoic acid), C22:5n-3 (Docosapentaenoic acid) and C22:2n-6 (Docosadienoic acid) were calculated using the calibration curve of 

C22:1n-9 (Eruric acid); 
(7) LOD (Limit of Detection) and LOQ (Limit of Quantification), in mg/mL, were determined using the respective calibration curve:𝐿𝑂𝐷 =

3×𝑆𝐷(𝑏𝑙𝑎𝑛𝑘)

𝑚
 and 𝐿𝑂𝑄 =

10×𝑆𝐷(𝑏𝑙𝑎𝑛𝑘)

𝑚
, in 

which 𝑆𝐷(𝑏𝑙𝑎𝑛𝑘) correspond to the standard deviation of a blank (n=6) and m correspond to the slope of the calibration curve. 
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ANNEX C  

 

Iron (II) solution preparation 

Solution was prepared by mixing solution A (0.5 g of dihydrate barium chloride in 50 

mL of distilled water), solution B (0.5 g of heptahydrate iron sulphate in 50 mL of distilled 

water) and 2 mL of concentrated hydrochloric acid. Then, solution was filtrate and stored in 

the dark until used. 

 

Table C1 – Standard curve equations and correlation parameters for lipid oxidation determination. 

Parameter Standard curve equation R2 Used for results from: 

Peroxides value 

[x = µg Fe(III)/mL 

y = absorbance (500 nm)] 

y = 0.0033x + 0.0251 

y = 0.0031x + 0.1567 

y = 0.003x - 0.0123 

0.981 

0.989 

0.994 

Chapter 4 – Section 4.2.1 

Chapter 4 – Section 4.2.2 

Chapter 5 

TBARS (1) 

[x = µg MDA/mL 

y = absorbance (538 nm)] 

y = 0.7439x + 0.0321 

y = 0.3262x + 0.0096 

y = 0.3297x + 0.0083 

0.995 

0.999 

0.999 

Chapter 4 – Section 4.2.1 

Chapter 4 – Section 4.2.2 

Chapter 5 

(1) TBARS: Thiobarbituric acid-reactive substances; MDA: Malondialdehyde. 

 

 

 

 



ANNEXES 

191 

ANNEX D 

 

Table D1 – Standard curve equations and correlation parameters of Bradford assay. 

Parameter Standard curve equation R2 Used for results from: 

Bovine serum albumin (BSA) 

[x = µg BSA/mL 

y = absorbance (595 nm)] 

y = 0.0011x + 0.1334 

y = 0.0011x + 0.1412 

0.984 

0.985 

Chapter 4 

Chapter 5 
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ANNEX E 

 

Table E1 – Corresponding initial counts (N0, in Log CFU/g) for each experiment presented in the 

Table 4.1 and Figure 4.1 of the Chapter 4 – Section 4.2.1. 

a)  Total aerobic mesophiles 

Conditions Initial counts (N0) 

RF, AP/25 ºC, 50 MPa/25 ºC 4.82 ± 0.10 

AP/37 ºC, 75 MPa/37 ºC 4.79 ± 0.09 

60 MPa/25 ºC 4.82 ± 0.15 

75 MPa/25 ºC 5.40 ± 0.06 

b)  Enterobacteriaceae 

Conditions Initial counts (N0) 

RF, AP/25 ºC, 50 MPa/25 ºC 2.34 ± 0.14 

AP/37 ºC, 75 MPa/37 ºC 2.89 ± 0.09 

60 MPa/25 ºC 2.54 ± 0.16 

75 MPa/25 ºC 4.73 ± 0.27 

c)  Anaerobic bacteria 

Conditions Initial counts (N0) 

RF, AP/25 ºC, 50 MPa/25 ºC 3.63 ± 0.27 

AP/37 ºC, 75 MPa/37 ºC 3.28 ± 0.23 

60 MPa/25 ºC 3.30 ± 0.17 

75 MPa/25 ºC 4.72 ± 0.27 

d)  Lactic acid bacteria 

Conditions Initial counts (N0) 

RF, AP/25 ºC, 50 MPa/25 ºC 2.81 ± 0.05 

AP/37 ºC, 75 MPa/37 ºC 1.36 ± 0.62 

60 MPa/25 ºC 2.92 ± 0.21 

75 MPa/25 ºC 3.19 ± 0.17 

e)  Pseudomonas spp. 

