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Summary 

Traditionally, nitrates and nitrites have been used as curing agents in meat products to achieve a 

stable red colour, prevent lipid oxidation, and improve quality and safety. However, the process of 

meat curing is currently under scrutiny due to its correlation with the formation of carcinogenic N-

nitrosamines, which are associated with an increased risk of developing colorectal cancer. 

Furthermore, synthetic additives have been linked to other adverse health effects, including 

cardiovascular and heart diseases. Consequently, permitted quantities are decreasing and legislation 

is becoming stricter in order to protect consumers, who are paying closer attention to the ingredient 

lists and reducing their consumption of foods containing artificial substances. This is prompting 

demand for healthy and high-quality meat products made with natural components. 

Therefore, this research project aims at investigating innovative strategies to replace nitrates and 

nitrites in meat-based foods, with a particular focus on colour enhancement. This is because colour is 

a key sensory attribute that influences consumer acceptance of meat products. The strategies being 

investigated involve the use of selected meat-associated coagulase-negative staphylococci (CNS), a 

porcine liver extract containing zinc protoporphyrin (ZnPP), and a commercially available 

polyphenol-rich ingredient (NATPRE T-10 CUR HT), applied either individually or in combination. 

Firstly, certain CNS strains have been selected for their ability to produce the red pigmentation 

characteristic of traditionally cured meats thanks to their nitric oxide synthase (NOS) activity. The 

NOS pathway involves the degradation of L-arginine into L-citrulline, and is linked to nitric oxide 

production. This process can result in the formation of nitrosylmyoglobin, the protein complex that 

gives meat products their distinctive pinkish-red colour. Thirty-five CNS strains were subjected to 

genotypic and phenotypic screening to investigate their NOS activity. This involved carrying out a 

series of polymerase chain reactions with specific primer pairs to ascertain the presence of NOS 

genes, followed by detecting arginine degradation and citrulline production in both a meat simulation 

medium and under real meat conditions. The investigation identified the two most promising strains: 
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Staphylococcus equorum L33 and Staphylococcus saprophyticus L49. In fact, they were found to 

positively affect the colour of nitrite-free fermented minced beef loin after 7 and 10 days of storage, 

demonstrating its similarity to traditionally nitrite-cured beef. The positive impact of the inoculation 

on the colour of the meat samples was also confirmed by the analytical levels of arginine and citrulline 

detected in the meat models. Additionally, the two selected strains were found to impart a cured red 

colour to nitrite-free dry-fermented pork sausages at the investigated ripening time frames (7, 14, and 

21 days). Therefore, regardless of the initial meat matrix or the ripening conditions, S. equorum L33 

and S. saprophyticus L49 proved to have a positive effect on colour, producing results comparable to 

those achieved using synthetic additives. The NOS activity of the selected bacteria was not found to 

be the main mechanism responsible for the significant improvement in redness, as low nitrosyl-heme 

values were detected in the inoculated sausages using high-performance liquid chromatography 

(HPLC). Other mechanisms, such as catalase activity, reducing power, oxygen consumption and 

proteolysis, may also contribute to colour enhancement in CNS-containing treatments. The red colour 

typically associated with nitrite-cured meat products was observed in dry-fermented pork sausages 

formulated with the ZnPP-rich extract. The intense red colour observed in these sausages suggests 

that ZnPP inclusion could enhance their colour without the need for nitrite. These results therefore 

support the use of the ZnPP-extract as a colouring ingredient in meat-based products. The polyphenol-

rich ingredient was also found to improve the colour of the meat, although the resulting redness was 

milder than that achieved using the other two strategies. Combining NATPRE T-10 CUR HT with 

ZnPP extract or NOS-positive CNS strains did not enhance the colour further, confirming that the 

brightest redness was obtained by using ZnPP or staphylococci alone.  

In addition to colour, the impact of potential alternatives to nitrites on the untargeted metabolome, 

lipid oxidation and olfactory profile of dry-fermented sausages was investigated to assess consumer 

acceptability. The analyses demonstrated that the treatments containing NOS-positive CNS not only 

resembled the typical colour of nitrite-cured products, but also closely replicated their metabolomic 

and sensory characteristics. In fact, the inoculated pork sausages had a similar composition of 



5 
 

metabolites to that observed in samples treated with nitrite. They also exhibited low lipid oxidation, 

probably associated with superoxide dismutase and catalase activity, as well as the characteristic dry-

cured odour. In contrast, ZnPP-containing treatments differed significantly from traditional cured 

products and all other formulations, particularly with regard to the presence of biogenic amines, liver-

derived off-odours and high levels of lipid oxidation. While ZnPP extract produced a colour similar 

to that achieved by nitrite curing, it also led to the formation of histamine and other polyamines, 

which are undesirable from safety and flavour perspectives. This suggests that the porcine liver 

extract needs to be further refined to ensure food safety and sensory acceptance. Conversely, the 

polyphenol-rich plant-based ingredient was found to effectively improve oxidative stability and 

preserve bioactive compounds, thanks to its strong antioxidant capacity. The most promising strategy 

appeared to be the combination of staphylococcal strains, particularly S. equorum L33, with NATPRE 

T-10 CUR HT, as this closely mimicked the nitrite-cured control in terms of both chemical and 

sensory attributes, while significantly limiting lipid oxidation. 

