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Abstract

Fermented foods play an important role in human nutrition due to their probiotic properties,
improved nutrient absorption and potential health benefits. The incorporation of various
agro-food byproducts into them leads to the production of innovative functional foods with
even better nutritional properties. In recent years, the application of industrial byproducts
has become a hot spot of research, as they are rich in polyphenols, flavonoids, carotenoids,
tocopherols, vitamins and anthocyanins, which provide high antioxidant capacity for foods.
Among the most popular groups of fermented foods are meat products. The addition of
agro-food byproduct powder or extracts to these traditional food products leads to an
increase in their nutritional value and antioxidant capacity, a decrease in lipid oxidation
and color change, inhibition of the growth of pathogenic microorganisms and the provision
of health benefits. The use of these ingredients in the fermentation of meat products is
considered to be a promising strategy in the development of new functional fermented
meat products. This review will discuss the development of functional fermented meat
products by incorporating agro-food byproducts, determining their optimal concentration,
studying their impact on the fermentation of the meat products and on its properties and
storage, as well as the health benefits of these functional products.

Keywords: agro-food byproducts; fermented meat products; antioxidant properties; stability;
health benefits

1. Functional Fermented Food Products

The recent employment of high-calorie foods leads to the emergence of serious dis-
eases, including obesity, Alzheimer’s, type II diabetes, Parkinson’s, osteoporosis and
cardiovascular diseases [1]. These emerging diseases are usually treated by long-term
use of drugs that negatively affect the physiological functioning of the body. Functional
foods, which have been developed in recent years, are seen as an alternative to solve these
problems. There are many definitions of the concept of functional foods, but basically, a
food is considered to be “functional” if it has a beneficial effect on specific body functions,
which goes beyond nutritional effects and is intended to promote overall health and well-
being and reduce the risk of many diseases [2]. Functional foods are becoming increasingly
popular worldwide. In 2020, the global market for these foods reached $161.99 billion,
and in 2025, it is expected to reach $228.79 billion [3]. Often, the terms “natural health
products” or “healthy foods” are used instead of functional foods [4]. Foods that offer
additional values to the basic nutritional values can be classified as healthy foods, whether
natural or processed foods [5]. The richest sources of functional components with potential
physiological benefits in addition to their nutritional role are conventionally used cereals,

Processes 2026, 14, 602

https://doi.org/10.3390/pr14040602


https://crossmark.crossref.org/dialog?doi=10.3390/pr14040602&domain=pdf&date_stamp=2026-02-24
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-2773-1618
https://orcid.org/0000-0002-1240-3216
https://orcid.org/0000-0002-3472-0204
https://doi.org/10.3390/pr14040602

Processes 2026, 14, 602

2 0f 33

millets, fruits, vegetables, spices and flavorings. The growing awareness of consumers in
the field of healthy nutrition has significantly changed their food preferences. Consumers
are actively looking for foods that offer specific health benefits [6]. In addition, there is
a growing preference for natural and minimally processed foods. These preferences are
leading manufacturers to develop new functional foods, in which they replace synthetic
additives with natural sources [6]. Natural sources of antioxidants are most often sought
as alternatives to synthetic additives, as they can lead to health problems. Functional
foods contain valuable bioactive substances such as terpenes, polyphenols, limonoids,
carotenoids and saponins [7] and are increasingly gaining popularity as they are safer to
use. These bioactive compounds possess antimicrobial and anti-lipid activity and strong
antioxidant potential [8].

Fermented foods are an important part of human diet, health and cultural characteris-
tics. Fermentation is a process known and applied by humanity since ancient times. It is
used all over the world, as it is integrated into different regions according to local products
and environment features [9]. The definition of fermentation has changed with the develop-
ment of contemporary microbiological and biotechnological approaches. Today, it is known
how important the role of microorganisms in fermentation is, not only for the purpose
of preserving food, but also for improving its nutritional and functional properties [10].
Nowadays, fermented foods are an object of interest due to their potential probiotic effects
and their role in supporting gut health and immunity [11].

Fermented foods are classified based on the raw material, the main microorganisms
that are responsible for fermentation or the resulting primary metabolites. Among the most
well-known categories based on the raw material are: dairy-based fermentations, cereal-
based fermentations, legume fermentations, vegetable fermentations, fruit fermentations,
and meat and fish fermentations [12]. Fermentation of meat and fish products (salami, fish
sauce, shrimp paste, etc.) is a more complex process. It includes lactic acid bacteria (LAB),
yeast and halophilic bacteria [13]. In this case, the salt concentration plays an important
role in the selection of microorganisms and safety management of the product. The process
is usually characterized by proteolysis and lipolysis. This microbe enzymatic degradation
leads to the formation of peptides, amino acid and volatile compounds which leads to the
development of a unique taste profile and texture [14].

One of the most important aspects of fermented foods is their storage stability. Various
environmental factors, such as light and temperature, can affect the destruction of available
biologically active components. This degradation process deteriorates both the nutritional
value and the quality of the product. To make bioactive components in fermented foods
more stable, various approaches are applied, such as proper storage and the addition of
stabilizers, antioxidants, probiotics and fiber. That is why recently, there has been active
work on the development of innovative fermented foods by adding natural antioxidants,
stabilizers, fiber, biologically active peptides, etc. This leads to increased interest in obtain-
ing natural antioxidants from various byproducts of fruit, vegetables, cereals and meat
processing. There are numerous publications that discuss the extraction and application
of natural antioxidants from different sources [15]. Studies convincingly indicate that the
antioxidant potential of fermented foods could be increased by the addition of plant ex-
tracts (from herbs, fruits, vegetables), thus improving their functional properties [16]. The
utilization of byproducts and waste from food processing is a practice with increasing popu-
larity. Recently, gluten-free foods enriched with antioxidant extracts have been increasingly
developed and introduced. Commonly used extracts are, for example, those obtained from
olive leaves and olive mill wastewater [17]. Very often in the production of different kinds
of fermented meat products, antioxidants from byproducts of wine production (grape marc,
grape seed and skin extracts), etc., are used. These new products not only meet dietary
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restrictions and have a high antioxidant capacity, but also enhance the nutritional value of
everyday foods. In addition, in recent years, the incorporation of bioactive peptides from
food proteins into functional foods has been very popular. Different studies reported that
these peptides possess antioxidant properties and can be used in a variety of applications,
from food supplements to food fortification [18]. The use of new antioxidants, such as those
derived from seaweed, also shows that functional foods development is constantly seeking
innovative solutions and practices [19]. The integration of traditional fermented foods
into modern diets is a notable trend, as these foods are rich in probiotics and antioxidants,
and by incorporating additional bioactive substances, they become even more attractive to
consumers seeking to improve their health [20].

The creation of these complex multicomponent systems requires very detailed studies
on their effectiveness. Bioactive compounds are often chemically unstable. This can
also be amplified by different conditions, such as high temperature and light, applied
during food processing [21]. The fermentation process can also change the structure of
these compounds, interfering with different aspects of their bioactivity as well as their
stability [22]. Another factor that could hinder their bioactivity is the interaction between
the bioactive compounds and other components presented in food. This necessitates
research and creation of innovative systems to improve solubilization [21]. Traditionally
produced fermented foods may contain both components that enhance and components
that inhibit the absorption of bioactive ingredients, greatly complicating their efficacy [23].
Solutions to these challenges include improving extraction techniques from plant sources
and ensuring strict control of fermentation processes, monitoring the antioxidant potential
of innovative foods during their preparation and storage, investigating the bioavailability
of bioactive compounds, and monitoring their health-promoting biological effects on the
body [24]. The development of new approaches, such as the use of microencapsulated
bioactive components or synergistic food systems and extracts with synergistic effects, could
improve the bioavailability of antioxidants and enhance the effectiveness of innovative
functional fermented foods.

Naturally, research to prove the therapeutic effect of innovative fermented foods is
very important. It is believed that their therapeutic effect extends across a wide spectrum—
inflammatory bowel diseases, type 2 diabetes, cardiovascular diseases, obesity, hyperten-
sion, etc. [4]. The number of publications investigating the biological action of various
plant extracts is significant [4,6,25]. To realize the therapeutic potential of functional fer-
mented foods, future research should focus on identifying specific bioactive compounds
and their mechanisms of action. In addition, clinical trials are needed to confirm the efficacy
of functional fermented foods in the prevention and treatment of chronic diseases. To
ensure the therapeutic efficacy of functional fermented foods, further research should focus
on identifying the type of the bioactive components and their mechanisms of action. In
addition, it is very important to conduct clinical trials in order to confirm the efficacy of
these functional foods and the possibility of their usage in the prevention and treatment of
different chronic diseases.