Conditions Initial counts (N0) 

RF, AP/25 ºC, 50 MPa/25 ºC 5.09 ± 0.05 

AP/37 ºC, 75 MPa/37 ºC 4.97 ± 0.12 

60 MPa/25 ºC 5.35 ± 0.05 

75 MPa/25 ºC 4.72 ± 0.26 
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Table E2 – Statistical analyses of microbial load evolution (in relative values) of Atlantic salmon 

during 10 days under the different storage conditions (Figure 4.1 of the Chapter 4 – Section 4.2.1). 

Different letters denote significant differences (p < 0.05) between storage days for each storage 

condition (a-c) and between storage conditions for each storage day (A-E), in the table below each 

graph. * and # symbols mean that microbial counts were ≥ 300 CFU on the 10-6 dilution of samples 

or below the detection limit (≤ 1 CFU/g), respectively. 

Microbial analyses 
Storage time (days) 

0 3 6 10 

Total aerobic mesophiles 

50 MPa 

25 ºC 

b aB aB aB 

60 MPa c cC bC aB 

75 MPa a bD bD bC 

75 MPa 37 ºC a bE cE# cD# 

0.1 MPa 

4 ºC b aB aB aAB 

25 ºC b aA* aA* aA* 

37 ºC b aA aA aA 

Enterobacteriaceae 

50 MPa 

25 ºC 

b aC aC cD# 

60 MPa a bD# bD# bD# 

75 MPa a bE# bE# bE# 

75 MPa 37 ºC a bD bD bD# 

0.1 MPa 

4 ºC b aC aB aC 

25 ºC b aA aA* aA* 

37 ºC b aB* aB* aB* 

Anaerobic bacteria 

50 MPa 

25 ºC 

b aB aB aB 

60 MPa c bC bC aB 

75 MPa a bD bD cC 

75 MPa 37 ºC a bD bD# bC# 

0.1 MPa 

4 ºC c bC bC aB 

25 ºC b aA aA* aA* 

37 ºC b aA* aA* aA* 

Lactic acid bacteria 

50 MPa 

25 ºC 

c bC aC aC 

60 MPa b aC aC aC 

75 MPa a bD bD cD# 

75 MPa 37 ºC a bD# bD# bD# 

0.1 MPa 

4 ºC b aC aC aC 

25 ºC c bB bB aB* 

37 ºC b aA aA* aA* 

Pseudomonas spp. 

50 MPa 

25 ºC 

a bB bcD cC 

60 MPa a bB cE# cC# 

75 MPa a bB bD cC# 

75 MPa 37 ºC a bC# bE# bC# 

0.1 MPa 

4 ºC b aA aC aB 

25 ºC c bA bB aA* 

37 ºC c bA aA* aA* 
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Table E3 – Statistical analyses of lipid oxidation evolution (in relative values) of Atlantic salmon 

during 10 days under the different storage conditions (Figure 4.2 of the Chapter 4 – Section 4.2.1). 

Different letters denote significant differences (p < 0.05) between storage days for each storage 

condition (a-c) and between storage conditions for each storage day (A-E), in the table below each 

graph.  

 
Storage time (days) 

0 3 6 10 

Primary lipid oxidation 

50 MPa 
25 ºC 

c b A b B a A 

75 MPa c b A a A b A 

0.1 MPa 
4 ºC b a B b C b B 

25 ºC b a B b C na 

Secondary lipid oxidation 

50 MPa 

25 ºC 

d a B b B c C 

60 MPa c a A b B a B 

75 MPa d b A c A a A 

0.1 MPa 
4 ºC a b C a C a D 

25 ºC b a C a C na 

Tertiary lipid oxidation 

50 MPa 
25 ºC 

a a B a B a A 

75 MPa a a B a B a A 

0.1 MPa 
4 ºC a a B a B a A 

25 ºC b a A a A na 
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Figure E1 – Visual appearance of salmon portions stored during 10 days under the different storage 

conditions. AP - Atmospheric pressure, 0.1 MPa. 
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ANNEX F 