These findings suggest that the innovative natural curing approaches investigated could mark a 

turning point in the replacement of nitrates and nitrites in meat products. In fact, while the preparation 

method for obtaining the ZnPP-rich extract strategy requires careful refinement and optimisation, 

strategies involving NOS-positive CNS and NATPRE T-10 CUR HT are very promising. 
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1. Introduction 

1.1 The role of meat and meat products in human nutrition 

Meat and meat products are nutrient- and energy-rich foods that play a significant role in human 

health and diet, and fulfils most of the body's requirements (Stadnik, 2024). In particular, beef and 

pork are among the top food sources of essential macronutrients, including high-quality and digestible 

proteins (the most valuable component found in meat), fats, and carbohydrates, as well as several 

micronutrients like bioavailable iron, zinc, potassium, magnesium, selenium, and phosphorus 

(McNeill, 2014). In terms of protein content, meat is rich in both essential and non-essential amino 

acids. Compared to other types of red meat, beef contains higher levels of the essential amino acids 

valine, lysine, and leucine, while pork is rich in threonine, arginine, and methionine (Geletu et al., 

2021). Meat also contains essential unsaturated fatty acids, such as oleic acid, linoleic acid, linolenic 

acid, and arachidonic acid. These fatty acids are necessary constituents of mitochondria, cell walls, 

and other active metabolic structures (Wood et al., 2008). Conversely, the micronutrients are crucial 

for physical and cognitive development, physiological functioning, blood health, and immunity (Beal 

& Ortenzi, 2022). For example, iron is a key mineral in many neurodevelopmental processes and is 

essential for oxygen transfer in the circulatory system. Its deficiency can affect children's growth and 

development (McCann, Perapoch Amadó & Moore, 2020). Zinc plays a vital role in cell growth and 

replication, bone formation, and strengthening the immune system (Molenda & Kolmas, 2023). Zinc 

can also regulate anti-inflammatory and antioxidant processes. For this reason, it is used in 

supplementary doses to treat heart disease and cancer (Santos, Teixeira & Schoenfeld, 2020). 

Potassium helps metabolism, the transmission of nerve impulses, muscle growth and the maintenance 

of the body's acid–base balance, while magnesium is important for a number of bodily functions, 

including maintaining blood pressure, preventing tooth decay and ensuring bone health. In addition, 

phosphorus provides energy, helps to form phospholipids, and contributes to the development of 

bones and teeth (Ahmad, Imran & Hussain, 2018). Meat is also a good source of essential B-complex 

vitamins, including thiamine, riboflavin, niacin, vitamin B6 and vitamin B12. In this regard, thiamine 
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is involved in several chemical reactions that are necessary for the growth and maintenance of the 

human body. Furthermore, riboflavin is essential for releasing energy from proteins, fats and 

carbohydrates, and it also helps with the absorption and utilisation of iron (Suwannasom et al., 2020), 

while niacin is implicated in a variety of intracellular enzyme systems, including those related to 

energy production. Moreover, vitamin B6 plays a key role in the functioning of different enzymes 

that catalyse essential chemical reactions in the human body. It is also involved in synthesising 

neurotransmitters and heme iron (Santos et al., 2023). Additionally, vitamin B12 is only found in 

foods of animal origin and plays an important role in DNA synthesis and stability (Halczuk et al., 

2023). Red meat contains traces of vitamin A, which is a fat-soluble vitamin necessary for 

maintaining healthy tissues and normal vision. Meat is also rich in pantothenic acid and biotin, and 

other bioactive compounds including taurine, carnitine, carnosine, ubiquinone, glutathione, and 

creatine (Pereira & Vicente, 2013), which are all vital for various metabolic processes, comprising 

those related to blood and neurological functions.   

Despite their positive nutritional aspects, meat and meat products may also contain other nutrients 

and non-nutritive components, such as sodium, saturated fat, heterocyclic aromatic amines, and 

polycyclic aromatic hydrocarbons (Stadnik, 2024). Since these compounds have been linked to 

negative health outcomes, including carcinogenic, mutagenic, and genotoxic effects, specialists 

advise against frequent and excessive meat consumption. However, they suggest consuming meat in 

moderation as part of a healthy lifestyle, as it is considered a fundamental component of a balanced 

diet (Leroy et al., 2023). In fact, moderate red meat consumption in well-varied and complete diets 

results in positive health benefits. Restricting intake would mean obtaining these essential bioactive 

molecules from other foods or through fortification or supplementation. While this is theoretically 

possible, it may be difficult to achieve in practice due to resource limitations or a lack of nutritional 

awareness (Geiker et al., 2021). In particular, certain critical stages of life, such as pregnancy, 

breastfeeding, infancy and old age, require nutrient-dense bioavailable foods to fulfil nutritional needs 

(Beal et al., 2024). For instance, the consumption of red meat products is particularly beneficial for 
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the elderly suffering from degenerative loss of skeletal muscle mass because of the high biological 

value protein and bioavailable iron derived from meat (Paddon-Jones & Leidy, 2014).  

1.2 The perishability of fresh red meat and the importance of processing  

Fresh red meat is highly perishable due to its high nutrient and moisture content, and its neutral 

pH. These specific physicochemical properties enable spoilage and the growth of undesirable 

microorganisms (Zhou, Xu & Liu, 2010), thus causing quality degradation and significant meat losses 

worldwide. In addition to microbial and enzymatic activity, lipid and protein oxidation is also 

involved in meat deterioration. Without processing, meat deteriorates within a few days, resulting in 

rancidity and off-flavours, as well as nutritional losses (Nethra et al., 2023). In this context, meat 

processing plays a crucial role in extending shelf-life and ensuring a sustainable food chain (Djekic 

& Tomasevic, 2016). Indeed, it increases the availability of meat after slaughtering, preserves the 

nutritional value of traditional products and helps to withstand global food scarcity, thereby reducing 

food waste and enhancing microbial safety (Karwowska, Łaba & Szczepański, 2021). Furthermore, 

the different composition of ingredients, manufacturing methods, and additives used in processed 

meats provide a wider variety of eating experiences than fresh red meat (De Smet & Van Hecke, 

2024). In fact, meat undergoes physical and chemical changes during processing. Physical changes 

involve modifications to tissue structures, leading to a tenderising effect mainly due to proteolysis 

and the release of free amino acids. This improves the sensory characteristics of the product, such as 

its appearance, colour, flavour, texture, aroma, and overall quality (Tangatarovich & Salamat, 2025). 

Conversely, the addition of food additives or prolonged storage can result in molecular interactions 

that lead to dehydration (Gómez et al., 2020).  