A significant problem with functional fermented products is their labeling and presen-
tation in the trade network. A unified regulatory framework does not exist and there are
differences in global food regulations. Global regulation is needed regarding labeling and
presentation of health claims. This will prevent unfair competition and misleading adver-
tising in the food industry. This will allow for functional products to be freely distributed
in international markets. The growing interest in functional fermented foods requires the
establishment of effective guidelines and regulations at national and international levels to
ensure their safety and application on a global scale.
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2. Agro-Food Byproducts Used as Novel Ingredients in Production of
Functional Foods

In recent decades, the agro-food industry has generated great amounts of byproducts
and wastes, originating not only from fruit and vegetable processing, but also from the
meat, dairy and seafood industries. According to the Directive 2008/98/EC on waste, a
byproduct is defined as a substance that is produced as a result of a manufacturing process
and has the ability to be used further, following conventional industrial processing, except
for any adverse consequences on human health or the environment. For this reason, there
is growing interest in the possibilities for utilizing these byproducts. These materials, often
rich in bioactive compounds, proteins, polysaccharides and minerals, are increasingly
recognized as valuable resources for food ingredient recovery, rather than disposal. Their
incorporation into foods aligns with circular economy principles, reduces environmental
impact and creates added value through functional and technological benefits [26,27]. Other
than the food industry, these byproducts can also be used in a number of other industries:
the pharmaceutical industry and medical sector [28,29], food packaging [30], cosmetic
sector [31,32], and the production of probiotics and prebiotics (Figure 1).

ry Pharmaceuticals
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Figure 1. Applications of agro-food byproducts in different sectors.

The wide variety of byproducts that remain from the agri-food industry have many
different applications in the food industry: antioxidant additives, anti-lipid additives,
antimicrobial agents, preservatives, colorants, and texturizing agents.
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2.1. Antioxidant, Anti-Lipid and Anti-Microbial Applications

Oxidative reactions are unavoidable phenomena in biological systems and food matri-
ces that play a critical role in the deterioration of food quality. The progression of oxidation
leads to the formation of secondary metabolites that negatively affect sensory character-
istics such as flavor, appearance and texture, as well as reducing nutritional value. In
some cases, oxidation may also result in the generation of compounds with toxicological
relevance [33-35]. To mitigate these effects, the food industry routinely incorporates pro-
tective agents designed to limit or delay oxidative processes. Among these, antioxidants
represent a key technological strategy, as they inhibit oxidation degradation pathways and
contribute to the extension of product shelf life [33-36].

Antioxidant additives function by stabilizing oxidation-sensitive components, particu-
larly lipids, through the interruption of free-radical chain reactions and the suppression of
lipid peroxidation [35,37]. In recent years, increased consumer awareness and preference
for clean-label products have bought to the forefront, with naturally derived antioxidants
being used as alternatives to synthetic compounds. Conventional synthetic antioxidants
commonly applied in food systems include butylated hydroxyanisole (BHA), butylated
hydroxytoluene, ethoxyquin, tert-butylhydroquinone, and propyl gallate; however, atten-
tion should be paid to the possibility of adverse effects, due to the availability of studies
investigating their effects on human health [38—41].

Effective control of lipid oxidation is particularly important for ensuring the quality
and safety of foods with a high fat content. Natural antioxidants obtained from plant and
animal processing byproducts have demonstrated efficacy in delaying lipid peroxidation
in meat products, dairy fats, and edible oils. Bioactive compounds such as tocopherols,
phenolic compounds, and carotenoids derived from plant residues, together with antioxi-
dant peptides released from animal proteins, act in a complementary manner to enhance
oxidative stability in food systems [26].

Plant-based wastes remain the most extensively studied sources of natural antioxi-
dants, particularly fruit pomace, peels and seeds, which are rich in phenolic compounds,
flavonoids, carotenoids and vitamins. Grape pomace, citrus peel, apple pomace and
olive byproducts exhibit strong antioxidant capacity and are widely applied to delay
lipid oxidation in meat products, oils, bakery goods and dairy matrices [42,43]. The
byproducts from the treatment of pomegranate, strawberry, kinnow, grapes, blackcur-
rant, annatto, bearberry, banana and sapodilla contain relatively high concentrations of
antioxidants [44—47]. Table 1 presents some of the potential antioxidant and preservative
applications of agro-food byproducts.

In parallel, animal-derived byproducts also demonstrate antioxidant potential. Protein
hydrolysates obtained from meat trimmings, poultry byproducts, fish skin and bones
contain bioactive peptides with radical-scavenging and metal-chelating activities. These
peptides can inhibit oxidative processes in food systems and may also exert physiological
antioxidant effects after ingestion [48,49]. Dairy-derived peptides released during whey
or casein hydrolysis similarly show antioxidant activity, particularly in emulsified and
lipid-rich foods [50].

The dairy industry generates substantial byproducts, particularly whey, whey perme-
ates and buttermilk. Whey proteins (f3-lactoglobulin, «-lactalbumin) are extensively val-
orized as emulsifiers, foaming agents, antioxidants and antimicrobial ingredients. Lactose-
and mineral-rich permeates can be used as fermentation substrates or functional fillers,
while buttermilk phospholipids enhance emulsification and nutritional value [50].

Byproducts from meat processing (blood, bones, meat trimmings and viscera) can
be used to extract protein hydrolysates with relevant bioactivity. These isolates are often
called antioxidant bioactive peptides [51,52].
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Table 1. Potential antioxidant and preservative applications of agro-food byproducts.
. . . . Bi i
Origin Byproduct Bioactive Compounds Properti:;?/:tl;;iication References
' ' Antioxi antidi ic,
Flavonoids (flavonoid nthX} dant antldlgbetlc
. anticancer activity,
glycosides and neuroprotective effect,
Figs (Ficus carica L.) Skin, seed, leaf of figs prenylated), coumarins, P ’ [53,54]
; . anti-inflammatory,
phenolic acids, i .. .
. . anti-insecticidal activity,
terpenoids, alkaloids. .. . L
and antimicrobial activity
Vitamin C, carotenoids,
and phytosterol§ .. Antioxidant,
antocyanids (cyanidin ..
T anti-inflammatory
. and delphinidin . .
Blackcurrant (Ribes .. . activities, prevention of
: Pomace of blackcurrant derivatives), phenolic . . [55]
nigrum L.) . . cardiovascular disease,
acids (protocatechuic, .
) . . educed systolic blood
vanillic, ellagic, gallic,
pressure
and
syringic acid)
Antioxidant,
anti-inflammation,
neuro-protection,
Phenolic acids, ant}—metastat.l ©
) cardio-protective,
flavonoids .t .
(anthocyanidins, tannins antimicrobial,
Blueberry (Vaccinium sp.) Pomace of blueberry arzchoc an;ns ! reno-protective, [56]
yanms, opthalmoprotective,
proanthocyanidins), anti-diabetic
vitamin C. 7
hepato-protective,
gastro-protective,
anti-osteoporotic,
anti-aging
.. . Antiallergic, antibacterial,
Phenolic acids (ellagic nlatiergic, antibactera
. 2 hepatoprotective,
acid, cholorogenic acid); . .
. antithrombotic
flavanols (catechin, . . . .
rocyanidin); antiviral, urinary antiseptic,
Strawberry (ArAbutus procy L anti-inflammatory,
Pomace of strawberry anthocyanins . . [57]
unedo L.) . 4 . anti-diarrheal, anti-
(cyanidin-3-glucoside); . L
. . . hypertension, anti-diabetic,
fatty acids (o-linolenic, . ; .
. . anticarcinogenic,
linoleic acid (w-6)); .
. ) . . neurodegenerative, and
vitamin E, vitamin C ;
vasodilator effects
Antioxidant,
. . . . i-infl
Pineapple (Ananas Peel, core, pomace, and  Phenolic acids; vitamin C, e.mtl n .amma.tory,
: . . . . antibacterial, antifungal, [58]
sativus L.) crown vitamin D, vitamin E and
anticancer activities
Flavanones (eriodictyol,
hesperidin, hesperetin,
naringin); flavones
(apigenin, diosmin); Antimicrobial,
flavanols (quercetin, anti-inflammatory,
lymphocitrin); anticancer, antidiabetic,
Lemon (Citrus limon L.) Peel of lemon essential oils (limonene, anti-obesogenic, [59]