 

Table F1 – Corresponding initial counts (N0, log CFU/g) for each experiment presented in the Table 

8 and Figure 4.3 of the Chapter 4 – Section 4.2.2. AP - Atmospheric pressure, 0.1 MPa. 

a)  Total aerobic psychrophiles 

Conditions Initial counts (N0) 

AP/5 ºC, 50 MPa/5 ºC 4.19 ± 0.13 

40 MPa/5 ºC 4.55 ± 0.07 

AP/10 ºC, 60 MPa/10 ºC 4.64 ± 0.15 

50 MPa/10 ºC 4.92 ± 0.32 

AP/15 ºC, 50 MPa/15 ºC 5.05 ± 0.15 

60 MPa/15 ºC 5.40 ± 0.25 

b)  Anaerobic bacteria 

Conditions Initial counts (N0) 

AP/5 ºC, 50 MPa/5 ºC 1.72 ± 0.22 

40 MPa/5 ºC 3.14 ± 0.10 

AP/10 ºC, 60 MPa/10 ºC 2.88 ± 0.07 

50 MPa/10 ºC 3.29 ± 0.18 

AP/15 ºC, 50 MPa/15 ºC 2.83 ± 0.11 

60 MPa/15 ºC 4.39 ± 0.41 

c)  Enterobacteriaceae 

Conditions Initial counts (N0) 

AP/5 ºC, 50 MPa/5 ºC 1.98 ± 0.18 

40 MPa/5 ºC 2.29 ± 0.16 

AP/10 ºC, 60 MPa/10 ºC 2.16 ± 0.28 

50 MPa/10 ºC 1.90 ± 0.10 

AP/15 ºC, 50 MPa/15 ºC 2.91 ± 0.11 

60 MPa/15 ºC 2.26 ± 0.04 

d)  Lactic acid bacteria 

Conditions Initial counts (N0) 

AP/5 ºC, 50 MPa/5 ºC 2.81 ± 0.05 

40 MPa/5 ºC 1.00 

AP/10 ºC, 60 MPa/10 ºC 2.98 ± 0.03 

50 MPa/10 ºC 2.79 ± 0.29 

AP/15 ºC, 50 MPa/15 ºC 3.15 ± 0.10 

60 MPa/15 ºC 1.95 ± 0.23 

e)  Pseudomonas spp. 

Conditions Initial counts (N0) 

AP/5 ºC, 50 MPa/5 ºC 4.16 ± 0.29 

40 MPa/5 ºC 5.05 ± 0.16 

AP/10 ºC, 60 MPa/10 ºC 5.19 ± 0.29 

50 MPa/10 ºC 4.76 ± 0.24 

AP/15 ºC, 50 MPa/15 ºC 5.41 ± 0.15 

60 MPa/15 ºC 6.06 ± 0.09 

f)  H2S-producing bacteria 

Conditions Initial counts (N0) 

AP/5 ºC, 50 MPa/5 ºC 3.65 ± 0.16 

40 MPa/5 ºC 3.61 ± 0.28 

AP/10 ºC, 60 MPa/10 ºC 4.28 ± 0.11 

50 MPa/10 ºC 5.33 ± 0.09 

AP/15 ºC, 50 MPa/15 ºC 5.47 ± 0.16 

60 MPa/15 ºC 5.40 ± 0.19 
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Table F2 - Statistical analyses of microbial evolution (in relative values) of Atlantic salmon stored 

during 10 days under: hyperbaric storage at low temperature (40 and 50 MPa at 5 ºC; 50 and 60 MPa 

at 10 ºC; and 50 and 60 MPa at 15 ºC), and under atmospheric pressure (AP, 0.1 MPa) at the same 

temperatures (5, 10 and 15 ºC). Different letters denote significant differences (p < 0.05) between 

storage days for each storage condition (a-b) and between storage conditions for each storage day 

(A-F). * and # symbols mean that microbial counts were ≥ 300 CFU on the 10-6 dilution of samples 

or below the detection limit (≤ 1 CFU/g), respectively (Figure 4.3 of the Chapter 4 – Section 4.2.2). 