Dry-curing is one of the most important food preservation techniques, involving salting, curing 

and ripening. Based on factors such as temperature, relative humidity, drying period and water 

content, it reduces water activity through drying and improves meat quality by adding salt, spices, 

sugar, ascorbate and curing agents (Mediani et al., 2022). Apart from the concentration of flavour 
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compounds due to water loss, the quality of dry-cured meat products is also affected by proteolysis 

and lipolysis, which enhance flavour development and palatability (Flores, 2018). These processes 

impart beefy, buttery, nutty, and roasted-nut flavours to meat, together with an umami taste (Hwang 

et al., 2019). Regarding the ingredients used in dry-curing, sodium chloride (NaCl) is one of the most 

common and plays a multifunctional role in preserving meat. It extends the shelf-life of meat by 

reducing its water activity and microbial load, while also imparting organoleptic (odour, flavour and 

texture) and technological (myofibrillar protein extraction, water retention capacity, gel formation 

and emulsification) qualities to the final product (Orsi et al., 2025). Specifically, the level of salt 

directly affects the solubility of myosin and actin, which are myofibrillar meat proteins. Once salt has 

been added, these proteins become soluble, and the viscosity of meat batters increases. This occurs 

partly because the proteins can interact with each other more easily to form networks, and partly 

because they can stabilise the interface of meat fats, creating a stable emulsion (Weiss et al., 2010). 

This process results in the formation of the desired texture in meat products. Additionally, spices, 

which the Food and Drug Administration (FDA) defines as “ aromatic vegetable substances in whole, 

broken or ground form that are used for flavouring rather than nutrition and from which no essential 

flavouring oil has been removed ”, are often used in meat processing thanks to their unique taste, 

odour and flavour-boosting properties, as well as their antimicrobial, antifungal and antioxidant 

effects (Mediani et al., 2022). Spices contain volatile oils (mainly terpenes), organic acids, phenolic 

compounds (such as anthocyanins, tannins, and flavonols) and alkaloids, which interact positively 

with meat proteins and lipids to produce desirable aromas. Different spices can release different 

chemical classes, including acids, aldehydes, alcohols, ketones, hydrocarbons, sulphur compounds 

and terpenes (Domínguez et al., 2019), thus influencing the overall sensory characteristics of the final 

meat product (Jung et al., 2014). Sugar, which is usually glucose, lactose or saccharose, is sometimes 

used in the manufacturing of processed meats to balance saltiness and facilitate microbial 

fermentation by acting as a substrate for starter cultures (González-Fernández et al., 2006). Sugar also 

plays an important role in lipolysis and lipid oxidation, particularly with regard to the levels of organic 
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acids, fatty acids and volatile compounds, thus improving flavour formation of dry-cured meat 

products (Qu et al., 2022). In addition, sodium ascorbate (E301) is commonly used as a curing 

accelerator, as well as for its antioxidant properties. It inhibits oxidative processes by interacting with 

iron ions, which are recognised catalysts for the oxidation of lipids in meat products (Karwowska et 

al., 2022). This delays the process of rancidity and extends the product's shelf life. 

Nitrates and nitrites are the most widely used multifunctional synthetic additives in the meat 

industry for preserving cured meat products (Jo et al., 2020; Shakil et al., 2022). Typical food 

preservatives used in meat processing include sodium and potassium salts of nitrates (E251 and E252) 

and nitrites (E249 and E250), respectively (Zhang et al., 2023). These additives are responsible for 

several properties that make them indispensable for cured meat products. Firstly, they react with 

myoglobin in muscle tissues to give meat its distinctive pinkish-red colour. Indeed, this colour 

develops through several complicated reaction steps until the nitrosylmyoglobin complex is formed 

(Honikel, 2008). Furthermore, thanks to their strong antioxidant activity, nitrates and nitrites delay 

rancidity and the development of unpleasant flavours by limiting the oxidation of lipids and proteins 

(Aminzare et al., 2019). The mechanism responsible for both the antioxidant effect and colour 

development exerted by nitrite is the same, and relates to nitric oxide production. This process 

involves reactions with heme proteins and metal ions, the binding of free radicals by nitric oxide, and 

the formation of nitroso- and nitrosyl compounds, which exhibit antioxidant properties (Sindelar & 

Milkowski, 2011). Notably, nitric oxide can be depleted through self-oxidation, bind to the iron ion 

in haemoglobin to prevent its oxidation, and terminate radical chain reactions in lipid oxidative 

processes (Jo et al., 2020). They also inhibit the growth of spoiling and pathogenic microorganisms, 

particularly Clostridium botulinum (Bedale, Sindelar & Milkowski, 2016). Furthermore, the 

distinctive flavour and aroma of cured meat are influenced by nitrite-dependent factors, including the 

inhibition of lipid oxidation and the control of rancid flavour compounds, as well as the concurrent 

development of complex aroma and flavour notes (Ursachi, Perța-Crișan & Munteanu, 2020). 
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However, the precise chemical identity of the cured flavour is still unknown and is the subject of 

active research studies.  

1.3 Problems related to the use of nitrates and nitrites in meat curing 

The discovery of carcinogenic and genotoxic N-nitroso compounds (NOCs) in the early 1950s 

raised concerns about the safety of using nitrites and nitrates in meat processing, threatening the 

healthy development of the global meat industry (Zhang et al., 2023). These synthetic substances can 

act as nitrosating agents, reacting with various meat components, including amino acid residues of 

tryptophan, histidine, arginine, tyrosine and cysteine; proteins; sulfhydryl and phenolic compounds; 

secondary, tertiary and quaternary amines; amides; ascorbic acid; and myoglobin to form N-

nitrosamines, which can have carcinogenic and teratogenic effects on the human body (Ayaseh et al., 

2022; Shakil et al., 2022). N-nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA), N-

nitrosopiperidine (NPIP), N-nitrosopyrrolidine (NPYR) and N-nitrosomorpholine (NMOR) are the 

volatile N-nitrosamines most frequently reported in meat products. Among them, NDMA and NDEA 

are considered the most potent in terms of carcinogenicity and genotoxicity (Flores & Toldrá, 2021). 