[-pinene, y-terpinene,
x-pinene, myrcene,
sabinene,
geranial); ascorbic acid,
organic acids, phenolic
acids

anti-urolithic,
and anti-cardiovascular
disease effects
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Table 1. Cont.
. . . . Bioactive
Origin Byproduct Bioactive Compounds Properties/Application References
Phenolic acids, flavonols
(quercetn}, kaempferol, Antioxidant, antimicrobial,
. (catechin), tannins ..
Pomegranate (Punica o anti-inflammatory,
Peel of pomegranate (ellagic acid, g . [60]
granatum L.) . antidiabetic, cytotoxic,
1,2,4-tri-O-galloyl-$3- . R
anticancer activities
glucopyranose),
anthocyanins
Peel, pomace, seed Phenolic acids,
Apple (Malus domestica) ! Igf a le’ flavonoids, Antioxidant [61]
PP anthocyanins
Carotenoids ..
L Antioxidant
Tomato (S'olanum Peel and seed of tomato P henol‘lc acids and radical [62]
Lycopersicum) and flavonoids, lycopene, scaveneer
dietary fiber &
Antioxidant,
anti-inflammatory, gut
microbiota modulation,
Anthocyanins, anti-obesity,
Pomace. seed. skin resveratrol, quercetin, cardioprotective,
Grape (Vitis vinifera) of i o e, kaempferol, catechins, antidiabetic, [63]
grap phenolic acids hepatoprotective,
and procyanidins anticancer,
neuro-protective,
antiproliferative anti-aging
and antiaging activities
.. . Antioxidant activity,
Eggs Egg shells Antioxidant peptides anti-inflammatory activity [64,65]
Bovine Buffalo horn Peptides Antioxidant [66]
Bovine . .
Bovine hemoglobin Peptides A.ntlbactena.l ’ [67]
hydrolysate antihypertensive
Anti-inflammatory,
Dictay fibers, proteins, . SUETERG,
Tomato Tomato byproducts carotenoids, tocopherols, anti thrc;mbo tic Y [68,69]
polyphenols, lycopene cardioprotective,
antioxidant

At present, lysozyme (E1105) is the only animal-derived antimicrobial additive au-
thorized for use in both the European Union and the United States. Sourced from eggs,
lysozyme is primarily applied in cheese preservation, although research has also examined
its use in eggs, milk, and beef. Nevertheless, it shows no inhibitory effect on yeasts or
fungi [70,71].

Natural preservation is one of the most promising applications of agri-food wastes.
Plant extracts that are rich in polyphenols, organic acids and essential oils often show high
antimicrobial activity, especially against foodborne pathogens and spoilage microorganisms.
Grape seed, citrus peel and olive leaf extracts have been successfully applied in meat, fish
and dairy products to extend their shelf life [72].

Phenolic compounds, besides their antimicrobial activity, are considered to be strong
antioxidants. These compounds are typically present in different plants, along with vi-
tamins, minerals, polysaccharides and enzymes. Any byproduct with a high content of
any of these compounds can be considered as a possible source of new antioxidant food
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additives, e.g., overripe fruits or citric acid and exotic fruits, peels and seeds [34,73-75].
Byproducts from the meat processing industry (like blood, bones, meat trimmings and
offal) can yield protein hydrolysates with relevant bioactivity [51,52]. Onion byproducts
(like onion stems and skins) can be applied as food additives due to their antioxidant and
anti-browning properties [76]. Larrosa et al. [77] reported that the addition of an artichoke
byproduct extract (the blanching water) to tomato juice resulted in higher antioxidant
activity (measured by DPPH and ABTS+ methods) and therefore a longer shelf life for
this product.

From animal-origin wastes, antimicrobial peptides (AMPs) obtained from meat, fish
and dairy proteins show strong inhibitory effects against bacteria and fungi. Whey-derived
peptides, lactoferrin and lysozyme from dairy byproducts are well-known natural antimi-
crobials that are already approved for food use in several regions [50]. Fish skin and shrimp
shell hydrolysates also exhibit antimicrobial properties, especially when incorporated into
edible films or coatings [49].

2.2. Thickeners, Gelling Agents, Texturizers and Colorants

Agro-industrial wastes are key sources of food hydrocolloids. From plant residues,
pectin (citrus peel, apple pomace), cellulose and hemicelluloses are already industrially
exploited as thickeners, stabilizers and gelling agents in jams, sauces, dairy desserts and
plant-based foods [78]. From animal-origin wastes, collagen and gelatin derived from skins,
bones and connective tissues of cattle, pigs, poultry and fish play a major role as texturizers.
Gelatin is widely used in confectionery, desserts, dairy products and meat formulations,
due to its gelling, foaming and water-binding properties. Advances in extraction from fish-
processing byproducts respond to religious, cultural and sustainability demands [79,80].
In the dairy sector, whey proteins recovered from cheese-making waste streams act as
functional thickeners and emulsifiers, improving the viscosity, gel strength and mouthfeel
in beverages, yogurts and bakery products [81].

Gbogouri et al. [82] reported that salmon head hydrolysates treated with the com-
mercial enzyme Alcalase® 2.4 L could potentially be a new source of compounds with
great emulsifying capacity and stability. Using the same enzyme mix, Sathivel et al. [83]
analyzed the potential of herring (Clupea harengus) byproducts hydrolysates. Although the
emulsifying capacity was lower than that of egg albumin and soy protein, the hydrolysates
could still be used as emulsifiers and stabilizers. Such an effect was also observed for the
protein extracts before hydrolysis [84].

Plant-derived wastes are dominant sources of natural pigments: anthocyanins (berry
and grape pomace), betalains (beet pulp), carotenoids (tomato and carrot peels) and chloro-
phylls (leafy vegetable residues). These pigments serve as alternatives to synthetic dyes,
though their stability often requires encapsulation or matrix protection [85,86]. Animal-
derived colorants are more limited but still relevant. Heme-proteins, such as hemoglobin
and myoglobin recovered from slaughterhouse blood, have been explored as natural red
colorants and functional ingredients in meat analogs and processed meats. Blood plasma
proteins are also used to improve color stability and water-holding capacity in meat prod-
ucts, although consumer acceptance and regulatory issues must be carefully addressed [87].
Some of the potential applications of agro-food byproducts as texturizing agents and
colorants are presented in Table 2.
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Table 2. Potential applications of agro-food byproducts as texturizing agents and colorants.
Product Byproduct Function References
Smooth and creamy
Fish Fish bones, fish scales  texture, alternative of [88,89]
pork gelatin
. Whey protein and ..
Dairy buttermilk Texturizing agents [90-92]
Onion Onion hulls [93]
Spinach Spinach stalks [94]
Lycopene from
tomato
Tomato byproducts, Colorant [95,96]

carotenoids from
tomato peels

Wine pomace extract

Grape and flour Colorant [97]
Phenolic compounds
Eggplant from eggplant Colorant [98]
Potato Phenolic compounds Colorant [99]
from potato peels
Citrus fruits Citrus peels Colorant [100-102]

Recently, increasing attention has been paid to organic farming and the benefits of
organic products on human health. Organic farming relies on both traditional practices
and innovative clean technologies. When talking about organic farming, it is often also
called biological or ecological. The main characteristics of organic farming are that the use
or application of any artificial synthetic materials such as pesticides, fertilizers, growth
regulators and additives or genetically modified products is unacceptable. The FAO
defines organic agriculture as a production system based on the maximum use of available
resources, protection of soil fertility and biological activity, minimal use of non-renewable
resources, and restricted use of synthetic substances that are harmful to the ecosystem and
living beings [103].

Considering this, the valorization of organic agro-food byproducts is very important
and significant for the environment and economics. Furthermore, when talking about
utilizing these byproducts, their improved nutritional profile compared to conventionally
grown ones must be taken into account. Given the diverse applications of agro-industrial
byproducts in the production of functional foods, the improved nutritional profile of
organic products is of great importance.

Many authors have reported significant differences in the nutritional and sensory
quality of organic and conventional products. A trend in which organically grown crops
have a higher dry matter content and a higher concentration of nutrients is observed.
The probable reason is the lack of nitrogen sources available in organic systems, which is
believed to lead to an increase in the amount of dry matter [104]. The dry matter content
(and respectively lower water content) of most organic crops is up to 20% higher than
that of conventional ones [105,106]. Dry matter can be a reference point for measuring the
accumulation of organic matter and nutritional composition, as well as for the evaluation of
the product in terms of its consumption [107]. Some authors reported that organic fruits and
vegetables contain a higher dry matter content than conventional ones [108-110]. Gastol
et al. noted that compared to conventional products, the dry matter content was higher
in organic pears, currants, beets and celery, but lower in organic carrots and apples [111].
Other authors also reported higher dry matter in organic crops (potatoes) [112,113].
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Differences were also found in the protein content and amino acid profile of organi-
cally grown crops. Organic crops generally have a similar or slightly lower protein content
compared to conventionally grown crops, as organic farming often results in slower nitro-
gen release, which can affect protein accumulation. Long-term studies on organic versus
conventional fertilization have shown that conventional fertilization with a high nitrogen
content increases the nitrogen content and total protein in plants, but tends to reduce
the quality of the protein. As the protein content is not the only indicator reflecting crop
quality, the content of amino acids that are digestible and essential for the human body
should be considered important. Vréek et al. compared protein content and digestibility
between organic and conventional wheat flour and found that organic wheat flour had a
lower protein content, but higher protein digestibility than conventional flour [114]. Other
authors reported a slightly higher protein content in organic cultivars, and a richer total
amino acid profile (higher content of alanine, arginine, asparagine, aspartic acid and glu-
tamic acid) [115]. A recent analytical study comparing organic and conventional legumes
(e.g., peas, soybeans) found that the total essential amino acid percentage was higher in
organically grown legumes. This was correlated with lower overall protein and nitrogen
accumulation in some organic systems, which changed the relative amino acid composition
toward essential types [116]. A systematic compilation of comparative studies shows that
the content of essential amino acids is higher in organically grown cereals, rye and lupins,
compared to their conventional counterparts. Almost the same results were reported by
Maggio et al., which compared organic potatoes with conventional ones [117].

