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Abstract: Fermented functional foods are gaining global recognition for their health-promoting
properties, particularly their role as rich sources of natural antioxidants. These foods are increasingly
recognized for their role in promoting a healthy gut microbiome and enhancing overall health. This
review explores diverse fermented food categories including dairy, plant-based, grain-based, and
beverages for their antioxidant potential, alongside emerging substrates such as algae and fruit by-
products. Advances in fermentation technology, including precision fermentation and bioreactor
optimization, are highlighted for their potential to enhance antioxidant yields sustainably.
Additionally, the review delves into the development of novel functional foods and their role in
promoting overall well-being. Despite significant progress, challenges such as antioxidant stability,
regulatory hurdles, and consumer acceptance remain. This paper provides a comprehensive
perspective on the progress, challenges, and future directions of fermented functional foods as
antioxidant sources, emphasizing their importance in sustainable nutrition and health solutions

Keywords: functional foods; antioxidant potential; precision fermentation; bioavailability;
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1. Introduction

Oxidative stress is a phenomenon characterized by an imbalance between the production of
reactive oxygen species (ROS) and the body’s ability to detoxify these reactive intermediates or repair
the resulting damage [1,2]. This imbalance can lead to cellular damage, contributing to the
pathogenesis of various chronic diseases, including neurodegenerative disorders, cardiovascular
diseases, cancer, and diabetes [3,4]. The accumulation of oxidative damage to lipids, proteins, and
DNA is a significant factor in the aging process and the development of these diseases [3,4]. Recent
studies have highlighted the role of oxidative stress in the inflammatory processes that underlie many
chronic conditions, suggesting that effective management of oxidative stress could mitigate disease
progression [4]. Antioxidants play a crucial role in neutralizing ROS and preventing oxidative
damage. They can be classified into enzymatic antioxidants, such as superoxide dismutase and
catalase, and non-enzymatic antioxidants, including vitamins C and E, flavonoids, and polyphenols
[5,6]. The intake of dietary antioxidants has been associated with a reduced risk of chronic diseases,
as they help to maintain the redox balance within cells and tissues [5,7]. Recent research indicates
that the consumption of foods rich in antioxidants can enhance the body’s defense mechanisms
against oxidative stress, thereby lowering the incidence of diseases linked to oxidative damage [4,6].
Fermented foods have been an important component of human civilization providing improved
flavours, longer shelf-life and superior nutritional qualities through the activity of microorganisms
[8]. Fermented foods, in particular, are recognized for their potential health benefits, including
improved gut health, enhanced immune function, and antioxidant effects [9]. One of the most
convincing health benefits of fermentation lies in its remarkable ability to enhance the antioxidant
capacity of foods [10]. The fermentation process not only enhances the nutritional profile of these
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foods but also increases the bioavailability of beneficial compounds, making them an integral part of
a health-promoting diet [11]. The fermentation process involves the action of microorganisms, such
as lactic acid bacteria and yeasts, which can enhance the antioxidant capacity of the food through the
production of bioactive compounds [6], 12]. Fermentation process elevates the concentration of
antioxidants and ameliorates their molecular structure, enhancing their solubility and bioavailability,
thereby improving their efficacy in human beings [13]. Recent studies have demonstrated that
fermented foods can significantly contribute to dietary antioxidant intake, providing a natural source
of compounds that combat oxidative stress [11]. The increasing awareness of the relationship between
diet and health has led to a growing demand for functional foods that can support overall well-being
and reduce the risk of chronic diseases [14]. The significance of fermented foods as functional foods
lies not only in their antioxidant potential but also in their ability to modulate gut microbiota, which
plays a crucial role in maintaining overall health [9]. Functional foods are becoming increasing
popular globally owing to their health-promoting properties, easy accessibility, and affordability. The
health-promoting abilities of such foods is due to the prevalence of numerous bioactive molecules.
Figure 1 portrays the effects of fermentation on the antioxidant potential of different food substrates
& benefits of consuming fermented functional foods. Despite the promising advances in fermented
functional foods, several research gaps need to be addressed to fully understand their potential as
potent antioxidant sources. While fermentation is known to enhance antioxidant activity, the specific
interactions between different microbial strains and their impact on the final product are not fully
understood [15]. While traditional fermented foods like yogurt and sauerkraut are well-studied, there
is a need for more research on novel fermented products using different plant-based materials and
microbial strains. Exploring the potential of lesser-known plant species and by-products could lead
to the discovery of new and potent antioxidant sources [15]. Furthermore, the regulatory framework
surrounding these foods is often unclear and inconsistent, creating significant challenges for
manufacturers, consumers, and regulatory agencies alike [16]. Present review aims to explore the
latest research findings on the antioxidant properties of various fermented foods and their potential
health benefits. It highlights the role of microbes in enhancing the antioxidant properties of foods.
Furthermore, it delves into the development of novel functional foods as health-promoting foods that
provide extra/added benefits beyond basic nutrition. Furthermore, it will provide insights into
regulatory framework surrounding fermented functional foods and factors influencing their
commercial viability. By emphasizing the significance of fermented foods as potent antioxidant
sources, this review seeks to contribute to the growing body of knowledge in the field of functional
foods and nutrition.
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Figure 1. Effects of Fermentation on Antioxidant Potential and Functional Benefits of fermented foods &

beverages.

2. Current Trends in the Functional Food Market

The functional food market is a dynamic and rapidly evolving sector, driven by a confluence of
factors including increasing health consciousness, technological advancements, and sustainability
concerns. The market is characterized by a constant stream of product innovations, utilizing a diverse
range of ingredients and focusing on specific health benefits. The functional food market has
witnessed significant transformations in recent years, driven by evolving consumer preferences and
increasing awareness regarding health and nutrition. In 2024, the global functional food market was
valued at USD 337.85 billion and is projected to expand from USD 359.81 billion in 2025 to USD 595.49
billion by 2033, with a Compound Annual Growth Rate (CAGR) of 6.5% over the forecast period
(2025-2033) [17]. This expanding market encompasses a wide range of food products fortified with
bioactive compounds or ingredients that offer potential health benefits beyond basic nutrition [18].
These benefits can range from improved gut health and immune function to disease prevention and
management. Several factors contribute to the expansion of the functional food market. One of the
key drivers favouring this expansion is the increasing health consciousness among consumers [19].
Consumers are actively seeking ways to improve their well-being through dietary choices, resulting
in a escalated demand for foods that offer specific health benefits [20]. This trend is more pronounced
in developed countries with aging populations and rising rates of chronic diseases [18]. Furthermore,
there is a growing preference for natural and minimally processed foods with consumers showing a
clear inclination towards ingredients perceived as “clean label”. This preference is pushing
manufacturers to innovate and develop functional foods using natural sources and avoiding
synthetic additives [20]. The shift towards natural ingredients in food products has been a prominent
trend, particularly in the context of antioxidants. Consumers are increasingly seeking natural sources
of antioxidants as alternatives to synthetic additives, which have been associated with various health
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concerns. Research indicates that natural antioxidants, such as polyphenols, carotenoids, and
vitamins, are prevalent in fruits, vegetables, herbs, and spices, and their incorporation into food
products is gaining substantial interest [21,22]. Studies have highlighted the antioxidant potential of
by-products from fruit and vegetable processing, suggesting that these sources can be effectively
utilized in functional food formulations [23,24]. Imeneo et al., investigated the effect of utilizing onion
peel waste to enhance the functional and qualitative characteristics of white bread. The findings
revealed a significant increase in the bioactive compound content and antioxidant activity of the
white bread. This approach exemplifies the innovative approaches being adopted in the industry for
functional food development [25]. The demand for natural antioxidants is not only driven by
consumer preferences but also by the growing body of evidence linking antioxidant-rich diets to
health benefits, including reduced risks of chronic diseases such as heart disease and cancer [26]. The
growing awareness of oxidative stress and its health implications has further fueled this trend,
leading to a surge in research focused on the extraction and application of natural antioxidants from
various food sources [27].

Fermented foods have gained significant attention in recent years, largely due to their perceived
health benefits and their role as natural sources of probiotics. The fermentation process not only
enhances the nutritional profile of foods but also contributes to the development of bioactive
compounds with antioxidant properties [28]. The COVID-19 pandemic has further accelerated
consumer interest in immune-boosting foods, with fermented products being at the forefront of this
trend [29]. Research has shown that the antioxidant activity of fermented dairy products can be
enhanced through the addition of plant extracts, thereby improving their functional properties [28].
Additionally, the integration of traditional fermented foods, such as kimchi and kefir, into modern
diets reflects a broader trend towards embracing cultural heritage while promoting health [30]. This
resurgence of interest in fermented foods is also supported by studies demonstrating their potential
in managing gut health and overall well-being [27]. The functional food market is witnessing the
emergence of innovative products that cater to the evolving preferences of health-conscious
consumers. The use of by-products and waste streams from food processing is another key trend.
Recent developments have seen the introduction of gluten-free options fortified with antioxidant-
rich extracts, such as those derived from olive leaves and olive mill wastewater [31]. These novel
products not only meet dietary restrictions but also enhance the nutritional value of everyday foods.
Furthermore, the incorporation of bioactive peptides derived from food proteins into functional
foods is gaining momentum. These peptides have been shown to possess antioxidant properties and
can be utilized in various applications, from nutritional supplements to food fortification [32]. The
exploration of new sources of antioxidants, such as algae and seaweeds, is also indicative of the
innovative approaches being adopted in the functional food sector [33]. The potential of these
ingredients to provide health benefits while appealing to environmentally conscious consumers
underscores the dynamic nature of the market.