In 2007, the World Cancer Research Fund (WCRF) and the American Institute for Cancer 

Research (AICR) conducted a review of sufficient epidemiological data, concluding that consuming 

red or processed meat likely increases the risk of developing colorectal cancer. Furthermore, 

researchers found that nitrite is ten times more toxic and reactive than nitrate, particularly in acidic 

environments such as the stomach. The fatal oral dosage for humans is 80–800 mg of nitrate per kg 

of body weight, compared to just 33–250 mg of nitrite (Shakil et al., 2022). Long-term consumption 

of increasing quantities of red meat, particularly processed meat, has been associated with an 

increased mortality rate, as well as an increased risk of colorectal cancer (Battaglia Richi et al., 2015). 

Given the cancer risk associated with these products, the International Agency for Research on Cancer 

(IARC) classified all types of mammalian muscle meat, including beef and pork as probably 

carcinogenic (Group 2A). Processed meat, which is treated using methods such as curing, salting and 
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fermentation to enhance flavour or extend shelf-life, has been classified as carcinogenic to humans 

(Group 1) (IARC, 2008). Consequently, European Union Regulation 2023/2108 introduced 

significantly lower permitted levels for the use of nitrites and nitrates in animal-derived products from 

9 October 2025. For example, the permitted amount of nitrite in standard meat products has decreased 

from 150 mg/kg to 80 mg/kg of nitrite ions (equivalent to approximately 120 mg/kg of nitrite). By 

contrast, the maximum permitted level in traditionally cured meats varies by product, ranging from 

30 to 150 mg/kg of nitrite/nitrate ions. Some specialists have even begun recommending a reduction 

in meat consumption. However, reducing the intake of meat and meat products alone may not 

significantly mitigate the carcinogenic effects. Furthermore, as previously described, this approach 

can have several disadvantages, including a loss of nutritional value. 

Additionally, nowadays, consumers are much more interested in finding out how food products 

are made and which ingredients they contain. Consequently, people are paying particular attention to 

ingredient lists and reducing their consumption of foods containing artificial or chemically sounding 

substances (Fernandes et al., 2024). In fact, consumers prefer high-quality meat products made with 

minimal and natural components because they are perceived as healthier and more environmentally 

friendly (Roobab et al., 2021). Therefore, health and sustainability trends have prompted consumers 

to embrace the ‘clean label’ movement (Tomasevic et al., 2018), favouring food products with simple 

and easily understandable ingredient lists, featuring natural and recognisable components, thus 

minimising artificial additives (Asioli et al., 2017). This phenomenon is having a significant impact 

on the meat industry, triggering a renewed interest in healthier and more sustainable alternatives to 

traditional cured products (Aschemann-Witzel, Varela, & Peschel, 2019). Accordingly, meat 

manufacturers should develop new ingredients and formulations to meet this demand. While this 

presents challenges for meat processors, it also creates opportunities for innovation and the 

development of new clean-label products (Inguglia et al., 2023). In particular, the industry is seeking 

natural preservatives to enhance the colour of their processed products. This is because colour is the 

most important quality factor influencing consumers' decisions about which meat products to 
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purchase (Jin et al., 2018; Tomasevic et al., 2021). Currently, replacing the various functions of nitrite 

and nitrate in meat and meat products with other natural substances appears difficult and challenging. 

However, scientific research is moving in this direction, with innovative natural alternatives to 

synthetic additives being investigated. 

1.4 Research framework aimed at improving the red colour of nitrite-free meat products 

The discovery of carcinogenic and genotoxic nitrosamines originating from nitrites in processed 

meats had a serious negative impact on the industry. Furthermore, the ‘clean label’ movement has 

gained widespread acceptance, with fewer ingredients becoming the norm in food processing. 

Consequently, meat manufacturers and researchers have recently been actively exploring nitrate and 

nitrite replacers, primarily to improve colour and offer healthier and more natural options. In order to 

reduce the risk of nitrosamine formation and mitigate potential human health hazards, innovative 

meat curing methods are being explored. 

1.4.1 Nitrate-rich plant-based extracts as an alternative to synthetic nitrite 

Plant extracts and ingredients are the most extensively researched and promising alternative to 

synthetic additives in meat products (Ferysiuk & Wojciak, 2020). Leafy green vegetables, for 

example, are a key natural source of nitrates and contain lower levels of nitrites (Ranasinghe & 

Marapana, 2018). Celery, lettuce, and spinach have been found to contain over 2,000 mg of nitrate 

per kg. Therefore, plant extracts offer the greatest potential for providing processed meats with natural 

sources of nitrate without the need for the direct addition of synthetic sodium nitrite (Sebranek & 

Bacus, 2007). Once added to meat, nitrates can be converted into nitrites by nitrate-reducing bacterial 

cultures, providing the classic benefits of nitrites, such as colour, flavour, antioxidant and 

antimicrobial properties. Furthermore, plants, fruits, herbs, and spices contain various bioactive 

compounds, particularly phenolic compounds, which have excellent free radical scavenging 

properties and are beneficial to human health (Beya et al., 2021). The main phenolic compounds 

found in plant extracts include phenolic acids (e.g. rosmarinic acid, caffeic acid, and gallic acid), 
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phenolic diterpenes (e.g. carnosol and carnosic acid), flavonoids (e.g. quercetin, catechin, apigenin, 

naringenin, kaempferol, and hesperetin), and volatile oils (e.g. carvacrol, thymol, eugenol, and 

menthol) (Brewer, 2011). These substances are characterised by their ability to inhibit or prevent the 

growth of spoilage and pathogenic microorganisms (García-Díez et al., 2016), as well as slowing 

down oxidative reactions within the meat matrix. Therefore, nitrite-free meat products can be 

coloured using commercially available vegetable juices and powders, which also reduce carcinogenic 

substances and increase levels of bioactive compounds, thereby ensuring consumer welfare. 

Various meat products have been made using plant extracts from different parts of plants that 

undergo different pre-treatments, such as powdering, juicing, and infusing, in varying proportions. 