Significant differences in mineral and vitamin composition have also been observed
in organic farming. Studies have found that organic legumes and vegetables have higher
levels of Cu, Mg, Mo, Se, Na, and Zn [118]. Organic broccoli, kale, green peppers and
lettuce contained higher levels of K, Ca, Mg, P, Mn and Cr [119-121]. Organic tomatoes
had higher levels of K, Ca and Zn [122]. Reddy et al. studied several different fruits,
vegetables and tubers (tomato, sweet potato, carrot, sweet orange, papaya) and compared
their mineral composition. Higher levels of Cu, Zn, Fe, Ca, Mg, Mn, K, and Na were
found in all organically grown fruits and vegetables, compared to conventionally grown
ones [123]. There is a limited amount of studies that compare the content of different
vitamins in conventional and organic products. A 2010 review on the nutritional quality
of organic food reported higher vitamin C contents in organic potatoes, tomatoes, kale
and celeriac, as well as a higher vitamin E content in organic olive oil [108]. Worthington’s
experiment also revealed 27% higher vitamin C levels in organically grown lettuce, spinach,
potatoes and cabbage [124].

Another great advantage of organic harvesting is the reduced content of nitrates
and heavy metals. Different studies showed that organic fruits and vegetables have sig-
nificantly lower nitrate values compared to the conventional ones [125,126]. In various
experiments, especially with leafy vegetables, nitrate values were found to be two times
lower than those that were organically grown [127]. Another study reported that the nitrate
content in organic carrot and celery was obviously lower than that in the conventional
ones [128]. Similar results were reported for potatoes, lettuce, leek, beet, spinach and
tomatoes [121,129]. A similar trend is observed regarding the presence of heavy metals.
Different studies reported that heavy metal content in organic wheat, lettuce, pepper and
tomato were significantly lower than that in the conventional ones [114,121].

Apart from all the differences mentioned so far, organic cultivation often leads to a
higher polyphenol content and antioxidant activity in fruits and vegetables, though results
vary significantly by crop, plant part, variety, and environment. Numerous studies showed
that organic fruits and vegetables contained a wide variety of phenolic compounds and
antioxidants [130-133]. Organic produce can contain 10-50% more phytonutrients, particu-
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larly in fruit peels (like oranges and papayas) and some vegetables (onions, lettuce) [134].
Organic cultivation is considered to increase the polyphenol content of peaches and pears
compared with conventional cultivation [135]. Overall, various studies on organic crops
have observed between 18% and 69% increased antioxidant activity in these products [136].

The listed differences in organic and conventional agricultural products show that the
use of organic byproducts in food production has great potential to improve the nutritional
profile, vitamin and mineral composition, and antioxidant capacity of the functional food.
In addition, the use of organic byproducts in food can minimize the presence of nitrates
and heavy metals, which are detrimental to human health. Also, the utilization of these
byproducts helps to implement and strengthen the principles of organic farming, such as
maximum use of available resources, protection of soil fertility and biological activity, and
minimal use of non-renewable resources.

3. Extracts from Agro-Food Byproducts

Usually, agro-food byproducts are from larger-scale food and beverage production
(wine production, tomato paste production, juices and canned goods, citrus drinks, etc.).
In this way, companies can transform the byproducts into a valuable bioactive product
with added value. This allows them to become more competitive in the market. The
most commonly used byproducts are seeds, skins and grape pomace, apple peels, orange
peels, tomato residues, olive skins, walnut and rapeseed meal or pomace, etc. Agro-
food byproducts can be used directly, be dried and ground into powder, or used in the
form of an extract containing the isolated biologically active substances. In both cases, it is
important to apply appropriate drying conditions for the byproducts, as well as appropriate
storage conditions for the dried powder or extract, in order to preserve the activities of the
biological components. Despite the growing interest in incorporating agro-food byproducts
into functional foods, there are some problems in their acceptance by the public. Attention
needs to be paid to their standardization as an additive in order to achieve quality and safety.
This can be achieved by continuous quality control of the powder or extracts. This control
is more precisely performed on the byproduct extract than on the powder. Extracts from
agro-byproducts are widely used, since the isolated bioactive substances have a stronger
biological effect. There are several key points in obtaining the extracts: 1. To achieve a
high yield of isolated bioactive compounds and for the extract to still be stable. 2. The
extract should have high analytical parameters—total phenolic content, flavonoid content,
procyanidins, antioxidant capacity, etc. 3. The extract should have strong antimicrobial,
anti-lipid and antioxidant properties. 4. To identify the bioactive substances in the extract.
5. To investigate the biological health effects of the extract onto the human body. 6. To
preserve the antioxidant activity of the extract after its inclusion in functional foods.

The advantages of agro-food extracts over the direct use of an agro-food byproduct
are: extended shelf life, as they are less susceptible to degradation; the percentage of ac-
tive ingredients is standardized, which guarantees the same activity of the extract every
time; and the concentration of active ingredients provides increased efficiency and health
benefits from a smaller amount of additive. Conventional and unconventional methods
are used to extract bioactive substances from byproducts. Depending on the nature of the
bioactive compounds, appropriate solvents are also selected. When choosing a solvent, the
application of the extract is also essential. Extraction is performed with various organic
solvents (ethanol, methanol, acetone, etc.) and their mixtures with water. If the extract is to
be used for inclusion in food or for medicinal purposes, it is preferable to use a mixture of
ethanol and water or ethanol alone, as it is harmless for health. One of the most common
conventional methods is solid-liquid extraction, but it consumes a significant amount of
solvent [62]. In recent years, several unconventional technologies have been developed,
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such as ultrasound-assisted extraction, supercritical fluid extraction, microwave extraction,
pulsed electric fields and pressurized liquid extraction [63,137]. They achieve an increase
in extract yield, a reduction in the amount of organic solvent and a more environmentally
friendly extraction of functional compounds from agro-food byproducts. In order to evalu-
ate the qualities of the extract and to standardize it, some studies are needed. First of all,
the analytical parameters of the extract, such as total phenolic value, flavonoid content,
procyanidins, antioxidant capacity, terpenes, and polysaccharides, should be determined
by precise spectrophotometric methods [138]. It is important to determine the antimicrobial
and anti-lipid properties of the extract. The antimicrobial properties of the extract are
studied by two methods: the agar-diffusion method and determination of the minimum
inhibitory capacity of the extract against various pathogenic microorganisms [138]. Anti-
lipid activity is assessed by determining the released malondialdehyde as a result of the
oxidation of fats and proteins in food [138]. A very important characteristic of the extract is
its antioxidant capacity. There are various methods for the measurement of antioxidant ca-
pacity [139], but the most commonly used assays are 1,1-diphenyl-2-picryhydrazyl (DPPH),
2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), oxygen radical absorbance ca-
pacity (ORAC), iron-reducing antioxidant power (FRAP) and copper-reducing antioxidant
capacity (CUPRAC). The individual compositions of the extracts were determined by the
HPLC method [140], but it is very important to evaluate the biological properties (in vitro
and in vivo) of the agro-food byproduct extracts. The study of the biological properties of
the extracts shows the relationship between functional food and health. It is important to
determine the mechanisms of action by which the bioactive compound provides health
benefits. The inclusion of extracts in functional foods requires a preliminary toxicolog-
ical assessment. The aforementioned studies need to be performed for each agro-food
byproduct extract, due to their specificity. Standardization of extracts is mandatory, as their
qualities depend on many factors—agro-plant growing conditions, the treatment process in
the food industry, applied extraction methods, drying, storage, etc. In recent years, effective
methodologies for encapsulation, lyophilization and spray drying have been developed
to improve the stability of bioactive compounds and preserve their characteristics. Today,
the search for and identification of new agro-nutritional plant sources; the development of
effective methods for extracting bioactive compounds from them, increasing their stability;
and the study of new applications of the obtained extracts in foods, especially in fermented
meat products, is constantly increasing.