The integration of traditional fermented foods into contemporary diets is a notable trend that
reflects a growing appreciation for cultural culinary practices. These foods, often rich in probiotics
and antioxidants, are being reintroduced into modern diets as consumers seek to enhance their health
and well-being [34]. The valorisation of traditional foods not only supports nutritional diversity but
also promotes sustainable food practices by utilizing local ingredients and methods. Research has
highlighted the antioxidant properties of various traditional fermented foods, indicating their
potential role in functional food formulations [28]. The fermentation of dairy products can enhance
their antioxidant capacity, making them more appealing to health-conscious consumers. Antioxidant
peptides generated during milk fermentation enhance the antioxidant capacity of dairy products, and
the probiotic strains support this enhancement [28]. Additionally, the incorporation of traditional
knowledge regarding fermentation processes into modern food production can lead to the
development of innovative products that resonate with consumers desires for authenticity and health
benefits [35].
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3. Fermented Foods as Antioxidant Sources

Fermented foods have garnered significant attention in recent years owing to their potential
health benefits, particularly their antioxidant properties [36]. Antioxidants play a vital role in
neutralizing free radicals, thereby reducing oxidative stress and the risk of chronic diseases. Here we
discuss various categories of fermented foods, including dairy-based products, plant-based foods,
grain-based foods, fermented beverages, and emerging non-traditional substrates, highlighting their
antioxidant capacities. Dairy-based fermented products, such as yogurt, kefir, and cheese, are well-
known sources of bioactive compounds with antioxidant properties. The fermentation process boosts
the bioactive content of the products and introduces key properties such as antioxidant activity to
make them functional [37]. The bioavailability of antioxidants increases primarily due to the action
of lactic acid bacteria (LAB) that metabolize lactose and produce various bioactive peptides and
phenolic compounds. For instance, the antioxidant activity of fermented milk products is attributed
to the release of antioxidant peptides during fermentation, which can scavenge free radicals
effectively [28].

3.1. Dairy Products

Recent studies have shown that the antioxidant potential of dairy products can be significantly
enhanced by incorporating plant extracts or using specific probiotic strains. Yaneva et al. investigated
the effect of addition of chokeberry juice to probiotic oat beverage upon the antioxidant capacity. The
findings revealed that the addition of chokeberry juice (20%) before fermentation resulted in
enhanced antioxidant activity of the beverage compared to the addition after fermentation [38].
Furthermore, the use of mixed cultures of LAB has been shown to improve the radical scavenging
activity of fermented goat milk, indicating that the combination of different strains can synergistically
enhance antioxidant properties. Liu et al., studied the effect of incorporation of a probiotic strain L.
fermentum WXZ 2-1 alongside S. salivarius ssp. thermophilus and L. delbrueckii ssp. bulgaricus in goat
milk fermentation. The addition resulted in synergistic effects with improved texture, flavour and
enhanced antioxidant capacity of fermented goat milk [39]. The findings of the study suggest the
potential of Limosilactobacillus fermentum WXZ 2-1 as a valuable probiotic strain in improving the
functionality and desirability of fermented goat milk. This opens up new opportunities for
developing functional foods with enhanced health benefits and superior quality.

The fermentation of milk with specific strains of Lactobacillus has been reported to produce
higher levels of bioactive compounds, thereby increasing the overall antioxidant activity of the final
product [28]. In this context Isik et al. investigated the multifunctional benefits of peptides and
gamma-aminobutyric acid (GABA) in fermented milk produced using specific Lactobacillus strains.
While bacterial strains (Lactiplantibacillus plantarum 156, Lactobacillus casei ATCC 334, Lactobacillus
helveticus DPC 4571, and Streptococcus thermophilus 2054) remained highly viable, their combinations
influenced bioactive properties, with L. casei ATCC 334 and L. helveticus DPC 4571 enhancing ACE-
inhibitory activity. Fermented milk also exhibited antioxidant and antimicrobial properties, with
significant variations in GABA content linked to proteolytic activity [40]. These findings suggest its
potential as a functional food for promoting health and reducing disease risk. This indicates that the
choice of bacterial culture and fermentation conditions can significantly influence the antioxidant
potential of dairy-based fermented foods.

3.2. Plant-Based Fermented Foods

Plant-based fermented foods are rich in antioxidants due to their high content of phenolic
compounds and other bioactive metabolites. The fermentation process not only enhances the
bioavailability of these compounds but also leads to the production of new antioxidant substances.
Hsieh et al. studied the lactic acid fermentation of cabbage by employing a consortium of
Lactiplantibacillus plantarum, and antioxidant-rich strains Lactobacillus acidophilus and Bifidobacterium
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longum. A 5 L bioreactor was utilized to facilitate the controlled fermentation process (35 °C, 24 h of
fermentation at 5 rpm). The bioreactor-facilitated lactic acid fermentation effectively enhanced the
antioxidant capacity of cabbage with sustained Glucosinolate retention at 82.02%. The controlled
fermentation process significantly improved the DPPH radical scavenging rate by 16.32% compared
to non-fermented cabbage. Storage stability tests further confirmed minimal glucosinolate
degradation over 14 days, emphasizing the potential of this approach for improving the nutritional
and functional value of cabbage [41]. Tahir et al. performed a comparative study to assess the
nutritional and antioxidant activity of raw and fermented (black) garlic. For this purpose, different
varieties of desi raw garlic (DRG) and farmi raw garlic (FRG) were fermented at 60°C and 70-80%
humidity level for 30 days. The findings revealed significant enhancement in protein, crude fiber,
crude ash, and carbohydrate contents after fermentation. Additionally, the protein content of desi
fermented (black) garlic (DFG) and farmi fermented garlic (FFG) increased to 9.5 + 0.35 and 8.1 + 0.06
g/100 g after fermentation compared to 8.57 + 0.21 and 6.38 + 0.05 g/100 g in DRG and FRG before
fermentation. Furthermore, antioxidant activity analysis revealed that the total phenolic content
(TPC) was 2421.3 and 2128.5 mg GAE/kg in DRG and FRG, respectively, while it increased to 2886.7
and 2529.8 mg GAE/kg in DFG and FFG. Similarly, total flavonoid content was 124 and 101 mg
RE/100 g in DRG and FRG, respectively, rising to 191 and 121 mg RE/100 g in DFG and FFG.
Additionally, FRAP, DPPH, and ABTS values were higher in DRG and DFG compared to FRG and
FFG, indicating stronger antioxidant potential in desi garlic varieties. Overall, the fermented black
garlic exhibited a higher nutritional profile, mineral content, and antioxidant activity compared to
raw garlic [42]. In another study, Tan et al. studied the impact of impact of fermentation by
Bifidobacterium adolescentis and Monascus purpureus on the functional components and antioxidant
activity of ginger. The findings revealed that fermentation of ginger with Bifidobacterium adolescentis
and Monascus purpureus significantly enhanced its functional components and antioxidant activity.
The process increased gingerol, flavonoids, and polyphenols, leading to improved free radical
scavenging (DPPH, ABTS, FRAP). M. purpureus fermentation yielded higher antioxidant capacity and
bioactive compounds, including Monascus pigments and Monacolin K [43]. Chen et. Investigated the
fermentation of ‘Summer Black’” grape juice with 6 Lactic Acid Bacteria Strains. The findings showed
that Lactic acid bacteria (LAB) fermentation enhanced the antioxidant activity, organic acid content,
and amino acid profile of ‘Summer Black’ grape juice while pH and total sugar content were reduced.
Amongst the tested bacterial strains, Lactobacillus plantarum exhibited highest DPPH and OH-
scavenging ability. Streptococcus thermophilus exhibited an increased total phenol and total
flavonoid content by 5.2% and 4.1%, respectively [44]. These studies emphasize the potential of plant-
based fermented foods as functional foods with enhanced antioxidant content.