Storage time Storage conditions TAP ANA ENT LAB PSE  HPB 

3 days 

 

0.1 MPa 5 ºC AB b A b B b BC b A a  A a 

10 ºC A a A b BC b B b AB b  B a 

15 ºC A b A b A c A b ABC b  B b 

40 MPa 5 ºC BC b BC b E b# C a# AB a  C b 

50 MPa 5 ºC D a D a E a# C a# D ab  CD a 

10 ºC CD c C c CD b DE c BCD b  C b 

15 ºC CD b B c BC a CD a CD b  CD b 

60 MPa 10 ºC D a D a DE a E a D a  D a 
 

15 ºC D b D c C a C b CD a  C a 

6 days 0.1 MPa 5 ºC A a AB a B ab B a A a  A a 

 10 ºC A a B a BC a A a AB b  C a 

 15 ºC A a A a A b A a ABC b  A b 

40 MPa 5 ºC B b C b E b# D a# BCD a  C a 

50 MPa 5 ºC C a D a E a# D a# E b  D a 

 10 ºC B b C b D ab CD b BCD ab  C a 

 15 ºC B b B b CD a CD a CD ab  CD a 

60 MPa 10 ºC C a D a E b# E a E a  E ab 

 15 ºC B a C b E A BC a D a  D a 

10 days 

 

0.1 MPa 5 ºC A a AB a B a BC b AB a  A a 

 10 ºC AB a B a BC ab A a A a  B a 

 15 ºC A a* A a* A a* A a* A a*  A a* 

40 MPa 5 ºC B a C a DE a C a# BC a  B a 

50 MPa 5 ºC C a D a F a# C a# D a  D b# 

 10 ºC A a B a BC a B a BC a  B a 

 15 ºC B a B a CD a C a C a  B a 

60 MPa 10 ºC C a D a F b# D a D a  D b 

 15 ºC B a C a EF a B a D a  A a 

TAP: Total aerobic psychrophiles; ANA: Anaerobic bacteria; ENT: Enterobacteriaceae; LAB: Lactic acid 

bacteria; PSE: Pseudomonas spp.; HPB: Hydrogen sulphide-producing bacteria. 
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ANNEX G  

 

In this preliminary assay, salmon muscle samples were packaged: (1) in the presence 

of air (similar to previous work described in the Chapter 4); (2) with vacuum at -1 bar of 

pressure; and (3) with an antioxidant (50 ppm ethylenediaminetetraacetic acid, EDTA). 

 

− Microbial analyses 

Figure G1 shows the results concerning microbial evolution (total aerobic mesophiles 

and anaerobic bacteria) during storage on packaged samples under the different conditions. 

The total aerobic mesophiles (Figure G1a) and anaerobic bacteria (Figure G1b) counts for 

fresh salmon (day 0) were 4.36 ± 0.08 and 3.26 ± 0.15 log CFU/g, respectively, which were 

similar to the microbial loads obtained in previous works (Chapter 4). Immediately after 

packaging of samples using vacuum or adding antioxidant (EDTA) were not verified 

significant differences (p > 0.05) of microbial counts in fresh salmon.  

AP conditions showed a pronounced increase of microbial load, exceeding established 

limit (7.0 log CFU/g of aerobic plate counts) [1] immediately at the 6th day of storage. 