4. Functional Fermented Meat Products

The fermented meat products (dry fermented sausage, salami, chorizo) are of particu-
lar importance to the modern consumer in terms of their nutritional properties. Fermented
sausages are obtained through three important stages: fermentation, maturation and
drying. Fermentation can be carried out by their own microflora or by special starter
cultures. These stages modify carbohydrates, proteins and lipids and generate specific
physicochemical and sensory parameters [141]. Fermented meat products (FMPs) are
among the most researched food categories aimed at reformulating to obtain healthier
foods [142]. Innovations in the field of fermented meat products have been aimed at im-
proving their quality and health-related characteristics [143,144]. It is known that FMPs
provide important elements for human health, such as proteins with a high biological
value, B-complex vitamins (such as Bs and Bip) and minerals [141]. However, fermented
meat foods have a high content of fat, saturated fatty acids, salt, sodium, nitrite, synthetic
antioxidants and some additives, the consumption of which leads to the development
of some chronic non-communicable diseases [145]. The fats and proteins contained in
meat products are very susceptible to oxidation. Oxidation processes negatively affect the
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shelf life and the sensory and taste qualities of fermented meat products. Furthermore,
as a result of these oxidation processes, there is a potential possibility of generating toxic
compounds that are considered carcinogenic and harmful to health [146]. A particularly
large increase in lipid oxidation can be caused by the production of dry fermented meat
products during the fermentation, dehydration and storage of the finished product before
consumption [147,148]. A significant problem is also the microbiological contamination
of meat products. All these negative phenomena lead to poor sensory and taste qualities
and repel the consumer from the finished product. In addition, to inhibit oxidative pro-
cesses and reduce pathogenic contamination in meat products, synthetic antioxidants are
traditionally used at the industrial level. A number of scientific studies showed that these
synthetic antioxidants have toxicological properties [149] and as a result, in many countries,
they are banned for use in the production meat lines. Thus, the antioxidants octyl gallate
and dodecyl gallate are banned in the EU for use as food additives [150]. The synthetic
primary antioxidants butylated hydroxyanisole (BHA, E-320), butylated hydroxytoluene
(BHT, E-321), tertiary butylhydroquinone (TBHQ, E-319) and propyl gallate (PG, E-310)
are permitted for use in products of animal origin, but have a limit value of 200 mg/kg in
lard and other animal fats and dehydrated meats, according to European regulations [146].
The following synthetic secondary antioxidants are also permitted: ethylenediaminete-
traacetic acid (EDTA, E-385), phosphoric acid (E-338), ascorbyl palmitate (E-304 (i)), sodium
erythorbate (E-316), etc. Other additives used in the meat industry, especially in dry fer-
mented products, are nitrites and nitrates. These additives have effective antioxidant and
antimicrobial effects, preserve the freshness and color of the meat product and extend its
shelf life [151]. However, the latter are very dangerous for human health, as toxic nitroso-
and nitrosyl compounds are formed. Nitrates and nitrites are permitted as additives in
meat products in the European Union, according to Regulation (EU) No. 1129/2011, at
a maximum amount of 150 mg/kg [152]. The use of antioxidants in meat products is
regulated by the legislation of each country.

All these problems require new solutions to obtain healthier fermented meat products.
The problems with microbiology contaminations of fermented meat product, like lipid
oxidation, can be solved by using natural antioxidants. They can be isolated from fruits,
vegetables and different plants. In recent years, agro-food byproducts have increasingly
been used [153]. They are rich in antioxidants, which can be used for effective control of
lipid oxidation and microbial contamination and also to increase the antioxidant capacity
of fermented meat products (Figure 2).

In addition, they can replace certain food additives (synthetic antioxidants, nitrites,
salt), which have raised concerns about their potential harmfulness in consumers, de-
spite being approved for use under food regulations [150]. This practice is in line with
the strategies aimed at producing “clean label” foods. Food manufacturers and con-
sumers often use this term to refer to food products in which the number of additives has
been reduced.

Nitrites or nitrates, along with other additives such as salt, are traditionally added to
cured meats to extend their shelf life, preserve their color, and improve flavor. Synthetic
sodium erythorbate is also added to speed up the curing process. However, acerola extract
can serve as a natural curing accelerator, replacing sodium erythorbate. Green acerola
cherries are considered to be one of the most concentrated natural sources of L-ascorbic
acid [154]. It is believed that the effectiveness of ascorbic acid in this natural matrix is much
greater than that of synthetic ascorbic acid. In recent years, acerola has found increasing
use in the production of cured meat products. The acerola ascorbic acid added to meat
products performs several functions: stabilizing the red color, avoiding rancidity, prevent-
ing browning of the meat, and minimizing the formation of carcinogenic nitrosamines. The
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nitrite from the curing salt reacts in the presence of water and forms nitric acid. Ascorbic
acid oxidizes this nitric acid to produce nitric oxide, which forms a red complex with
myoglobin (nitrosomyoglobin), which transformed to a pink color (nitrosylhemochrome)
in a cooked cured product. This reduces the risk of brown metmyoglobin formation in the
presence of oxygen and preserves the red color of the meat. In turn, brown metmyoglobin
reacts with nitric oxide and forms red nitrosomyoglobin. The formation of the highly
carcinogenic nitrosamine is also minimized, since ascorbic acid reduces the content of nitric
acid. Acerola has been found to have a comparable sensory appeal to synthetic acceler-
ators like sodium erythorbate [154]. Moreover, acerola contains, in addition to vitamin
C, other valuable biologically active substances, such as anthocyanins, phenolic acids,
flavonoids, etc. The advantages listed above lead to an increase in acerola application in
the production of meat products and as supplements. The industrial processing of acerola
fruit into pulps and juices produces a dark red residue, constituting about 40% of the fruit
volume [155]. This byproduct can be used to produce food supplements and as an additive
in meat products [156]. However, ascorbic acid is highly unstable. Moreira et al. reported
a 6-15% loss of ascorbic acid during spray drying of acerola peel extract. In order to
stabilize acerola extracts, various methods are used, such as encapsulation, immobilization
on a carrier, incorporation into an edible film, etc. [157]. Acerola helps to meet consumer
demand for “clean label” ingredients, offering benefits like improved pigment forma-
tion, antioxidant protection, and comparable sensory appeal to synthetic accelerators like
sodium erythorbate.
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Figure 2. Different agro-food byproducts incorporated into fermented meat products.

Antioxidants will not only control rancidity and microbial contamination of the prod-
uct, but will also improve the nutritional profile of the final product, as they are enriched
with biologically active substances, and make the dry fermented meat product healthier.
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The antioxidant activity of byproduct powder or extracts is mainly due to the presence of
phenolic compounds (phenolic acids, flavonoids, procyanidins, stilbenes, etc.), but can also
be associated with other substances, such as carotenoids, terpenes, and some vitamins (C
and E) and minerals (selenium and zinc).

According to the mechanism of action, natural antioxidants are divided into primary
and secondary antioxidants [158]. Primary antioxidants (type I) interrupt the oxidation
chain reaction by donating hydrogen to free radicals and generating more stable radi-
cals [159]. In the case of secondary antioxidants (type II), the mechanisms of oxidative
inhibition are different—metal chelation, regeneration of primary antioxidants, decom-
position of the formed hydroperoxide and oxygen scavenging [160]. The two types of
antioxidants can act synergistically [161].

In many cases, agro-food byproducts are used directly in the form of dried powder.
In this form, they are rich in antioxidants and dietary fiber. Dietary fiber occurs naturally
in many different plant sources, including cereals, fruits, vegetables and legumes. In
addition, fiber-rich industrial byproducts, such as apple peel, citrus peel, grape skin and
sugar beet pulp, contain valuable fiber fractions such as cellulose, lignin and pectin. From a
functional point of view, dietary fiber contributes significantly to the texture, water-holding
capacity and emulsification of fermented meat products and provides health benefits
such as cholesterol reduction and improved digestion. There is a significant number of
publications describing the inclusion of various agro and food byproducts (powder, peel,
extract) in fermented meat products in order to improve their quality, and some of them
are presented in Table 3.

Among agro-food byproducts, tomato pomace has a significant application in fer-
mented meat products. It is separated from the canning industry in the production of
tomato paste, puree, etc. The amount of this byproduct is significant: about 3-5% (w/w) of
the total amount of raw tomatoes [162,163]. Tomato pomace consists of peel, seeds and a
small amount of pulp. It can be used in different forms—freeze-dried powder or extract.
This byproduct contains various bioactive products, fibers, polyphenols, carotenoids (such
as lycopene and (3-carotene), oils and proteins, which can be very beneficial for human
nutrition and health [164].