3.3. Grain-Based Fermented Foods

Grain-based fermented foods, such as sourdough bread and fermented millet, also exhibit
significant antioxidant properties. Research indicates that sourdough fermentation leads to the
breakdown of complex carbohydrates and the release of phenolic compounds, which contribute to
the antioxidant activity of the final product. In this context, Pejcz et al. investigated the changes in
fermentable oligosaccharide, disaccharide, monosaccharide, and polyol (FODMAP) compounds
derived from wheat flour, alongside their antioxidant activity, during both inoculated and
spontaneous sourdough fermentation. The findings revealed that inoculating sourdough with
specific microorganisms, such as Lactobacillus plantarum and Lactobacillus casei, enhanced the
controlled fermentation process, allowing for targeted conversion of chemical compounds. In a 72-
hour fermentation of Lactobacillus plantarum-inoculated sourdough, the FODMAP content was
reduced by 91%. Additionally, the 72-h fermentation time had exhibited effect on the polyphenolic
content and antioxidant activity irrespective of the fermentation type. These results emphasize the
potential of tailored sourdough fermentation in developing functional, gut-friendly cereal products
with enhanced health benefits [45].
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Fermented millet, has also been shown to possess high levels of antioxidants. In this context,
Balli et al. studied the effect of fermentation on phenolic composition, starch, mineral content and
prebiotic activity of pearl millet. Fermenting pearl millet with specific microbial combinations
[(Saccharomyces boulardii (FPM1), Saccharomyces cerevisiae plus Campanilactobacillus paralimentarius
(FPM2) and Hanseniaspora uvarum plus Fructilactobacillus sanfranciscensis (FPM3)] enhanced its
nutritional properties. Among the tested fermentations, Saccharomyces cerevisize plus
Campanilactobacillus paralimentarius (FPM2) exhibited the most promising results, significantly
increasing calcium (282 ppm), iron (~100 ppm), total phenols (2.74 mg/g), and resistant starch (9.83
g/100 g). Additionally, FPM2 promoted the growth of Bifidobacterium breve B632, indicating
potential prebiotic benefits. These findings suggest that FPM2-fermented millet could serve as a
nutrient-rich food option for populations relying on millet as a staple crop [46]. These studies
underscore the potential of grain-based fermented foods as functional foods with enhanced
antioxidant content.

3.4. Fermented Beverages

Fermented beverages are also increasingly recognized for their antioxidant properties.
Kombucha, a fermented tea beverage, is particularly noted for its high levels of polyphenols and
organic acids, which contribute to its antioxidant capacity. Studies have shown that the antioxidant
activity of kombucha is influenced by the type of tea used and fermentation time. In this context,
Jakubczyk et al. analysed the chemical composition and antioxidant potential of kombucha derived
from different tea types (black, green, white, and red) over various fermentation periods. The findings
of the study revealed that green tea kombucha exhibited the highest antioxidant potential, followed
by red, white, and black tea variants. The antioxidant activity, measured using DPPH and FRAP
assays, exhibited an increase during the initial days of fermentation, peaking around day 7 before
declining. Fermentation increased the total polyphenol content, particularly in green and red tea
kombucha, with the highest levels observed on day 14. Flavonoid content initially decreased but later
recovered. Kombucha from red and green tea, especially on days 1 and 14, was the richest in
flavonoids, reinforcing its functional food potential with significant health benefits [47]. These
findings suggest that kombucha fermentation enhances bioactive compounds, improving its
antioxidant capacity and potential health benefits.

The fermentation of fruit juices into fermented beverages also enhances their antioxidant
properties. In a study conducted by Zhao et al., the fermentation of red jujube fruits and bamboo
shoots with Lactiplantibacillus plantarum resulted in an increase in total phenolic content, which is
closely associated with antioxidant activity [48]. This study involved the successful fermentation of
red jujube fruits and bamboo shoots using Lactiplantibacillus plantarum TUST-232 to develop a novel
functional beverage. The nutritional profile of the beverage was significantly enhanced upon
fermentation (37°C, 14 h), increasing total phenolic content (11.09%), total antioxidant capacity
(12.30%), and superoxide anion scavenging ability (59.80%), while reducing sucrose content by
44.10% [48]. The findings highlight the potential of this fermentation process to create a high-fiber,
antioxidant-rich beverage, offering a promising approach for developing functional foods that
support health and well-being. The incorporation of various substrates, such as turmeric and black
tea, into the fermentation process has been found to significantly boost the antioxidant activity of the
resulting beverages [49]. This indicates that the choice of fermentation substrate is crucial for
maximizing the antioxidant potential of fermented beverages.

3.5. Non-Traditional Substrates

The exploration of non-traditional substrates for fermentation, such as algae and fruit peels, is
gaining traction in the field of functional foods. These substrates are often rich in bioactive
compounds and can serve as excellent sources of antioxidants. The fermentation of algae has been
shown to produce bioactive peptides with significant antioxidant activity [37]. In this context, a novel
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fermented microalgae-based bakery product was developed by incorporating Arthrospira platensis
(spirulina) biomass into sourdough ‘crostini,” resulting in a distinctive green color [50]. Increasing the
fermented microalgae content (2% to 10% w/w) significantly enhanced the protein, phycocyanin, and
phenolic content (P < 0.05). The study highlights that these A. platensis F&M-C256-based crostini
serve as unique functional foods with antioxidant properties (boosted by extra virgin olive oil) and
provide an alternative source of easily digestible proteins.

Fruit peels, often discarded as waste, can also be utilized as substrates for fermentation. Studies
have demonstrated that the fermentation of fruit peels can enhance their antioxidant properties,
making them valuable ingredients in the production of functional foods. In this context, Aratjo et al.
studied the effect of solid-state fermentation (SSF) solid-state fermentation (SSF) with Aspergillus
ibericus and Rhizopus oryzae in enhancing the nutritional value and antioxidant activity of orange peels
(OPs) and banana peels (BPs). Both the fungi were able to grow on untreated FPs thereby enhancing
their protein content and antioxidant activity. Fermented OPs and BPs exhibited 200% and 123%
increase in protein content respectively. Additionally, fermented OPs and BPs exhibited improved
fiber, mineral content and higher antioxidant activity compared to unfermented peels [51]. The
application of fermentation in the valorization of agro-industrial by-products is gaining significant
attention due to its potential for waste reduction and value addition. Table 1 provides a
comprehensive summary of how different by-products have been effectively processed through
fermentation technologies. This innovative approach supports a circular economy by transforming
fruit processing byproducts into nutrient-rich ingredients for functional food applications. As
research continues to uncover the health benefits of these foods, they are likely to play an important
role in promoting health and preventing chronic diseases.

Table 1. Valorisation of fruit and vegetable by-products through fermentation (Adapted from [203].

Fruit/Vegetable By-Product Microorganism

. Fermentation Product Effect Reference
Source utilized employed
Ingredient. for food, {Total phenolic
Granadilla Seed Aspergillus niger cosmetic, ar,ld tTotal flavonoids [52]
pharmaceutical tAntioxidant capacity
industries
1Tannins
Black grape Pomace Yeast Shalgam juice tTotal polyphenolic [53]
content
tPolyphenolic content
Apple Apple peel Aspergillus oryzae Food ingredient =~ and antioxidant capacity [54]
tPrebiotic potential
1Colour
1Alcohol
Orange Peel Yeast Enriched beer 1Total polyl.ahe.n olic [55]
content, antioxidant
capacity,
Good acceptability
L. casei L-26, L.
Acerola, guava  By-products f ermentum56, L. Food ingredients 1Total ﬂavon(.)ld.s ! [56,57]
paracaseil06, L. polyphenols, antioxidant
plantarumb3
tAnti-inflammatory
Kombucha consortia activities
Grape Pomace . Kombucha 1 Anti-diabetic activities [58]
inoculum .
tTotal phenolics and
anthocyanins
Brettanomyces
bruxellensis,
Saccharomycescerevisiae tTotal polyphenolic
Coffee Coffee husk , Komagataeibacter Enriched kombucha content, flavonoids, [59]
pomaceri, and antioxidant capacity
Komagataeibacter
rhaeticus
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Brassica species
B. oleraceavar.
sabelicax B. symbiotic culture of

oleracea Leaves bacteria and yeast Kombucha N A;EZZL};};?IZZE:;W [60]
var.Gemmifera (SCOBY)
Brassica oleracea
var.capitata
Lactobacillus
acidophilus LA-5, 1Phenolic acid content
Carrot Pomace Lactobacillus casei 431, Food ingredient tAnthocyanin content [61]
and Lactobacillus ta-carotene
plantarum Harvest-LB1
Lactobacillus
homohiochii JBCC25
and JBCC46, tAnti-diabetic potential
Pepper Leaves Saccharomyces Vinegar tAntioxidant activity [62]
cerevisine ATCC18824, tTotal phenolics
Actobacter aceti
KACC1978
tTotal phenolics
. . tIsothiocyanates
Broccoli Leaves Lactiplantibacillus Lactofermented tIndoles TAitioxidant [63]
plantarum beverage .
capacity
tAnti-diabetic potential
Lactobacillus casei
ATTC3931; L.
Leaves, stems, plantarum ATTC8014; Food additives tFlavonoid content
Artichoke and outer L. casei subs. (antimicrobial and 1 Antimicrobial and [64]
bracts Rhamnosus ATCC7469; antiviral constituents) antiviral effect
L. fermentum
ATCC9338