Celery (Apium graveolens) products, such as celery juice concentrate and celery powder, are the most 

commonly used ingredients containing natural nitrates in studies involving cured meat foods (Usinger 

et al., 2016). In fact, celery juice and powder appear to be highly compatible with processed meats 

due to their low vegetable pigment content and mild flavour profile. Horsch et al. (2014) evaluated 

the effect of celery juice concentrate on the colour of cooked pork ham, comparing it with the effect 

of conventional nitrite treatment. Overall, similar redness values were observed for the celery 

concentrate and the conventional treatment at equal nitrite concentrations. Indeed, the 100 mg/kg 

celery juice treatment produced a comparable redness to the 100 mg/kg conventional sodium nitrite 

treatment throughout the storage period. Ham treated with 200 mg/kg of celery juice also exhibited 

similar redness to ham treated with 200 mg/kg of conventional sodium nitrite. In addition, Jin et al. 

(2018) investigated the effect of using celery powder as a natural curing agent on the quality of pork 

sausages during cold storage. They found that sausages containing 0.8% celery powder exhibited 

better colour coordinates than control sausages containing 0.01% sodium nitrite and did not affect the 

sensory characteristics of the final products negatively. The researchers supposed that the improved 

redness was probably due to the nitrates and other pigments (including betalains) found in celery. 

Moreover, Kim et al. (2017) investigated the impact of fermented spinach (Spinacia oleracea) extract 

on the colour development of cured pork. They found that the redness values of the meat increased 
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proportionally to the amount of extract added, concluding that nitrite sources from fermented spinach 

extract have significant potential for use in meat products. Furthermore, research studies have focused 

on beetroot (Beta vulgaris) because of its high nitrate content and its abundance of betaxanthins, 

betacyanins, and other bioactive phytochemicals, including phenolic compounds (Domínguez et al., 

2020). Sucu and Turp (2018), for example, investigated the effect of replacing nitrite with 0.35% 

beetroot powder on the colour development of Turkish dry-fermented beef sausages over 84 days of 

storage at 4 °C. They observed a significant increase in colour parameter values and concluded that 

including beetroot enhanced redness and protected the desired red colour during storage. In contrast, 

Ozaki et al. (2021) examined the use of radish (Raphanus sativus) powder as a nitrite substitute in 

dry-fermented sausages, evaluating its impact on cured characteristics during ripening. The 

researchers developed three treatments: a control containing 150 mg/kg of sodium nitrite and sodium 

nitrate; a control containing neither sodium nitrite nor sodium nitrate; and a control containing either 

0.5% or 1% radish powder. They found that sausages containing radish powder did not exhibit any 

colour differences during processing (at 14 and 35 days) compared to the control treatment containing 

synthetic additives. This appeared to be due to the formation of cured pigments, as well as the drying 

process. In addition, Hernández et al. (2021) evaluated the colour of cooked hams containing 90% 

meat, 1.5% salt, 0.5% phosphate, 8% water, and varying concentrations of sodium nitrite (0, 0.5, 1, 

5, 10, 20, 30, 40, 50, 60, 80, 100, 130, or 150 mg/kg). The researchers also investigated the colour of 

hams containing NATPRE T-10 HT S, a polyphenol-rich extract, at concentrations of 5, 10, or 20 

g/kg. Redness values increased with added nitrite concentrations up to approximately 80 mg/kg; 

values remained practically the same at higher concentrations. Conversely, the red colour remained 

constant for the uncured ham samples treated with NATPRE T-10 HT S, indicating that hams 

containing nitrite and those containing the polyphenol-rich ingredient exhibit similar red 

pigmentation.  

However, despite the positive results of research studies, it should be noted that there is a global 

need for uniform regulations to facilitate the use of plant extracts as natural ingredients in meat 
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production. For instance, manufacturing meat products with nitrate derived from vegetable extracts 

has posed complex labelling issues in the USA. From a regulatory perspective, the United States 

Department of Agriculture (USDA) has classified plant-derived nitrates as either antimicrobial or 

flavouring/seasoning agents, rather than curing agents (Rivera, Bunning & Martin, 2019). 

Consequently, products formulated with plant extracts instead of curing agents must be labelled 

“uncured”. In fact, the term “cured” actually refers to the process of using nitrite and/or nitrate with 

salt and other ingredients to improve meat preservation (Honikel, 2008). To avoid false or misleading 

labelling, products can also be labelled as “No nitrates or nitrites added, except for those naturally 

occurring in [name of natural source of nitrite]” (Flores & Toldrá, 2021). The European Union has 

also published two opinions from the Standing Committee on the Food Chain and Animal Health 

(SCFCAH) concluding that the use of vegetable extracts in meat products constitutes the deliberate 

use of a food additive. Additionally, the Standing Committee on Plants, Animals, Food and Feed 

(ScoPAFF) has confirmed that plant extracts used for technological purposes in food processing 

continue to be classified as additives. In any case, although vegetable extracts must be listed on the 

label, their composition does not need to be disclosed. This is of great interest to the industry, since 

the name of the chemical additive does not have to be specified (Bernardo et al., 2021).  

1.4.2 Zinc protoporphyrin as a potential natural alternative to nitrite 

Another interesting area of research into colour development in nitrite-free meat products concerns 

the inclusion of zinc protoporphyrin (ZnPP). ZnPP is a naturally occurring red metalloporphyrin that 

is structurally similar to heme, except that it incorporates zinc into the porphyrin ring instead of iron 

(Wakamatsu, 2022; Yoo, Bae & Jeong, 2025). ZnPP was first discovered in Parma ham, a traditional 

Italian dry-cured ham renowned for its distinctive red colour achieved without the addition of nitrites 

or nitrates (Wakamatsu et al., 2020). ZnPP is actually considered to be the primary colour-forming 

pigment in Parma ham rather than nitrosylheme. Therefore, it can act as a natural colouring agent, 

giving meat-derived foods their stable and bright red colour. Due to its ability to positively influence 
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colouration independently of the addition of synthetic additives, numerous researchers have tried to 

elucidate the complex biochemical processes involved in ZnPP formation in meat products 

(Wakamatsu et al., 2004). Three different ZnPP formation mechanisms have been identified. The first 

mechanism involves a non-enzymatic reaction in which, under anaerobic conditions, the zinc ion 