The red color of tomato pomace is another of its advantages, as it gives the dry
fermented sausage a fresh color. Skwarek et al. [165] describe the effect of tomato pomace
on the physicochemical parameters and fatty acid profile of dry fermented sausages while
reducing levels of nitrites. An increase in the antioxidant activity of the sausage, as well as a
reduction in antibacterial contamination, has been proven. On the other hand, the addition
of tomato pomace leads to an increase in the red color of the sausage and it becomes more
desirable for customers. It has been found that the best result is obtained when 1.5% freeze-
dried tomato pomace is included in the fermented sausage. Later, the same collective [166]
investigated the effect of tomato pomace on the oxidative and microbiological stability of
raw fermented sausages with a reduced addition of nitrites. The advantages mentioned
above are again proven. In addition, the obtained functional sausages are characterized by
a higher heme iron content, as well as higher carbonyl groups. It has been shown that the
inclusion of tomato pomace in sausage does not reduce the number of lactic acid bacteria in
sausages. The best results are obtained with the addition of 2.5% tomato pomace in sausages.
Doménech-Asensi et al. [167] showed that the tomato pomace improves color, antioxidant
activity, reduces lipid oxidation, and increased heme iron in dry fermented sausages. They
reported that the texture profile of mortadella showed no significant alteration after the
addition of tomato pomace. Lipid oxidation in sausage cannot be fully inhibited, but it can
be delayed with the addition of tomato pomace that is rich with antioxidant substances.
Tomato peel is often used directly, to develop dry fermented sausages enriched in lycopene.
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Calvo et al. [168] included the different percentage of dry tomato peel (0%, 0.6%, 0.9% and
1.2% w/w) in dry fermented sausages. The authors indicated a slight loss of lycopene after
21 days of ripening. The sensory and textural properties of all sausages were very good.
Ghafouri-Oskuei et al. [169] investigated the chemical properties and sensory attributes
of beef sausages with included tomato powder and flaxseed powder. The addition of
tomato and flaxseed powders decreased the pH, residual nitrite and moisture contents and
increased the protein, carbohydrate, ash, fiber and total calorie contents. The addition of
flaxseed powder increased linolenic acid.

In recent years, there has been a number of publications related to the application of
grape pomace and seed extracts as additives to meat and meat products [170-173]. Grape
pomace is a byproduct of wine production. They contain grape skins, seeds and stalks. All
three components contain valuable biologically active substances, but the largest percentage
is in grape seeds (70%). This byproduct is in large quantities. Red grape seed extracts
are more widely used. Therefore, grape seeds are a stable and economically viable raw
material source containing valuable, biologically active substances. They mainly contain
the following groups of antioxidant compounds: phenolic acids; flavonoids; procyani-
dins; stilbenes, in which monomeric phenolic compounds predominate; (+) catechins; (—)
epicatechin; epicatechin-3-O-gallate and dimeric, in which trimeric procyanidins can be
found [174,175]. Scientific studies prove that grape seed extract (GSE) is a more potent
scavenger of reactive oxygen species and a more powerful antioxidant than vitamins C
and E [176]. Lorenzo et al. [177] investigated the effect of grape seeds and chestnut ex-
tracts on the physico-chemical, lipid oxidation, microbial and sensory characteristics of
dry fermented sausage. A parallel study was also conducted with a synthetic antioxidant,
buthylated hydroxytoluene (BHT). The addition of antioxidants reduced the lipid oxidation
and reduced the total volatile compounds from lipid oxidation. Sensory analysis showed
that the acceptability of grape seed was equal to BHT. The authors concluded that grape
seeds were more effective than synthetic antioxidants. Ivanov et al. [178] included various
natural antioxidants—grape seed extract (GSE), ascorbic acid (AA), a-tocopherol (TP), a
combination of GSE and AA, and a combination of GSE and TP in dry fermented sausage.
The results obtained with natural antioxidants were compared with the results of samples
prepared according to the traditional recipe and with a synthetic antioxidant, butylated
hydroxytoluene. The samples with a combination of GSE and AA showed the highest
anti-lipid potential, the lowest malondialdehyde values, the highest antimicrobial capacity,
the lowest color change, and the lowest change in antioxidant activity, through the sausage
drying process. There was an obviously synergistic effect between GSE and AA, and
their antioxidant activity was highly effective. The application of grape seed flour for
the development of traditional Iraqi fermented sausage “Basturma” were described by
Fadhil et al. [179]. They concluded that grape seed powder improves the preservation
against infectious pathogens from contaminating the meat, and the chemical properties of
beef meat with high nutritional values like protein. The use of grape seed powder could be
suggested as a preservative, replacing the chemical preservatives that are in current use.

The antioxidant and antimicrobial effect of grape seed extract on beef sausage were
studied by El-Zainy et al. [180]. They found that the added grape seed extract had delayed
lipid oxidation and prevented bacterial growth, as well as keeping the good quality and
sensory characteristics of minced beef. D’ Arrigo et al. [181] compared three samples: red
grape pomace added to dry cured sausage (salchichén), ascorbic acid and nitrites added to
salchichén and the control, without any additive. They found that grape pomace reduced
the pH of salchichén and favored the growth of lactic acid bacteria at similar levels as
ascorbic acid and nitrites. The addition of grape pomace led to a less red color in the
salchichén than the combination of ascorbic acid and nitrites, but reduced lipid and protein
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oxidation of salchichén. The addition of ascorbic acid and nitrites resulted in a final product
with a redder and less yellow color than the other samples. This cured color was not reached
with the addition of red grape pomace. However, its inclusion slightly reduced lipid and
protein oxidation in salchichén.

Apples are the world’s most widely consumed fruit. During the industrial production
of apple juice, a significant portion of the raw material is wasted in the form of apple
pomace, which constitutes 25-30% of the total processed fruit [182]. Apple pomace contains
carbohydrates, vitamins, and minerals [183]. According to a study by Gonelimali et al. [184]
and Jung et al. [185], apple pomace has a high fiber content and a substantial amount of
polyphenols. Apple pomace contains natural antioxidants with strong antioxidant activ-
ity, such as quercetin glycosides, phloridzin, and other phenolic constituents [186,187].
Koishybayeva et al. [188] investigated a turkey sausage by including a freeze-dried apple
pomace. The addition of apple pomace to turkey sausages resulted in a significant de-
crease in the moisture and protein contents, whereas no significant difference was found
in the fat and ash contents. The increased incorporation of apple pomace resulted in de-
creased pH, lightness, redness, and yellowness in turkey sausages, whereas an increase
in total phenolic content, fiber content, ABTS and DPPH values was observed. The au-
thors described that apple pomace, as a low-cost source of valuable phenolic content,
strongly inhibited pathogenic microorganism growth during the storage of turkey sausages.
Grispoldi et al. [189] investigated the addition of 7% and 14% apple pomace to pork meat
to produce Italian salami. The salami was subjected to 25 days of ripening. The additive
improved the fiber and phenol content in salami and decreased the fat and calorie val-
ues. They found that 7% of apple pomace had a higher overall acceptability than 14%.
Younis et al. [190] found that buffalo meat sausages incorporated with apple pomace pow-
der showed a high cooking yield and emulsion stability of 94.46% and 74.70%, respectively.
The additive had antimicrobial properties and high phenolic and dietary fiber contents.
The apple pomace powder in concentrations 6-8% affected the texture.

Many of the production processes involving citrus fruits (oranges, lemon, grapefruits)
generate large amounts of byproducts and wastes. These byproducts can be used in animal
feed, but the problem is that they are very susceptible to microbial spoilage [191]. During
orange juice production, only about 50 percent of the fresh orange weight is transformed
into juice. The remaining 50 per cent is peel, pulp, seeds, orange leaves and whole orange
fruits that do not reach the quality requirements. These byproducts contain valuable
polyphenols and fiber and can be of interest as a food additive [192-194]. Dietary fiber may
exhibit antioxidant effects due to the presence of phenolic compounds attached through
hydrogen bonds to the polysaccharides (bound phenolic compounds). Free phenolic
compounds are not bound to the fiber matrix and can be extracted with water and organic
solvents from citrus byproducts. Free phenolic compounds can be absorbed in the upper
parts of the gastrointestinal tract, but the bound phenolic compounds predominantly
occur in the colon after the dietary fiber undergoes fermentation. The inclusion of these
extracts in various foods will improve the quality and nutritional value of the foods.
Fernandez-Lopez et al. [195] used orange fiber to prepare functional Spanish dry fermented
sausages. They reported that the inclusion of orange fiber to the sausage did not change
the lactic acid content during the fermentation of the sausage, but only the pH values were
affected. It was indicated that phenolic compounds and orange fiber reduced the levels of
residual nitrites and favored the growth of micrococci. The reduction in the level of residual
nitrites was very important, since the risk of nitrosamine formation reduced. Both effects
led to the production of safe and high-quality sausages. Magalhaes et al. [196] studied the
effect of including lemon dietary fiber into mortadella, a bologna-type sausage, on their
properties. The lemon dietary fiber and phenol compounds are the active substances. The
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dietary fiber showed influence on color, texture and mineral composition of mortadella. The
phenol compounds improved the antimicrobial and antibacterial properties of mortadella.
They also decreased the residual nitrite levels.