4. Microbes Driven Antioxidant Enhancement in Foods

The role of microbes in enhancing the antioxidant properties of foods is a
fascinating/expanding/emerging field of research with significant implications for human health and
food security. Antioxidants, substances that protect cells from damage caused by free radicals, are
crucial for preventing chronic diseases like cancer, cardiovascular disease, and neurodegenerative
disorders [2]. While many foods naturally contain antioxidants, microbial fermentation offers a
promising avenue to increase their levels and bioavailability, thereby improving the nutritional and
functional properties of food products [65]. Consuming microbe-enhanced foods may reduce
oxidative stress, improve immunity, and protect against chronic diseases. Microbial fermentation is
a powerful biotechnological tool used to enhance the nutritional value and sensory properties of food
products [15,66]. This process involves the controlled growth of microorganisms, such as bacteria,
yeasts, and molds, which metabolize substrates within the food matrix, leading to the formation of
new compounds and the modification of existing ones [65]. Several key mechanisms including
biosynthesis of novel antioxidants, enhanced bioavailability of existing antioxidants, modulation of
antioxidant enzyme activity & reduction of antinutritional factors contribute to the microbes’ ability
to enhance antioxidant levels in foods (Figure. 2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0967.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2025

Reduction of
Antinutritional
Factors
Lowering
components that

hinder nutrient
absorption

d0i:10.20944/preprints202505.0967.v1

10

Novel
Antioxidant
Biosynthesis
Creation of new
antioxidant

compounds through
microbial action

Enhanced
Antioxidant
Levels in Foods

Modulation of Bioavailability

Antioxidant Enhancement
Enzyr_ne Increasing the
Activity absorption and

effectiveness of

Adjusting enzyme existing antioxidants

activity to boost
antioxidant effects

Figure 2. Microbial Enhancement of Food Antioxidants.

4.1. Biosynthesis of Novel Antioxidants

Certain microbes are capable of synthesizing novel antioxidant compounds during
fermentation. Some lactic acid bacteria (LAB) produce various bioactive metabolites with antioxidant
properties. These compounds can directly scavenge free radicals or indirectly modulate cellular
pathways involved in antioxidant defense mechanisms. In this context, Chen et al. explored the
potential of Lactobacillus plantarum 60 (L60), a wild strain isolated from kefir, in fermenting goat milk
to produce novel antioxidant peptides. The findings revealed that Goat milk fermented with L60
exhibited significantly enhanced DPPH radical scavenging activity (70.81%), along with higher viable
bacterial counts and favourable acidity (pH 4.7-4.3). The fermented milk demonstrated improved
hydroxyl free radical scavenging activity and Fe? chelating ability, crucial for preventing oxidative
damage. Three novel antioxidant peptides were identified in L60-fermented goat milk:
VGINYWLAHK, TPEVDKEALEK and DLLER. These peptides exhibited high radical scavenging
activity, metal ion chelation, and strong Fe?* chelating ability [67]. Qamar et al. explored the effects
of enzymatic pretreatment and fermentation with Lactobacillus plantarum and Lactobacillus reuteri on
the antioxidant activity of Palm kernel meal (PKM), utilizing an integrated metagenomics and
metabolomics approach. Fermented PKM exhibited significantly improved (p < 0.05) free radical
scavenging activity, with increased total flavonoid and polyphenol content. Non-targeted
metabolomics revealed biosynthesis of 25 novel antioxidant biopeptides and an increased (p < 0.05)
enrichment ratio of the isoflavonoids and secondary metabolites biosynthesis pathways [68]. et al.,
(2024) investigated the antioxidant Guo potential of novel peptides derived from whey protein
metabolites fermented by Lactobacillus rhamnosus B2-1. Three peptides (PKYPVEPF, LEASPEV], and
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YPFPGPIHNS) were identified and exhibited remarkable antioxidant activity, increasing HepG2 cell
viability from 49.02 + 3.05% to 88.59 + 10.49%, 82.38 + 19.16%, and 85.15 + 7.19%, respectively, under
H,O»-induced oxidative stress. The peptides also enhanced catalase and superoxide dismutase
activity while reducing reactive oxygen species levels. Molecular docking analysis revealed their
ability to bind to the Kelch domain of Keapl, preventing Keapl-Nrf2 interaction and activating
antioxidant defense mechanisms [69]. These findings suggest the potential of whey-derived peptides
as functional food ingredients with health-promoting properties. A novel exopolysaccharide (EPS)
was successfully produced by Lactococcus lactis F-mou (LT898177.1), a strain isolated from Sahrawi
camel milk in Algeria. Optimization using the Plackett-Burman and Box-Behnken designs
significantly enhanced EPS yield, reaching 301 g/L, which was 47 times higher than the initial
production. Functional properties revealed its strong antioxidant and anti-clotting activities [70].
Furthermore, probiotics, defined as live microorganisms that confer health benefits when consumed
in adequate amounts, can contribute to the overall antioxidant capacity of fermented foods by
producing biologically active compounds that enhance antioxidant activity [71]. A synbiotic
combination of Cudrania tricuspidata leaf extract and the probiotic Lactobacillus gasseri was found to
enhance the metabolism of phenolic acids in milk, leading to the production of a novel metabolite,
3,4-dihydroxy-hydrocinnamic acid, along with bioactive peptides. These compounds significantly
boosted the free radical scavenging activity of the fermented milk and improved its in vivo efficacy
[72,73]. Next-generation probiotics (NGPs) represent a novel group of beneficial bacteria that are
actively being explored through research and development [74]. The specific types of antioxidants
produced vary depending on the microbial strain and the food matrix.

4.2. Enhanced Bioavailability of Existing Antioxidants

Bioavailability refers to the fraction of nutrients that are absorbed and utilized by the body post
consumption of the food. During fermentation, microorganisms like bacteria, yeast, and molds
generate enzymes that break down complex compounds into simpler molecules, making them more
easily digestible and absorbable by the human body [66]. Fermentation enhances antioxidant levels
and also alters their molecular structure, improving solubility and bioavailability, thereby enhancing
their effectiveness in the human body [13]. In individuals with metabolic disorders like
hyperglycemia and hyperlipidemia, fermentation enhances the bioavailability of antioxidants,
supporting overall metabolic health and aiding in the management of non-communicable diseases,
including diabetes and cardiovascular disease [75]. Wei et al. investigated the effect of lactic acid
bacteria (LAB) fermentation on the antioxidant capacity and y-aminobutyric acid (GABA) content of
Ganmai Dazao Decoction (GMDZD), a traditional Chinese medicinal formula. The findings revealed
that LAB fermentation significantly increased the total phenolic content (TPC) and total flavonoid
content (TFC), which are associated with improved antioxidant potential. Antioxidant activities,
including DPPH free radical scavenging (92.14%) and hydroxyl radical clearance (78.14%), were
significantly enhanced post-fermentation. The increase in antioxidant activity is attributed to
phenolic compound hydrolysis by microbial enzymes, which releases bioactive phenolics with higher
radical scavenging ability [76]. In another study, Islam et al. investigated the impact of Lactobacillus
plantarum-mediated solid-state fermentation (SSF) on the release of phenolic compounds and their
antioxidant activity in whole wheat flour (WWF). The results indicated that fermentation techniques
efficiently converted bound phenolic fractions into their free form in the treated wheat, significantly
enhancing the free-to-bound ratio of phenolic compounds. The total phenolic (TPC), flavonoid (TFC),
and antioxidant content (TAC) of both free and bound phenolic fractions showed substantial
enhancement during solid-state fermentation. For solid-state fermented wheat grain (SSFWG) TPC,
TFC, and TAC increased by 284.87% and 39.60%, 339.92% and 105.86%, and 157.13% and 52.43%,
respectively. Similarly, for solid-state fermented wheat flour (SSFWF), the respective increases were
399.59% and 103.24%, 522.18% and 102.72%, and 226.35% and 95.67% until 72 hours of fermentation.
High-performance liquid chromatography (HPLC) analysis revealed a significant rise in individual
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free phenolics, especially 3,4-dihydroxy benzoic acid, which increased by 164.54 % and 220.47 %,
respectively for SSFWG and SSFWF among the other individual phenolics. Additionally, in vitro
antioxidant assays (DPPHe, ABTSe+, H202 scavenging, and ferric reducing power) confirmed the
improved antioxidant capacity of fermented wheat [77].