However, using the antioxidant (EDTA), salmon samples stored at AP/5 ºC and 10 ºC 

showed total aerobic mesophiles counts of 5.92 ± 0.04 and 6.86 ± 0.02 log CFU/g, 

respectively, which were very close to the established limit (Figure G1a). ANA counts 

showed a behaviour similar to total aerobic mesophiles, increasing to values higher than 5 

log CFU/g after 6 days (Figure G1b). Salmon samples stored under HS showed an inhibitory 

and/or inactivation effect, as it was verified in previous works (Chapter 4). HS at 60 MPa/10 

ºC allowed to obtain total aerobic mesophiles reductions to values between 2.45 and 2.83 

log CFU/g after 15 days of storage (Figure Ga). Whereas at 75 MPa/25 ºC, total aerobic 

mesophiles counts were reduced to 1.82 ± 0.20 or 2.19 ± 0.04 log CFU/g on samples stored 

with air or EDTA, while under vacuum, total aerobic mesophiles decreased to below the 

detection limit (< 1 log CFU/g). For anaerobic bacteria (Figure G1b), counts were also 

reduced after 15 days to values below 1.74 and 1.93 log CFU/g, at 60 MPa/10 ºC and 75 

MPa/25 ºC, respectively. However, there were observed lower anaerobic bacteria counts (p 

< 0.05) for samples stored with air. 
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Figure G1 – Microbial (total aerobic mesophiles and anaerobic bacteria; in log CFU/g fish) obtained 

in the pre-teste for definition of vacuum level. Data were tested with two-way analysis of variance 

(ANOVA), followed by a multiple comparisons test (Tukey’s Honestly Significant Difference, HSD) 

to identify differences between conditions at the same storage day (A-C) and during storage time for 

the same storage condition (a-f), with a level of significance of p < 0.05. The red dashed line (---) 

correspond to the established limit (7.0 log CFU/g of aerobic plate counts) for consumption [1]. 

 

− Lipid oxidation analyses 

It was performed a preliminary study of the oxidation state of samples by the 

determination of thiobarbituric acid-reactive substances (TBARS) products from the 

secondary lipid oxidation. These results are shown on the Figure G2. 
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Figure G2 – Secondary lipid oxidation (by thiobarbituric acid-reactive substances, in µmol MDA/g) 

obtained in the pre-teste for definition of vacuum level. Data were tested with two-way analysis of 

variance (ANOVA), followed by a multiple comparisons test (Tukey’s Honestly Significant 

Difference, HSD) to identify differences between conditions at the same storage day (A-C) and 

during storage time for the same storage condition (a-f), with a level of significance of p < 0.05.  

 

Initial salmon samples showed a TBARS value of 0.34 ± 0.04 µg MDA/g fish, which 

were in agreement to those obtained in previous works (Chapter 4). As it was previously, 

HS caused a significant increase (p < 0.05) of TBARS values on samples stored with air 

after 15 days, resulting in values of 3.35 ± 0.02 µg MDA/g fish (9.8-fold) and 6.13 ± 0.34 

µg MDA/g fish (18.0-fold) at 60 MPa/10 ºC and 75 MPa/25 ºC, respectively.  

On the other hand, vacuum packaging or using an antioxidant (EDTA) reduced (p < 

0.05) TBARS values. Vacuum-packaged salmon samples and stored at 60 MPa/10 ºC did 

not show changes (p > 0.05) on TBARS values during storage, while when they were stored 

at 75 MPa/25 ºC, TBARS values increased (p < 0.05) about 7.6-fold of the initial value but 

with a lower extend compared to samples stored with air. Using the antioxidant (EDTA), 

there was an increase of secondary lipid oxidation to values between 1.15 and 1.75 µg 

MDA/g fish in both HS conditions (60 MPa/10 ºC and 75 MPa/25 ºC).  

 

Thus, vacuum packaging revealed better results, allowing obtaining reduction of 

secondary lipid oxidation products, when compared to samples stored with air. Furthermore, 

no relevant effects on anaerobic bacteria were observed on vacuum-packaged salmon 

samples. 
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ANNEX H  

 

 

 

 

Figure H1 – Visual appearance of salmon loins stored during 30 days under the different storage 

conditions. AP - Atmospheric pressure, 0.1 MPa. 
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Figure H2 (cont.) – Visual appearance of salmon loins stored during 30 days under the different 

storage conditions. AP - Atmospheric pressure, 0.1 MPa. 