Strategies to reduce the ingoing nitrite level or completely remove them from fer-
mented meat products are very important, because the nitrite is effective in carcinogenic
nitrosamine formation. In the early 2000s, the “clean label” trends in the meat industry
gained increased attention [197]. A number of studies have been conducted to partially
replace nitrites with vegetable powders, or using vegetable powders entirely, instead of
nitrite (celery, spinach, radish, chard, and lettuce) [198-200]. The above vegetables are high
in nitrates and are often considered to be alternative preservatives. Celery powder and
celery juice concentrate have found wider applications as natural sources of nitrate/nitrites,
as they do not impart an unpleasant, bitter taste to cured meat products and have very
little effect on the product color [201-203]. From a regulatory perspective, purified sodium
or potassium nitrite is not permitted for use in organic products by the National Organic
Program of US Department of Agriculture (USDA). Celery powder is recommended as
a meat preservative. The question of whether non-organic celery powder should remain
on the National List of Allowed and Prohibited Substances or be replaced with organic
alternatives is still unresolved. Comparative studies have shown that nitrate content in
conventionally grown vegetables using mineral fertilization is higher than that of organ-
ically grown vegetables [204]. Furthermore, vegetables fertilized with organic fertilizers
significantly increased the content of total phenolics, flavonoids, ascorbic acid, saponins
and glutathione compared to inorganic fertilizers [205]. Several studies have found that
meat products marinated with celery have similar quality characteristics to those marinated
with traditional purified nitrite [206-208]. Swiss chard (Beta vulgaris L. var. cicla) is also
a well-known alternative plant source for preservation, due to its high nitrate concen-
tration [209]. Some authors report that compared to celery, Swiss chard imparts a less
pronounced aftertaste and aromatic volatiles [210] and is associated with fewer allergenic
concerns [211]. However, it is not known whether curing powder from organically grown
celery or Swiss chard offers similar quality and sensory characteristics to those from con-
ventionally grown ones. Sheng et al. [212] studied the products of deli-style turkey breast
preserved with sodium nitrite, pre-converted conventionally grown celery, Swiss chard,
organically grown celery, and organic Swiss chard with an input sodium nitrite. They
described that regardless of the different plant sources of nitrite (celery or Swiss chard)
and the cultivation practice of the plant powder (conventional or organic), the sensory
evaluations were equivalent to the results obtained with sodium nitrite.

The byproduct from the sugar industry in significant amounts is sugar beet (Beta vul-
garis var. saccharifera L.) molasses. Molasses mainly consist of fermentable sugars (sucrose,
glucose, fructose) and non-sugar substances. The non-sugar part of molasses encompasses
mineral and trace elements such as potassium, sodium, calcium, magnesium, iron, and
copper. This part also included bioactive compounds, such as crude proteins, non-nitrogen
substances, vitamin B complex, biotin, etc. Beet molasses have marked antioxidative po-
tential because they contain phenolic compounds, their derivatives, melanin, melanoidins
and products of sugar caramelization. Molasses were applied as a non-crystallized syrup
and powder. They are mainly used as a nutrient medium for various microbiological
productions. There are few publications on their application as an additive in dry fer-
mented meat products. Molasses can completely replace nitrites in the production of dry
sausages. Dilek and Karakaya [213] reported the application of sugar beet molasses for the
preparation of fermented Turkish sausage. A comparison was made with samples with
sodium nitrite added. The presence of nitrosomyoglobin was proven in fermented Turkish
sausage, which convincingly shows the potential of sugar beet molasses as a substitute
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for sodium nitrate. The complete replacement of sodium nitrate with molasses leads to a
higher nitrosomyoglobin content. In this way, a clean-label product can be obtained and
can meet current consumer requirements.

The above examples of the application of agro and food byproducts as additives to fer-
mented meat products are more popular and have a greater practical focus. The discussed
agro and food byproducts are separated in larger quantities from food enterprises and their
valorization is economically advantageous. In parallel, the valorization of these products
does not disturb the ecological balance. From the described applications, it is seen that these
agro and food byproducts mainly inhibit lipid oxidation and microbial contamination and
reduce or completely replace the nitrite content in fermented meat products, and some of
them provide a fresh color to the final product. Each added byproduct has a different com-
position and properties; its influence on the fermented product is different and therefore, it
is necessary to study the application of each byproduct individually. In addition, fermented
products also have individual compositions and properties and require a specific approach.
Dehydrated fermented sausages have a high fat content and can undergo significant lipid
oxidation. Adding additives to them with strong antioxidant activity can successfully
inhibit this unwanted process and replace synthetic antioxidants completely.

In scientific publications, applications of other types of agro and food byproducts are
also found, but they are to a lesser extent, due to the fact that they are not released in large
quantities by the food industry. For example, in the production of fruit jellies, jams, juices,
fruit pulp, peels, seeds and other insoluble parts of the fruits are released as residues. Pectin
is often extracted from them, which is used as a gelling agent. The combination of phenolic
compounds and dietary fiber contained in these residues positively changes the properties
of fermented meat products. Lau et al. [214] studied the effect of cranberry pomace on
the physicochemical properties of dry fermented meat products during their manufacture.
In the presence of cranberry pomace, Staphylococcus spp. growth was suppressed, while
Lactobacillus spp. and Pediococcus spp. exhibited a stimulatory response, but the medium
and high cranberry pomace levels resulted in darker, duller and redder sausages with a
softer texture. They recommended the low cranberry pomace levels.

When protein-rich agro-food byproducts are introduced into meat fermentation pro-
cesses, they can serve as substrates for microbial metabolism and enzymatic activity. In-
creased microbial degradation of proteins can lead to an increase in free amino acids,
altering the cohesion of the meat matrix and affecting the chewiness or firmness [215].
Dairy byproducts, like milk proteins (casein, whey), are used in sausage making to im-
prove the nutritional value (protein, calcium), texture (firmness, water binding), and flavor
(tanginess) while creating healthier, “functional” dry sausages with reduced salt/fat by
replacing traditional ingredients and adding beneficial probiotics. Karwowska et al. [216]
studied the effect of acid whey on the quality of non-nitrite organic fermented sausage.
They obtain a significantly lower pH and a higher lactic acid bacteria content in organic
fermented sausage without nitrite.

Often, mixtures of several extracts are used. The combined action of the antioxidants in
the mixture provides very good anti-lipid and antimicrobial effects. The antioxidant effect
of a mixture of lyophilized beer residue extract, aqueous chestnut leaf extract and peanut
skin extract was studied [217]. This mixture was included in a Spanish dry fermented
sausage with partially replaced pork back fat with microencapsulated fish oil. It was found
that the hexanal and total aldehyde content were reduced in the samples with the addition
of the three residue extracts, confirming the anti-lipid effect of the mixture.

The color and texture of functional fermented meat products are critical sensory
attributes that influence consumer acceptance and overall quality [218]. The inclusion of
agro-food byproducts in fermentation systems affects their properties. One of the main
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ways in which byproducts from the food industry affect the color and texture of fermented
meats is through oxidative processes. The color of the meat depends on the chemical state
of the myoglobin. The nitrite reacts with the meat pigment nitrosyl myoglobin to produce
nitrosohemochrome. The formed nitrosohemochrome is a pigment that is responsible for
the characteristic pinkish cured meat color [219]. Oxidative degradation of myoglobin
results in metmyoglobin, which imparts a brownish discoloration and reduces consumer
appeal. Conversely, byproducts that are rich in natural antioxidants can slow down
oxidative reactions, protect color pigments, and improve color stability when appropriately
incorporated. It is important to note that sometimes, the effect on color depends on the type
of byproduct used as an ingredient, as it would impart color to the final product. This could
happen with byproducts which contain, for example, anthocyanins (grape skin extract),
carotenoids (tomato peels), betanin (red beetroot powder), lycopene (tomato pomace),
etc. [219]. Depending on the concentration of the imported byproduct, the change in color
of the fermented meat product could be positive (i.e., to achieve a natural fresh color in
the meat product), but it could also be negative, rising to the darker nuances when used in
higher concentrations.

Table 3. Agro-food byproducts used in fermented meat products.

Agro-Food Byproducts

Effect on the Properties of Fermented

Meat Product Reference

Fermented Meat Products

Tomato pomace

Effective alternative to nitrates, leading
to a reduction in the content of
Dry fermented sausage synthetic nitrates, high antioxidant and [165]
anti-lipid capacity, redness color,
changed the fatty acid profile

Tomato pomace

The oxidative and microbiological
stability, a higher heme iron content as
well as higher carbonyl groups, saved

the number of lactic acid bacteria

Dry fermented sausage [166]

Tomato paste

Improved color and antioxidant
Fermented sausages activity, reduced lipid oxidation, and
(mortadella) increased heme iron in dry fermented
sausages, saved the texture

[167]

Tomato peels

High antioxidant capacity, sensory and
textural properties very good, indicated
a slight loss of lycopene after 21 days
of ripening

Dry fermented sausage [168]

Tomato powder

Decreased pH, residual nitrite and
moisture contents and increased
protein, carbohydrate, ash, fiber and
total calorie contents

Beef sausage [169]

Grape seed extract

Reduced the lipid oxidation, reduced
Dry fermented sausage the total volatile compounds from lipid [177]
oxidation. Sensorial analysis was good

Grape seed extract

High anti-lipid potential, low
Dry fermented sausage malondialdehyde values, high [178]
antimicrobial capacity, unchanged color

Grape seed flour

Improves the preservation against
infectious pathogens and [179]
protein concentration

Fermented sausage
“Basturma”

Grape seed extract

Delayed lipid oxidation and prevented
Beef sausage bacterial growth, kept the good quality [180]
and sensory characteristics
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Table 3. Cont.