4.3. Modulation of Antioxidant Enzyme Activity

Microbes can indirectly enhance antioxidant levels by modulating the activity of antioxidant
enzymes within the food matrix and in the human body after consumption. During fermentation,
microbial metabolism leads to the production of bioactive compounds, such as peptides,
polyphenols, and exopolysaccharides, which can stimulate the activity of key antioxidant enzymes
like superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). Superoxide
dismutases (SODs) are one of the key antioxidant enzymes in LAB. They catalyze the dismutation of
Oy, helping to regulate free metal cation concentrations and protect cells from H,O, damage [78].
These enzymes help neutralize reactive oxygen species (ROS) and reduce oxidative stress in food,
thereby improving its stability and nutritional quality. Studies suggest that some probiotic LAB
strains have been found to either enhance antioxidative enzyme activity or mitigate circulatory
oxidative stress, reducing the risk of oxidative stress-induced cellular damage [79]. In this context
Lepecka et al. evaluated the antioxidant activity of 23 LAB strains isolated from raw fermented meat
products. The findings revealed that Pediococcus pentosaceus KL14 and KL10 showed the highest
DPPH radical scavenging activity. P. pentosaceus KL11 and KL14 were most effective in scavenging
ABTS radicals. The highest superoxide dismutase (SOD) activity was found in P. pentosaceus BAL6
and BAL3. P. pentosaceus BAL6 and KL14 could produce hydrogen peroxide (H.O,), while KL14 and
BALS5 showed resistance to H>O, [80]. These findings emphasize that microbes enhance antioxidant
levels by modulating antioxidant enzyme activity in food. In another study, Prudéncio de Souza et
al. investigated the effects of lactic acid bacteria (LAB) fermentation on the antioxidant activity of
caffeic acid phenethyl ester (CAPE) and mangiferin. The antioxidant activity of the post fermentation
products was compared to that of the pure substances before fermentation. This comparison was
evaluated using high-performance liquid chromatography (HPLC), in vitro through 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) assay, and in vivo in yeast cell models. High-performance liquid
chromatography (HPLC) confirmed compositional changes post-fermentation, but significant
antioxidant alterations were observed only in mutant yeast strains under H,O,-induced oxidative
stress. Fermented mangiferin showed increased dependence on glutathione (GSH) for antioxidant
defense, while CAPE acted as a preconditioning agent, enhancing oxidative stress tolerance even
after fermentation. The findings of the study suggest that, fermentation by lactic acid bacteria (LAB)
modulated the activity of antioxidant enzymes within the food matrix by altering the bioavailability
and metabolic impact of caffeic acid phenethyl ester (CAPE) and mangiferin [81].

Some microbial metabolites can stimulate the expression or activity of endogenous antioxidant
enzymes, such as superoxide dismutase (SOD) and catalase (CAT). This leads to increased
scavenging of free radicals and reduced oxidative stress. The interaction between resveratrol, a potent
antioxidant compound found in grapes and other plants and gut microbiota exemplifies this
mechanism. Resveratrol’s ability to protect against oxidative stress is further enhanced by its
interaction with the gut microbiota, suggesting a synergistic effect between natural compounds and
microbial metabolism [82].

4.4. Reduction of Antinutritional Factors

Anti-nutritional factors are naturally occurring compounds that can hinder with the digestion
and absorption of nutrients [66]. Many plant-based foods contain antinutritional factors, such as
phytic acid and tannins, which can inhibit the absorption of nutrients and reduce the bioavailability
of antioxidants [83]. Fermentation can reduce the levels of these antinutritional factors, thereby
enhancing the overall antioxidant capacity of the food [66]. This is achieved through microbial
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enzymatic activity, which degrades or modifies these inhibitory compounds, making the antioxidants
more accessible. Phytic acid is a key anti-nutritional factor present in cereals and legumes. Microbial
fermentation stimulates phytase production thereby facilitating the phytic acid degradation. This
degradation process enhances the bioavailability of minerals, free amino acids (FAAs), and proteins
and reduces the inhibitory effects of phytic acid on mineral absorption. Fang et al., reported that
mixed fermentation employing Lactobacillus paracasei LG0260, L. plantarum LG1034, Lactococcus lactis
LGO0827, and S. cerevisiae J2815 and S. cerevisiae J8202 resulted in enhanced phytic acid degradation
(up to 96.6%) in sourdough bread and improved DPPH free radical scavenging activity [84]. In
another study, the solid-state fermentation (SSF) of tannin-rich sorghum employing L. plantarum, S.
cerevisiae, R. oryzae, A. oryzae, and Neurospora sitophila reduce the tannin content and free phenolic
content by 56.36% and 23.48% respectively. This reduction enhanced protein digestibility and mineral
bioavailability, making sorghum more nutritionally beneficial [85]. Fermentation has also been
reported to lessen other anti-nutritional factors present in various legumes. In this context, Xing et al.
studied the effect of spontaneous solid-state fermentation (SSF) of chickpea sourdough using LAB
strains (Pediococcus pentosaceus and Pediococcus acidilactici). The findings revealed that fermentation
process significantly reduced a-galactosides (88.3-99.1%), phytic acid (17%), and pH (6.6 to 4.2) while
enhancing phenolic content (119%) and water-holding capacity (67%), improving both nutritional
quality and functional properties of chickpea products [86]. While fermentation effectively reduces
phytic acid, a-galactosides, and tannins, maintaining precise control over factors like pH,
temperature, and microbial strain selection remains a challenge. To maximize its benefits, future
research should focus on designing tailored fermentation protocols for various food types and
exploring genetically modified or novel microbial strains that can break down anti-nutritional
compounds while preserving both the taste and nutritional quality of the food [66].

5. Novel Functional Food Development

The development of novel functional foods has gained significant momentum in recent years,
particularly in the realm of fermented products. These innovations are driven by the increasing
consumer demand for health-promoting foods that offer additional benefits beyond basic nutrition.
Recent studies highlight several key areas of product innovation, including fortified fermented
beverages, enhanced dairy products, novel plant-based fermented foods, and functional food
supplements (Figure 3).
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Figure 3. Innovations in Functional Foods Development.

5.1. Fortified Fermented Beverages

Fortified fermented beverages have emerged as a prominent category in functional food
development [87]. A study demonstrated that an iron-fortified fermented milk beverage,
supplemented with Lactobacillus acidophilus, significantly improved growth metrics in preschool
children [88]. The study reported that while red blood cell, haemoglobin, and haematocrit levels
decreased in both test and control groups, they remained within the normal range. Children
consuming the probiotic-fortified beverage showed improved red blood cell status and a positive
correlation between iron intake and haemoglobin. Nutritional status improved in both groups, with
increased energy and nutrient intake, reducing the prevalence of inadequacy. The findings suggest
that iron-fortified fermented milk can enhance nutrient intake and support child growth, though
nutrient mobilization for growth may affect blood parameters. This indicates that such beverages can
serve dual purposes: providing essential nutrients while also delivering beneficial probiotics. Tawfek
et al. investigated the effect of date palm (DP) supplementation on the composition and quality of
fermented camels’ milk (FCM) and fermented goats’ milk (FGM) [89]. It was reported that with an
increasing percentage (10%, 20% and 30% (w/v) of date palm addition, pH, protein, and fat levels
decreased, while total solids, carbohydrates, ash, viscosity, vitamins, minerals, and antioxidants
increased compared to the control. Microbial counts significantly increased (P < 0.05) during storage,
enhancing the microbiological quality. Sensory evaluation indicated that 10%-20% DP
supplementation resulted in the most acceptable texture and flavor [89]. Overall, DP fortification
improved the nutritional and functional properties of fermented camels’ and goats” milk. In another
study, Elkot et al. developed a novel probiotic fermented beverage using ricotta cheese whey
supplemented with Spirulina platensis (0.25-0.75%), lemon, and peppermint juice. The 0.5% Spirulina
concentration enhanced structural properties and sensory acceptance, while all formulations
maintained probiotic viability (>7 log CFU/mL) over 21 days. The beverage showed increased
vitamins, minerals, antioxidants, and total phenolic compounds, highlighting its potential as a
functional probiotic drink [90]. Farmani et al. investigated the effects of thermal pasteurization and
carrot juice addition (10-50%) on the bioactives and stability of functional milk-based drinks during
13-day storage at 4°C. The findings revealed that higher carrot juice concentration increased total
carotenoids, ascorbic acid, and total phenols, though carotenoids and ascorbic acid declined over
time. Antioxidant capacity (FRAP & DPPH) peaked at 50% carrot juice, which also had the highest
oxidative stability. The 40% carrot juice sample was the most suitable in terms of physicochemical
and sensory attributes up to 10 days [91]. Younis et al. (2024) evaluated the feasibility of developing
a date-milk beverage with enhanced nutritional and antioxidant properties while optimizing
formulation and storage conditions. Increasing date powder concentration led to higher dietary fiber
and phenolic content, while lower storage temperatures (1°C) helped preserve antioxidant activity.
Antioxidant levels increased during storage, but microbial growth was higher at warmer
temperatures (5°C) and lower date concentrations. The study suggests that a 25% date powder
concentration and 1°C storage for 10 days provide the best balance of nutritional quality, stability,
and consumer appeal without artificial additives [92]. This study indicates that incorporating dates
into dairy-based beverages results in nutritious drinks free from additives, processed sugars, and
preservatives, while maintaining consumer appeal. Abdi et al. optimized the formulation of a novel
fermented beverage-green tea water kefir (GTWK) using varying concentrations of honey (10-50%)
and lemon juice (1-5%) [93]. The optimal formulation (42.85% honey and 1.77% lemon juice) yielded
the highest microbial count, antioxidant activity, and overall acceptability. The beverage exhibited
strong antibacterial effects against E. coli, S. aureus, and S. typhimurium, along with anti-inflammatory
properties, as indicated by a significant reduction in TNF-a levels in CaCo-2 and RAW264.7 cells.
These findings highlight the functional potential of GTWK as a probiotic, antioxidant, and anti-
inflammatory beverage [93].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.0967.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2025 d0i:10.20944/preprints202505.0967.v1

15

Furthermore, the incorporation of fruit juices into emmer-based beverages has shown potential
in enhancing probiotic viability and overall functional properties, suggesting a promising avenue for
product innovation. Emmer-based probiotic beverages fortified with aronia, blueberry, and grape
juices were developed and fermented with Lactiplantibacillus plantarum 2035. The addition of juices
enhanced total phenolic content (22.3-31.9 mg GAE/100 g), antioxidant activity (94-136 pumol Trolox
equivalents/100 g), and improved viscosity and water-holding capacity. L. plantarum 2035 maintained
high viability (>108 CFU/g for 21 days), especially in fruit-fortified beverages, highlighting a positive
synergy between probiotics and fruit-derived prebiotics [94]. These beverages show great potential
as dairy-free functional foods, offering a novel alternative for probiotic delivery.