(Zn²⁺) replaces the ferrous ion (Fe²⁺) in heme. This reaction is inhibited by oxygen, nitrite/nitric oxide, 

or heating. The second mechanism involves enzymatic reactions initiated by an endogenous enzyme 

called ferrochelatase (FECH). This enzyme is located in the inner mitochondrial membrane of 

mammalian cells and exhibits high activity in environments characterised by low oxygen levels (Bou 

et al., 2020). Such conditions are often found in dry-cured meat products. Indeed, the curing process 

itself creates a low-oxygen environment, thereby reducing iron bioavailability and enabling zinc 

incorporation (De Maere et al., 2018). The third mechanism involves bacterial enzymatic reactions 

that degrade meat proteins and heme, followed by metal exchange (Becker et al., 2012; Yang et al., 

2024). Lactic acid bacteria (LAB) are considered the main contributors to ZnPP synthesis in various 

meat matrices (Wakamatsu et al., 2020; Wu et al., 2023). In fact, LAB strains exhibit optimal ZnPP-

forming activity in mildly acidic conditions (pH values of around 5.5–6.5) and anaerobic 

environments, both of which are typical of fermented meat products (Wakamatsu et al., 2020). 

However, ZnPP formation appears to be the result of a combination of enzymatic, non-enzymatic, 

and bacterial processes rather than a single mechanism, suggesting a synergistic interaction (Zhai et 

al., 2023). The contribution of each of these mechanisms varies depending on the meat matrix and 

environmental factors. Therefore, the processing conditions must be considered when studying and 

optimising ZnPP formation (Yoo, Bae & Jeong, 2025). 

Despite the colour-forming potential of the process being so promising, to date, only a small 

number of studies have focused on the formation of ZnPP during the production of nitrite-free meat 

products. De Maere et al. (2016), for instance, investigated the colour of sausages produced without 

synthetic preservatives. Specifically, they evaluated the formation of the naturally occurring pigment 

ZnPP in nitrite-free dry-fermented sausages produced at various pH levels. They found that ZnPP 
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only formed in sausages at pH values above 4.9, with its concentration increasing dramatically during 

the latter stages of production (up to day 177), confirming that pH and time are crucial factors in its 

formation. Interestingly, a statistically significant correlation was also found between ZnPP 

generation and product redness. Other researchers have stated that pH is critical for FECH activity in 

ZnPP formation. In this regard, Wakamatsu et al. (2019) revealed that the optimal pH for ZnPP 

development varies by organ: 5.0–5.5 for the porcine heart, 4.5 for the porcine liver and 5.5–6.0 for 

the porcine kidney. Variations in ZnPP formation have also been observed in different types of meat. 

For example, the process appears to be slower in pork than in horse meat or porcine liver (De Maere 

et al., 2018). Consequently, producing ZnPP using porcine liver could be a significant step forward 

in obtaining a potential food colouring ingredient for the development of nitrite-free meat products 

(Llauger et al., 2023). In this regard, Llauger et al. (2024) demonstrated that ZnPP-rich pork liver 

homogenates can effectively preserve the colour of nitrite-free liver pâtés, even when subjected to 

thermal processing. This makes ZnPP an ideal solution for a variety of product applications and clean-

label trends, as it aligns with consumer preference for minimally processed products. Therefore, ZnPP 

derived from animal by-products appears to be a promising natural alternative to synthetic additives, 

potentially revolutionising the colouring of meat products while eliminating the risk associated with 

carcinogenic N-nitrosamines (Llauger et al., 2024; Yoo, Bae & Jeong, 2025).   

Researchers have also started investigating ways to improve the efficiency of ZnPP production 

technology. Particularly, ultrasound-assisted extraction methods have been shown to increase FECH 

activity by up to 33%, reduce processing times by 50% and rise ZnPP yields (Abril et al., 2021). 

Additionally, drying temperatures below 20 °C have been shown to preserve enzymatic activity, thus 

ensuring consistent ZnPP yields and minimising degradation during processing (Abril et al., 2022). 

Such technological innovations enable the large-scale production of ZnPP and stable meat 

colouration. However, these methods require significant investment in specialised equipment and 

precise environmental control, limiting their scalability and cost-effectiveness in the meat industry 

(Yoo, Bae & Jeong, 2025). In fact, despite valuable research on this topic, practical challenges still 
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persist, including optimising processing conditions, regulating pH, controlling oxygen exposure and 

ensuring cost-effectiveness. The industrial application and scalability of ZnPP should be explored 

further. Addressing these challenges is crucial for the successful industrialisation of ZnPP and the 

development of standardised practices, thus realising its potential as a natural meat colourant (Yoo, 

Bae & Jeong, 2025). However, a significant criticism of the research is the variability of ZnPP 

formation in different types of muscle and meat, which complicates the standardisation of meat 

processing. Moreover, ZnPP has not yet been approved by the FDA as a food colourant, primarily 

due to a lack of clear safety specifications and regulatory frameworks governing natural compounds 

(Simon et al., 2017). In fact, unlike synthetic colourants, natural ones are not subject to the same 

certification process (Simon et al., 2017). This regulatory gap poses significant concerns regarding 

the approval process. Furthermore, the sensory properties of ZnPP in finished products should be 

carefully investigated. While a few studies have been conducted on the inclusion of ZnPP in meat 

products, none have focused on the impact of this ingredient on the final product.  

Therefore, future research should focus on understanding the ZnPP biochemical formation 

mechanisms, optimising cost-effective production methods, and resolving regulatory issues. The 

effect of ZnPP on the flavour, aroma and taste of treated meat should also be considered. Overcoming 

these barriers could establish ZnPP as a transformative solution for nitrite-free meat production, 

providing benefits for both the meat industry and consumers. While ZnPP has been shown to 

contribute to colour enhancement and potentially influence oxidative stability in meat products, its 

antioxidant effects remain unclear and require further investigation (Wakamatsu et al., 2020). 