Agro-Food Byproducts

Fermented Meat Products

Effect on the Properties of Fermented
Meat Product

Reference

Grape pomace

Dry cured sausage
(salchichén)

Decrease in TBARS value, increase in
polyphenol content

[181]

Apple pomace

Turkey sausage

High total phenolic and fiber content,
high antioxidant potential, strongly
inhibited microorganism growth.

[188]

Apple pomace

Italian salami

Improved fiber and phenol content in
salami and reduced the fat and calories

[189]

Apple pomace

Buffalo sausage

Increased water retention capacity,
higher L color parameter, lower fat
content, antimicrobial activity against S.
aureus, P. aeruginosa, and L.
Monocytogenes, emulsion stability

[190]

Orange fiber

Dry fermented sausage

Decrease in residual nitrite during
fermentation, growth of Micrococcaceae
(inhibits rancidity and stabilizes color)

[195]

Lemon fiber

Mortadella, a
bologna-type sausage

Improved antimicrobial and
antibacterial properties, improved the
color, texture, and mineral composition,
decreased residual nitrite levels.

[196]

Sugar beet (Beta vulgaris var.
saccharifera L.) molasses

Sucuk

Substitute for sodium nitrate, complete
replacement of sodium nitrate,
improved the color

[213]

Cranberry skin powder

Dry fermented sausage

Reduced Salmonella enterica u
Staphylococcus spp. cell count,
preserved Lactobacillus spp. and
Pediococcus spp.

[214]

Whey

Dry fermented sausage

Increased the nutritional value of
non-nitrite organic fermented sausage,
decreased pH and higher lactic acid
bacteria content, improved the texture

[220]

Extracts of beer residue,
chestnut leaves and peanut
skin and micro-encapsulated
fish oil

Spanish dry
fermented sausage

Reduces the hexanal and total aldehyde
content, antilipidemic effect of the
mixture, partial replacement of pork
back fat with microencapsulated fish oil

[221]

Pectin from fruit peel

Low-fat fermented sausage

Good texture profile of sausage, adding
a small amount of pectin could replace
the fat in sausage

[222]

Pectin and inulin

Frankfurter sausage

Fat could be replaced, moisture and
ashes of sausages increased, shear force,
hardness, fracturability, gumminess,
and chewiness were slightly lower

[223]

Pistachio shells

Fermented sausage

Effective alternative to nitrates, leading
to a reduction in the content of
synthetic nitrates, high antioxidant and
anti-lipid capacity

[224]

The texture of fermented meat is influenced by proteolysis, pH reduction, and changes

in water activity during fermentation. These processes denature proteins and promote

gel formation, which contributes to texture firmness [218]. For these reasons, various

textural agents are added to meat products (pectin, whey, apple pomace, citrus peels, grape

pomace) [219]. One of the most commonly used texturizing agents in the meat production
industry is pectin. It can be obtained from different sources as a byproduct (peels, seeds
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of watermelon, mango, tomato, etc.) [220]. Due to its good interaction with meat proteins,
based on the H-bond formation and free binding energy, pectin can be used as an emulsifier
in the production of meat products [221]. Pectin occurs naturally in the cell walls of fruits
and vegetables. It is a water-soluble fiber. Pectin forms a gel in the presence of Ca* ions or
sugar and acid. It can be used as a gelling agent and emulsifier, as it has good water—fat
binding properties. It is used as a fat and sugar substitute in the production of low-calorie
meat products.

Huynh and Tran [222] developed a low-fat sausage by using pectin from passion fruit
peel. They described that adding a small amount of pectin can replace the fat sausage.
Pectin ensures a good texture profile in sausage. Mendez-Zamora et al. [223] studied the
influence of different concentrations of inulin and pectin as fat substitutes on the chemical
composition, texture, and sensory acceptance of frankfurter sausages. The addition of
fibers increased the yield and the color parameters were slightly reduced. The moisture
and ashes of sausages with inulin and pectin were higher, while shear force, hardness,
fracturability, gumminess, and chewiness were slightly lower than those of the control.
Fat can be replaced with inulin and pectin in frankfurter sausages to produce healthy and
functional products.

The effect of pistachio hull extract as an antioxidant, antimicrobial and textural agent
for the preservation of dry fermented sausages during the fermentation and storage period
was studied [224]. Pistachio hull extract significantly decreased the lipid oxidation of the
sausage samples and showed antimicrobial activity compared to the control, but it did not
affect the color of the samples during the storage period.

Agro-food byproducts present an interesting source of bioactive compounds with
a low commercial value. They potentially decrease the lipid and protein oxidation in
meat products and increase their shelf life and product quality. However, the addition
of byproducts in meat has a positive and negative impact. They can change the sensory
characteristics of meat. These characteristics are very important and play a significant role
in the consumer acceptance of meat [225,226]. Sensory evaluation is carried by different
methods [227,228]. Sensory quality can generally be described by appearance, flavor, and
texture [229]. The type of byproduct, the level of inclusion and the type of meat products
influence the sensory quality of meat.

It is therefore very important to determine the optimal dose for addition to the fer-
mented product, so as to ensure optimal nutritional values, optimal anti-lipid and antimi-
crobial properties and optimal sensory characteristics. For example, Pereira et al. [230]
reported that when grape skins were added in a higher concentration (4%) to a beef burger,
lower sensory characteristics (texture, taste) were obtained compared to the control sample.
In addition, phenolic compounds imparted a bitter, astringent and sour taste to the meat.
The addition of a mixture of grape seed extract, olive oil skins and chestnut tannin to a Cinta
Senese Frankfurter sausage also gave a negative result [231]. A positive sensory evaluation
was obtained for fermented beef sucuk with 305 g of sugar beet molasses added [213].
Sojic et al. [232] included tomato pomace extract (0.150 uL/g) in pork sausages. They found
that the addition of tomato extract did not have a negative impact on the taste. Apparently,
by combining the type and amount of the added agro-food byproduct, as well as the type
of meat product, good sensory characteristics of the product can be ensured.

Despite their good antioxidant activity, the use of natural antioxidants must consider
their safe consumption, low concentrations, availability, low cost, compatibility with the
food matrix and regulatory guidelines. Only a few natural antioxidants derived from
nature are permitted for use as food additives in meat products, according to European
Regulation 1333/2008 [150]. Furthermore, it should be noted that plant-derived curing
ingredients are typically sourced from purpose-grown crops for extraction, rather than from

https://doi.org/10.3390/pr14040602


https://doi.org/10.3390/pr14040602

Processes 2026, 14, 602

23 of 33

agricultural byproducts. The use of synthetic and natural antioxidants is legally controlled
by permissible levels, as it is known that excessive addition of antioxidants can lead to
pro-oxidant effects. Nevertheless, scientific research into the production of functional
fermented meat products has obtained results in this area that are very promising.

5. Conclusions

This review includes the application of various types of agro-food byproducts to
obtain functional fermented meat products. The effect of these biologically active additives
on the properties of fermented meat products is commented on in detail. The fermented
meat products themselves are enriched with useful peptides and amino acids, due to
fermentation, and thanks to the microorganisms carrying out the fermentation, they have
a valuable probiotic effect. Nevertheless, fermented meat products have a number of
problems, especially during storage. This is mainly due to the oxidative processes of fats and
lipids in meat products and microbial contamination in them. In addition, these processes
lead to a change in the sensory qualities of the products and make them undesirable for
customers. Until recently, these problems were solved by adding a higher concentration of
salt, or adding nitrites or synthetic antioxidants, which are known to have an unhealthy
effect on the body. In recent years, the inclusion of agro-food byproducts in fermented
meat products has found increasing applications. Due to the antioxidants and dietetic
fiber contained in them, the mentioned undesirable processes are inhibited and even
completely replaced by synthetic antioxidants. Therefore, the production of functional
fermented meat products is a promising direction for the development of food technologies.
The valorization of agro and food byproducts has another important advantage, as it
solves environmental problems and issues that are related to the current requirements for
sustainability and achieving a circular economy.
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CUPRAC  Cupric reducing antioxidant capacity
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FMPs Fermented meat products

FRAP Ferric reducing antioxidant power
LAB Lactic acid bacteria

ORAC Oxygen radical absorbance capacity
PUFA Polyunsaturated fatty acids
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