5.2. Enhanced Dairy Products

The enhancement of dairy products through fermentation has also been a focal point of
innovation. Research indicates that optimizing fermentation conditions can lead to improved quality
and consistency in yogurt production, which is crucial for consumer acceptance. Moreover, the
development of novel fermented soy milk as a meal replacement has shown promising results in
weight management, highlighting the potential of dairy alternatives in functional food markets [95].
These advancements not only cater to health-conscious consumers but also address dietary
restrictions associated with lactose intolerance. In this context, Srivastava et al. studied the
physicochemical and functional characterization of a novel fermented pearl millet-soy milk-based
synbiotic beverage. This study highlights the development and characterization of a novel fermented
pearl millet-soy milk-based synbiotic beverage. The optimized formulation (40% pearl millet, 10.41%
sugar) achieved high consumer acceptability and superior nutritional and physicochemical qualities
compared to the unfermented counterpart. The fermented synbiotic beverage, containing
Lactiplantibacillus plantarum strains at levels exceeding 10® CFU/mL, demonstrated enhanced
nutritional and physicochemical properties compared to its unfermented counterpart. The viability
of lactic acid bacteria in the developed beverage remained significantly high at 87.83%. After 25 days
of storage, probiotic survivability was 76.71% in simulated gastric juice and 73.87% in simulated
intestinal juice, highlighting its potential for gut health benefits [96]. These findings demonstrate that
millet-based substrates, combined with probiotic strains, offer a promising approach for developing
non-dairy synbiotic beverages. Wu et al. explored the texture, polyphenol content, and protein
digestibility of soymilk fermented by Bacillus natto (B. natto), Propionibacterium freudenreichii subsp.
shermanii (P. shermanii), and traditional milk fermenters. Co-fermentation with B. natto or P. shermanii
increased gallic acid, caffeic acid, and GABA levels, enhancing the nutritional profile. Protein
digestibility and bioactive peptide release were significantly improved, with P. shermanii and
Lactobacillus plantarum (L. plantarum) producing the highest percentage of bioactive peptides. The
intervention of B. natto and Streptococcus thermophilus (S. thermophilus) contributed to more diverse
peptide formation [97]. These findings highlight the potential of B. natto/S. thermophilus or P.
shermanii/L. plantarum in developing bio-enhanced, functional soymilk products. In another study,
Rana et al. optimized the fermentation of B2-enriched soymilk using riboflavin-producing
Lactiplantibacillus plantarum strains and Lactobacillus acidophilus NCIM2902 [98]. Using a central
composite design, the optimal conditions (36°C, pH 5.5, 11 h fermentation) resulted in a threefold
increase in B2 concentration (481 pg/L) while maintaining a probiotic count of 9 log CFU/mL. Techno-
functional characterization, including rheology and texture profile analysis revealed that enhanced
protease activity of co-cultured LAB improved protein hydrolysis (6259 nm) and water-holding
capacity, positively influencing texture and acceptability [98]. This s optimized fermentation process
offers a novel approach in developing nutritionally enhanced, dairy-free alternative for lactose-
intolerant and vegan consumers, leveraging the synergistic effects of co-fermentation using two
riboflavin-producing Lactiplantibacillus plantarum strains alongside the traditional Lactobacillus
acidophilus starter culture for improved bioavailability of Vitamin B2.

5.3. Nowvel Plant-Based Fermented Foods
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The rise of plant-based diets has spurred the innovation of novel fermented plant-based foods.
The global market of plant-based products produced through fermentation was valued at USD 329.29
million in 2021 and is anticipated to grow to USD 422.26 million by 2026, with a compound annual
growth rate (CAGR) of 5.0% [99]. The outbreak of COVID-19 resulted in increased consumer interest
in fermented plant-based products, owing to their health benefits including enhanced performance
of immune system, improved gut health, and reduced inflammation [100].

Furthermore, with the growing shift toward plant-based diets and alternative proteins, dairy
and meat substitutes are gaining increasing popularity worldwide [101]. In recent years, fermentation
has gained significant attention as an eco-friendly and sustainable approach in developing plant-
based alternatives with features closely resembling traditional foods. In this context, the development
of several novel plant-based fermented foods has been reported in the literature. Vila-Real et al.
highlighted the potential of controlled fermentation in enhancing the safety, nutritional, and
functional properties of non-dairy fermented products [102]. Authors developed a finger millet-based
probiotic beverage (PBFB) utilizing Weissella confusa 2LABPTO05 and Lactiplantibacillus plantarum 299v
(1%, 1:1 ratio (v/v)), at 30 °C/200 rpm in an orbital incubator until pH = 4.5-5.0. Fermentation resulted
in enhanced antidiabetic activity (21% vs. 14%) and total phenolic content (244 vs. 181 mg GAE/kg
PBFB). In vitro digestion and in vitro faecal fermentation were employed to evaluate the impact of
the fermented plant-based functional beverage (PBFB) on the human gut microbiota. The digested
fermented PBFB increased Bifidobacterium’s 165 rRNA gene copy numbers within the first 6 hours,
along with a significant release of acetic, propionic, butyric short-chain fatty acids, and lactic acid
[102]. The novel PBFB exhibited antidiabetic potential and bifidogenic effects, which may may
positively impact blood glucose levels and gut microbiota, making it a promising functional food
alternative.

Scarpelin et al. reported new plant-based fermented beverages with kefir cultures as a potential
source of gamma-aminobutyric acid (GABA) [103]. Authors assessed GABA production in plant-
based fermented beverages using milk and water kefir cultures. Peanut and Brazil nut extracts were
tested as non-dairy substrates, with Brazil nut extract proving superior for GABA production despite
peanut’s higher protein content. Results of the study suggested that composition of kefir culture,
substrate type, and glutamic acid addition influenced GABA synthesis. Fermented beverages also
exhibited antihypertensive activity via angiotensin-converting enzyme (ACE) inhibition, with Brazil
nut-extract based beverage achieving 80% inhibition [103]. The findings highlight kefir fermentation
as a tool to enhance bioactivity in plant-based beverages, offering a novel functional food combining
probiotics and GABA for health benefits. In another study, Agarbati et al. explored the fermentation
of blended wort-rooibos beverages with probiotic yeasts as a novel alternative to fermented dairy
products [104]. Probiotic strains Lachancea thermotolerans (Lt101), Kazachstania unispora (Kum3-B3),
Meyerozyma guilliermondii (Mg112), Meyerozyma caribbica (Mc58), and Debaryomyces hansenii (Dh36)
were evaluated for viability, bioactive metabolite production, and functional properties. The final
beverages exhibited a balanced nutritional profile, with Dh36, Mc58, Kum3-B3, and Mg112 strains
showing high antioxidant activity and total phenolic content, reinforcing their health-promoting
potential. The estimated glycaemic index (77-87%) indicated no significant impact on glycaemic
response [104]. These findings highlight the potential of this new plant-based fermented beverage as
functional, dairy-free alternatives with enhanced bioactive properties.