Furthermore, the long-term health consequences of ZnPP have yet to be studied, necessitating 

targeted investigation to assess its safety and potential benefits.  
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1.4.3 Chapter 1: Replacement of nitrates and nitrites in meat-derived foods through the 

utilization of coagulase-negative staphylococci: A review 

Graphical abstract 
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1.5 Objective of the thesis 

Based on evidence from the literature, the thesis aimed to investigate various natural strategies as 

an alternative to the use of synthetic nitrites, primarily with the intention of improving and 

maintaining the red colour of meat products.  

The research project first investigated whether several CNS strains could use L-arginine – the 

initial amino acid involved in the NOS pathway, whose degradation produces L-citrulline and nitric 

oxide –  as an alternative energy source in meat. The study therefore emphasised the importance of 

the staphylococcal NOS pathway as a potential technological solution for enhancing the redness of 

nitrite-free meat products. In addition to evaluating the impact of staphylococcal cultures on the 

colour of fermented beef, a targeted metabolomics-based approach was employed to further 

investigate the NOS pathway. Additionally, this research work aimed to explore the potential of using 

the NOS-positive CNS strains that showed promise in the initial trial, a ZnPP-rich porcine liver 

extract, and NATPRE T-10 CUR HT (a commercially available polyphenol-rich plant ingredient) – 

either individually or in combination –  to produce red nitrite-free dry-fermented pork sausages. Nine 

different model sausage treatments were prepared and ripened, and their colour attributes were 

investigated alongside technological microbiota counts, water activity, pH, moisture content, hemin 

and nitrosyl-heme amounts, ZnPP content, aqueous extract analyses, and urea-PAGE electrophoresis. 

Previously evaluated colour and technological quality parameters were combined with untargeted 

metabolomics and lipid peroxidation, and integrated with sensory odour evaluation. The aim of these 

analyses was to gain a deeper insight into the aroma characteristics of dry-fermented sausages and to 

identify the most promising formulation in terms of not only redness retention, but also chemical and 

sensory perspectives. 
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2. Chapter 2: Coagulase-negative staphylococci enhance the colour of fermented meat through 

a complex cross-talk between the arginase and nitric oxide synthase activities 

Graphical abstract  
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3. Chapter 3: Selected Staphylococcus spp. and ZnPP-containing liver extract are nitrite-free 

alternatives to enhance red colour of dry-fermented sausages 

Graphical abstract 
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4. Chapter 4: Natural curing strategies for nitrite-free dry-fermented sausages: Effects of NOS-

positive Staphylococcus spp., Zn-protoporphyrin and polyphenol-rich extracts on untargeted 

metabolome and sensory quality 

Graphical abstract 
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5. Discussion 

This research project focuses on investigating potential natural alternatives to synthetic additives 

in meat products, especially those involved in red colour enhancement, as colour is a key factor 

influencing consumers’ purchasing decisions. Studying potential substitutes for nitrates and nitrites 

is particularly important nowadays, as these substances are widely recognised as potentially 

carcinogenic, raising health concerns and reflecting consumer demand for healthier, more natural and 

sustainable foods. Although many articles in the literature have discussed the use of plant extracts as 

an alternative to synthetic nitrites, few scientific publications have addressed the use of ZnPP derived 

from animal by-products or NOS-positive staphylococcal strains. In this regard, the staphylococcal 

NOS pathway is definitely attracting increasing interest as it converts L-arginine to L-citrulline and 

nitric oxide. The latter can then react with myoglobin to form nitrosylmyoglobin, which is the pinkish-

red pigment found in dry-cured meat products. Using staphylococcal strains selected for this activity 

as innovative starter cultures in the production of meat-based foods could therefore be an effective 

way of manufacturing meat products with the same visual characteristics as those containing chemical 

additives, while also being a ‘clean’ approach.  

The primary step of this research was to investigate the NOS activity of several staphylococci 

belonging to five distinct species, using selected genotypic and phenotypic assays. Of the thirty-five 

meat-associated staphylococci initially analysed, sixteen were found to possess the NOS gene, as 

determined by the primer pairs used in the polymerase chain reactions. Based on these results, eleven 

strains belonging to the species S. saprophyticus, S. equorum, S. carnosus and S. xylosus were selected 

for subsequent experiments. These assessments involved determining the staphylococcal NOS 

phenotypic activity by inoculating the strains into a meat simulation medium supplemented with L-

arginine. The strains were also then inoculated into real minced beef loins (i.e. minced using an 8 mm 

diameter mincer) to produce laboratory-scale meat models, which were stored at 22 °C with 85% 

relative humidity for 10 days. Targeted metabolomics techniques were employed to evaluate the 

concentrations of arginine and citrulline in the medium broth and the fermented meat models. The 
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results revealed that the meat colour enhancement achieved by inoculating certain strains was 

comparable to the effect of adding sodium nitrite. This study enabled us to exclude the strains that 

tested negative for the NOS gene or performed poorly in the meat matrix, while prioritising the most 

promising ones: S. saprophyticus L49 and S. equorum L33.  

In addition to using staphylococci selected for their NOS activity as an alternative to pure nitrite 

sources, two other natural strategies were investigated in an experiment involving the production of 

dry-fermented pork sausages. These strategies included the use of a porcine liver extract rich in the 

pigment ZnPP and the incorporation of a polyphenol-rich plant ingredient (NATPRE T-10 CUR HT). 

Notably, no scientific research has yet examined the use of these substances in formulations for colour 

enhancement in dry-fermented meat products. Therefore, the main objective was to investigate the 

colour development of various treatments formulated with the already mentioned different natural 

strategies (selected NOS-positive staphylococci, ZnPP-rich porcine liver extract, and the plant 

extract) after 21 days of ripening at 8 °C and 60–75 % relative humidity, and to compare the results 

with those of nitrite-containing sausages. The colour appearance of the different treated model 

sausages was visually evaluated at different ripening times (7, 14, and 21 days), and the colour 

coordinates were carefully assessed using the CIELab system. The redness values obtained for the 

inoculated sausages confirmed previous findings. In fact, the dry-fermented model sausages that were 

inoculated with S. equorum L33 and S. saprophyticus L49 exhibited the characteristic red colour of 

nitrite-cured meat at all the investigated periods. This is a particularly significant outcome given that 

the product was made using pork instead of beef. Therefore, despite the type of meat used as the 

starting material being changed and the product being manufactured under different conditions (i.e., 

temperature, relative humidity, and ripening time), the result was still positive. These findings are 

crucial because they confirm those obtained in the initial trial and, for the first time, prove that NOS-

positive CNS strains can develop colour independently of the meat matrix and the conditions applied. 