5.4. Functional Food Supplements

Functional food supplements represent another area of innovation, particularly in the context of
enhancing health outcomes. The development of selenium-fortified kombucha beverages, which
utilize in situ biosynthesized selenium nanoparticles, showcases the potential for functional
supplements to provide antioxidant benefits. Tritean developed a functional food supplement by
fortifying Kombucha with biogenic selenium nanoparticles (SeNPs) synthesized in situ during
fermentation with pollen. The fermentation process enhanced the bioavailability of SeNPs while also
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boosting the prebiotic and probiotic properties of Kombucha. The optimized formulation was rich in
polyphenols, antioxidants, and essential bioactive compounds, making it a nutritionally enhanced
beverage. Additionally, the study confirmed the biocompatibility and antioxidant benefits of the
SeNP-enriched Kombucha, demonstrating its potential as a health-promoting functional supplement
[105]. Such innovations not only enhance the nutritional profile of traditional fermented products but
also introduce novel health benefits that appeal to a broader consumer base. The optimization of
fermentation processes is critical for the successful development of novel functional foods. Key
advancements in processing techniques have focused on controlled fermentation conditions, strain
selection and improvement, novel fermentation technologies, and the preservation of bioactive
compounds. The establishment of controlled fermentation conditions has been pivotal in enhancing
the quality and safety of fermented foods. Research has shown that maintaining specific temperature
and pH levels during fermentation can significantly influence the growth of beneficial
microorganisms and the production of bioactive compounds [106,107]. For instance, temperature-
controlled fermentation of coffee has been linked to improved sensory qualities and metabolomic
profiles, underscoring the importance of precise environmental control in fermentation processes
[108].

The selection and improvement of microbial strains are essential for optimizing fermentation
outcomes. The use of specific strains can enhance the functional properties of fermented foods, as
demonstrated by the successful fermentation of green coffee beans with Wickerhamomyces anomalus,
which resulted in increased total phenolic content and antioxidant activity [109]. Additionally, the
application of strain improvement techniques, such as mutagenesis, has been shown to enhance the
production of valuable metabolites in fermentation processes. In this context Gong et al. studied the
effect of strain improvement on rhamnolipid production at weak-acid conditions [110]. This study
contributed to strain improvement for rhamnolipid production by employing ultraviolet (UV) and
ethyl methanesulfonate (EMS) composite mutagenesis, which led to a 0.9-fold increase in
rhamnolipid yield. The research demonstrated that maintaining a weak-acid fermentation
environment (pH 5.5) not only reduced excessive foaming but also supported enhanced production.
The study highlighted key physiological and biochemical changes in the improved strain, such as
increased surface tension, reduced viscosity, and weakened electrostatic repulsion, which collectively
contributed to efficient fermentation [110]. The findings provide a foundation for genetic
modifications and pH-based strategies to optimize large-scale rhamnolipid production.

Innovative fermentation technologies, such as electro-fermentation, are emerging as effective
methods for optimizing fermentation processes. Electro-fermentation has been shown to stabilize
fermentation metabolisms by controlling substrate purity and redox conditions, leading to improved
microbial biomass yield and product quality [111,112]. These technologies offer new avenues for
enhancing the efficiency and effectiveness of fermentation, ultimately contributing to the
development of high-quality functional foods. The preservation of bioactive compounds during
fermentation is also crucial for maintaining the health benefits associated with functional foods.
Studies have indicated that controlled fermentation conditions can help retain these compounds,
thereby enhancing the nutritional value of the final product [113]. For example, the degradation of
harmful substances during sauerkraut fermentation has been linked to the preservation of beneficial
microbial populations, which play a vital role in the overall health benefits of fermented foods [114].
The development of novel functional foods, in the context of fermented products, is a dynamic field
characterized by continuous innovation and optimization. The integration of fortified beverages,
enhanced dairy products, and novel plant-based options, combined with advancements in
fermentation processes, positions the functional food market for significant growth.

6. Advances in Fermentation Technology for Antioxidant Production

The production of antioxidants through fermentation technology has gained significant
attention in recent years, driven by the increasing demand for functional foods that can provide
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health benefits beyond basic nutrition. This section explores the latest advances in fermentation
technology, focusing on precision fermentation and microbial engineering, optimization of
fermentation conditions, the role of bioreactors and automation in large-scale production, and
sustainable practices such as upcycling food waste into antioxidant-rich fermented products.

6.1. Precision Fermentation and Microbial Engineering

Precision fermentation represents a paradigm shift in the production of bioactive compounds,
including antioxidants. This approach utilizes genetically modified microorganisms to enhance the
production of specific metabolites with antioxidant properties. For instance, the engineering of
Corynebacterium glutamicum has been shown to improve its resistance to oxidative stress, thereby
enhancing its ability to produce antioxidants during bioreactor cultivations [115]. Corynebacterium
glutamicum, a key strain in precision fermentation, relies on mycothiol (MSH) as a major low
molecular weight (LMW) thiol to counteract oxidative stress. In bioreactor cultivations, the MSH-
deficient AmshC mutant exhibited impaired growth at high oxygen levels (pO2 30%), while normal
growth was observed at pO2 20%, indicating its susceptibility to oxidative stress. Redox biosensor
analysis revealed a significant oxidative shift in the MSH redox potential (EMSH) at pO2 >20%,
emphasizing MSH’s critical role in maintaining redox balance [115]. These findings underscore the
importance of MSH in enhancing the robustness and industrial efficiency of C. glutamicum in
precision fermentation, ensuring optimal metabolic performance and product yields under aerobic
conditions. Furthermore, the application of specific strains of lactic acid bacteria (LAB) has been
demonstrated to significantly increase the levels of phenolic compounds and flavonoids in fermented
products, which are crucial for their antioxidant activity. In this context, a study evaluated the impact
of Lactiplantibacillus paracasei SP5 and Pediococcus pentosaceus SP2 on the bioactive composition of
mixed fruit juices during fermentation. Both LAB strains maintained high viability (>9 Log CFU/mL)
after 48 hours. Fermentation led to a significant increase in total phenolic content (TPC), carotenoids
(zeaxanthin + lutein, (3-carotene), and antioxidant activity compared to control samples. Notably,
chlorogenic acid levels decreased, while quinic acid and tyrosol concentrations increased, indicating
metabolic transformations of phenolic compounds [116]. These findings highlight the potential of
LAB fermentation to enhance the nutritional and functional properties of fruit-based beverages.
Another study demonstrated that fermenting mulberry juice with Lactiplantibacillus plantarum O21
enhanced probiotic proliferation, increased total anthocyanin concentration, and improved
antioxidant capacity. The addition of prebiotic inulin and agar-agar as a gelling agent positively
influenced the quality attributes of functional mulberry jellies. These formulations maintained a high
LAB count, good sensory properties, and antioxidant benefits throughout 10 days of storage at 4°C.
Lactic acid fermentation was found to be a beneficial approach for improving the functional and
technological properties of mulberry-based probiotic jellies [117].

Recent studies have highlighted the importance of microbial consortia in precision fermentation.
Co-fermentation strategies have been shown to synergistically enhance the antioxidant content of
fermented products by increasing the bioavailability of phenolic compounds. In this context, Khan et
al. investigated the effects of fermentation on the phenolic components and their bio-accessibility in
extruded brown rice (EBR). The saccharified solution of EBR (SS-EBR) fermented with a co-culture of
Lactobacillus plantarum, Lactobacillus fermentum, and Saccharomyces cerevisize showed a 93.3% and
61.3% increase in total phenolics and flavonoids, respectively. Notably, vanillic acid and quercetin
increased over 10-fold, while ferulic, p-coumaric, and chlorogenic acids rose by 83.5%, 52.2%, and
113.4%, respectively. Kaempferol and cinnamic acid were detected only in fermented SS-EBR.
Additionally, fermentation improved the oxygen radical absorption capacity (ORAC) and bio-
accessible phenolics, making co-culture fermented SS-EBR a promising functional supplement rich
in antioxidants [118]. In another study, Wang et al. developed a microbial co-culture fermentation
system using Monascus anka, Saccharomyces cerevisiae, and Bacillus subtilis to enhance the release and
conversion of oat phenolics. The findings revealed that the most effective microbial co-fermentation
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system was achieved by introducing Saccharomyces cerevisiae on the fourth day and Bacillus subtilis on
the eighth day during Monascus anka fermentation (MF + 45 + 8B). The optimized system (MF + 4S5 +
8B) enhanced the phenolic content to 26.93 mg GAE/g DW, representing a 41.08-fold increase
compared to unfermented oats (UF). Furthermore, supplementing the microbial co-fermentation
with crude enzyme solution further enhanced phenolic content and composition, reinforcing the
effectiveness of the MF + 4S + 8B system in phenolic release and transformation [119]. This study
provides a comprehensive understanding of phenolic mobilization in oats during co-fermentation,
offering a promising strategy to improve the functional properties of cereal products and advance
microbial cell factory applications.

6.2. Optimization of Fermentation Conditions

The optimization of fermentation conditions is critical for maximizing antioxidant production.
Factors such as pH, temperature, inoculum volume and moisture content etc. play a significant role
in the metabolic pathways of microorganisms and, consequently, in the synthesis of antioxidant
compounds. In this context, Gao et al. isolated and identified Bacillus cereus (XBMU-SK-01) from
fermented bean curd, exhibiting high protease activity (96.2 + 1.3 U/mL) based on 16S rDNA
sequencing. Using response surface methodology (RSM), optimal fermentation conditions for
producing antioxidant peptides from yak casein were determined (pH 7.96, temperature 32.5°C, and
inoculation amount 6.99%). Under these conditions, the DPPH radical scavenging rate reached
78.19%, and the degree of hydrolysis (DH) was 19.8%, indicating strong antioxidant potential.
Sequence analysis identified 11 distinct antioxidant peptides, suggesting their role in mitigating
oxidative damage [120]. This study established an effective method for producing bioactive peptides
from yak milk, offering a valuable approach for developing functional foods and high-value dairy
products. Fermentation of black soybeans with Bacillus spp. demonstrated that varying the pH and
temperature significantly influenced the antioxidant potential of the final product, with optimal
conditions leading to higher yields of bioactive compounds [121].