Notably, the colour remained stable throughout the ripening period, exhibiting no variation compared 

to the nitrite control sample. These promising outcomes suggest the potential for using NOS-positive 
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meat-associated staphylococci in the production of various nitrite-free prepared meats. Given the 

significant redness achieved in CNS-containing treatments, it has been hypothesised that the colour 

enhancement produced by the selected staphylococci results from several mechanisms, including 

catalase activity, reducing power, oxygen consumption and proteolysis, rather than just the NOS 

pathway. Furthermore, this study employed an innovative approach involving untargeted 

metabolomics to analyse the chemical impact of each tested strategy compared to the nitrite-

containing meat products. Sensory analysis was also conducted to verify the olfactory attributes of 

the various treatments compared to the nitrite control. The results showed that the inoculated 

treatments most closely replicated the metabolomic profile and olfactory sensory traits of nitrite-cured 

sausages. In fact, these treatments exhibited low lipid oxidation, which is probably associated with 

staphylococcal superoxide dismutase, antioxidant peptide synthesis and catalase activity, as well as 

the characteristic dry-cured odour. Therefore, these selected bacterial cultures appear to be the perfect 

natural alternative to pure nitrite sources, positively impacting the colour of dry-fermented sausages 

while replicating their metabolomic profile and sensory characteristics. 

Interestingly, the ZnPP-containing treatments showed the pinkish-red colour typical of 

traditionally cured sausages throughout the ripening process. This suggests that ZnPP could be used 

as a natural colour enhancer and a nitrite substitute in meat products. However, treatments formulated 

with the porcine liver extract were found to generate unique and undesirable metabolomic fingerprints 

immediately after the model sausages were prepared. This is presumably because fermentation-like 

compounds, such as histamine and tyramine, were introduced during the technological process of 

obtaining the ZnPP functional extract. Furthermore, metabolomic and sensory analyses revealed the 

need for further refinement, such as  implementing optimised extraction protocols or using tailored 

starter cultures, to ensure the safety and acceptability of the final product, given the accumulation of 

biogenic amines and liver-derived off-odours. 

Additionally, sausages treated with the polyphenol-rich ingredient exhibited better redness values 

compared to the control sample (CTRL-), which contained neither nitrites nor natural alternatives. 
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The relatively low levels of nitrite (1030 ± 370 mg NO₂⁻/kg) and nitrate (313 ± 130 mg NO₃⁻/kg) 

present in NATPRE T-10 CUR HT seemed to enhance the colour primarily through nitrosyl-heme 

formation. However, the redness values were lower than those of the nitrite-containing treatments. 

Combining NATPRE T-10 CUR HT with NOS-positive staphylococci or ZnPP produced better 

results than the CTRL- sample, but not as good as the single strategies, which showed the typical 

colour of products containing synthetic additives. Furthermore, it was found that NATPRE T-10 CUR 

HT effectively reduces lipid oxidation and preserves bioactive compounds. The strong antioxidant 

activity of this natural ingredient appears to be due to the combination of its phenolic compounds, 

ascorbic acid, and nitrate and nitrite content. While no synergistic effect was observed between the 

staphylococcal strains and the polyphenol-rich extract in terms of colour – as no improvement in 

results was achieved when they were used together in meat – an interaction was detected from 

chemical and metabolomic perspectives. The most promising strategy was actually to combine 

staphylococcal strains, particularly S. equorum L33, with NATPRE T-10 CUR HT. In fact, this 

combination closely mimicked the nitrite-cured control in terms of chemical and sensory attributes, 

while significantly limiting lipid oxidation.  

These findings therefore confirm the potential of using staphylococcal strains selected for their 

NOS activity, either alone or in combination with NATPRE T-10 CUR HT, to replicate the colour, 

metabolomic and sensory effects of nitrite curing. This would provide an alternative that meets 

consumer demand for naturally cured meat products with a ‘cleaner label’.  

 

6. Conclusions 

This research project investigated innovative strategies for replacing nitrates and nitrites in dry-

fermented meat products, with the aim of maintaining the typical colour and sensory characteristics 

normally achieved using synthetic additives. Specifically, dry-fermented sausages inoculated with 

NOS-positive staphylococci (S. saprophyticus L49 and S. equorum L33) exhibited a colour similar 

to that of traditional nitrite-cured products. Interestingly, these selected bacteria imparted a red colour 
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regardless of the initial meat source (pork or beef) or the ripening conditions (22 °C and 85% relative 

humidity for 10 days, or 8 °C and 60–75% relative humidity for 21 days). Furthermore, incorporating 

staphylococci into the sausage recipe had no negative impact on the metabolomic profile or sensory 

attributes of the final products; rather, it contributed to the development of the typical dry-curing 

odour. Therefore, these NOS-positive strains appear to be the most promising alternative to nitrites. 

In addition, dry-fermented pork sausages formulated with the polyphenol-rich ingredient showed 

comparable chemical and olfactory characteristics to nitrite-cured products, representing a suitable 

alternative to synthetic additives. Conversely, ZnPP-containing treatments exhibited a colour similar 

to that of traditionally cured products, despite their significantly different chemical, metabolomic, 

and olfactory profiles. Therefore, in order to improve the impact of the ZnPP-rich extract on the final 

product, the extraction method needs to be optimised. 

In conclusion, the results of all the analyses and tests conducted during this study suggest that the 

proposed innovative strategies could allow meat processors to replace synthetic additives in their 

products without compromising quality. However, there is currently a lack of uniform regulation 

governing natural colourants and the use of plant extracts in meat production. Therefore, the 

regulatory status of these ingredients and their applications should be explored on a case-by-case 

basis. 
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