Ordonez-Cano et al. investigated the potential of solid-state fermentation (SSF) using Aspergillus
niger GH1 to enhance the extraction of phenolic compounds from Pistachio Green Hull (PGH), a non-
edible agro-industrial waste. The highest total phenolic content (TPC) of 23.83 mg/g dry mass was
obtained after 24 hours of fermentation, which showed a significant correlation with antioxidant
capacity (Pearson’s R = 0.69). Key parameters such as moisture, inoculum concentration, and aeration
rate played a crucial role in optimizing TPC and antioxidant activity. The best results were achieved
under conditions of 60% moisture, 5 x 10° spores/mL, and an aeration rate of 1 L/Kgwm min, leading
to a 129% increase in TPC and a 1039% rise in antioxidant capacity (measured via DPPH, ABTS, and
FRAP assays). High-performance liquid chromatography coupled with mass spectrometry identified
bioactive compounds such as gallic acid 4-O-glucoside and geranine in the extracts [122].

In another study, Akbari et al. developed a sustainable method to enhance the bioactive potential
of corn bran by optimizing solid-state fermentation (SSF) conditions, followed by extraction using
natural deep eutectic solvents (NADESs). The optimized SSF process (pH: 5.7, Moisture content: 60%,
Inoculum size: 2 mL) using Lactobacillus reuteri, significantly increased the total phenolic content
(TPC) to 3.31 mg GAE/g dw [123].

The fermentation time also significantly influences the accumulation of phenolic compounds
with antioxidant properties across various substrates. Research indicates that optimal fermentation
durations can enhance the concentration of these beneficial compounds, although the effects can vary
depending on the specific material and fermentation conditions. Cuellar Alvarez et al. investigated
the effect of fermentation time on the phenolic content and antioxidant activity of Cupuassu
(Theobroma grandiflorum) beans. Results showed that phenolic compounds and antioxidant activity
peaked at six days of fermentation, with total phenol content reaching 1030 mg/g and antioxidant
activity (DPPH assay) at 1687.72 umol Trolox/g. Beyond this period, a decline was observed, with
phenol content dropping to 190.7 mg/g and DPPH activity reducing to 564.1 pmol Trolox/g by the
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tenth day. Catechin and epicatechin levels also decreased from 10.06 mg/g and 5.74 mg/g at the start
to 2.25 mg/g and 1.26 mg/g, respectively, after full fermentation. Additionally, theobromine and
caffeine content declined from 4.25 mg/g and 4.72 mg/g to 1.01 mg/g and 1.13 mg/g, respectively
[124]. The findings suggested that fermentation beyond six days negatively impacted bioactive
compounds and antioxidant potential, making shorter fermentation periods more suitable for
industrial applications in food and cosmetics. Punia et al. evaluated the impact of fermentation on
the antioxidant properties of rice bran (RB) using Aspergillus oryzae MTCC 3107. Total phenolic
content (TPC) and antioxidant activity (DPPH, ABTS+, TAC, and RPA assays) increased until the 4th
day of fermentation before declining. High-performance liquid chromatography (HPLC) confirmed
a significant (p < 0.05) rise in bioactive compounds, with gallic acid and ascorbic acid reaching 23.3
ug/g and 12.7 ug/g, respectively, on day 4 [125]. Lin et al. evaluated the impact of solid-state
fermentation (SSF) using Pleurotus geesteranus on the nutritional and antioxidant properties of
undehusked foxtail millet. Fermentation for 30 days significantly increased crude protein (11.46%),
vitamin C (27.78%), and crude polysaccharides (54.17%). Antioxidant activity improved, with in vitro
scavenging rates of 73.19% (DPPH), 93.86% (ABTS-+), and 63.75% (superoxide anion radicals). The
total antioxidant capacity (T-AOC) and superoxide dismutase (SOD) activity of fermented millet
were 1.01 mM Trolox equivalents (TE)/g and 89.05 U/g, respectively. Additionally, antioxidant
enzyme activities increased, while malondialdehyde (MDA) levels decreased in mice organs,
indicating enhanced oxidative stress resistance [126]. In another study, Tsalissavrina et al. examined
the impact of fermentation duration (0-5 days) on the total phenolic compounds, antioxidant activity,
and isoflavone content of germinated jackbean tempeh. The highest total phenolic content (10.70+0.31
mg GAE/g) and antioxidant activity (IC50: 457.04+151.91%) were recorded on the fifth day, with
significant differences observed between treatment groups. Isoflavone levels also peaked on day 5,
with daidzein (4.6341+1.7431 mg/kg), glycitein (5.4483+2.2936 mg/kg), genistein (0.9236+0.3288
mg/kg), and factor-2 (0.458+0.209 mg/kg) exhibiting maximum concentrations [127]. The findings
suggested that an extended fermentation period enhanced the nutritional and functional properties
of tempeh, making it a richer source of antioxidants and isoflavones.

Furthermore, the control of oxygen levels during fermentation is crucial as it significantly
influences the growth of both aerobic and anaerobic microorganisms, ultimately affecting the
accumulation of phenolic compounds with antioxidant properties. Wei et al., optimized the
fermentation process of Daldinia eschscholzii to enhance the production of 2,3-Dihydro-5-hydroxy-2-
methylchromen-4-one (TL1-1), a phenolic compound with potent anti-fungal and anti-cancer
activities. The optimal fermentation medium was identified in shake flasks, and dissolved oxygen
(DO) was found to be a key factor influencing cell growth and TL1-1 biosynthesis. By adjusting
agitation speed and aeration rate, TL1-1 production was significantly enhanced in a lab-scale
bioreactor. Successful scale-up to a 500-L bioreactor yielded 873.63 mg/L TL1-1, a 15.4-fold increase
from the initial 53.27 mg/L [128]. In another study, anaerobic fermentation significantly increased
gallic acid (GA) levels in pickled tea, reaching 24.26 mg/g at 18 days. This increase was accompanied
by a decline in epicatechin gallate (ECG), epiafzelechin-3-O-gallate (EAG), and 7-galloylcatechin (7-
GC), while epigallocatechin gallate (EGCG) remained stable, indicating that it contributed little to
GA formation. The microbial analysis revealed an increase in the relative abundance of Bacillus and
six other bacterial genera, suggesting their involvement in the bioconversion of key catechin
precursors into GA [129]. The manipulation of these environmental parameters allows for the fine-
tuning of fermentation processes to enhance the production of desired antioxidants.

6.3. Advances in Bioreactor Design and Automation for Enhanced Antioxidant Production

The transition from traditional fermentation methods to bioreactor-based systems has
revolutionized the production of antioxidants. Bioreactors provide a controlled environment that
allows for the precise regulation of fermentation parameters, leading to consistent and scalable
production of antioxidant-rich products [130]. Recent advancements in bioreactor design have shown
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promising results in enhancing the antioxidant capacity of various substrates. The development of
bioreactor technology has played a pivotal role in enhancing the antioxidant capacity of various
substrates. By optimizing bioreactor design and fermentation strategies, researchers have been able
to improve the production of bioactive compounds, including phenolics, flavonoids, and other
antioxidants. The use of cascade mode bioreactors has been shown to significantly enhance
antioxidant activity in fermented products. In a study on Spirulina fermentation, the cascade mode
improved protein hydrolysis and antioxidant activity, as confirmed by DPPH and TEAC assays [131].
This approach allows for better control of dissolved oxygen levels, which is critical for microbial
growth and bioactive compound production. A novel bioreactor design for solid-state fermentation
(SSF) was developed to improve the antioxidant potential of rice koji. This bioreactor design
increased the yield of phenolics and enhanced DPPH scavenging activity compared to conventional
SSF methods [132]. The design’s effectiveness was attributed to higher enzyme activity, particularly
B-glucosidase and a-amylase, which play a crucial role in releasing bound phenolic compounds. The
use of silica microparticles in bioreactors has been explored to improve oxygen mass transfer, which
is essential for microbial growth and antioxidant production. A study found that silica microparticles
significantly increased the oxygen transfer coefficient (kLa), leading to improved bioreactor
performance [133]. This innovation is particularly relevant for large-scale fermentation processes
where oxygen transfer is a limiting factor.

A novel 3D-printed micro bubble column reactor (3D-uBCR) was developed for biotechnological
applications. This reactor achieved rapid homogenization and high oxygen transfer rates, with kLa
values up to 788 h-1 [134]. The integrated microsensor technology allowed for real-time monitoring
of process parameters, making it an ideal system for optimizing fermentation conditions for
antioxidant production. The advancements in bioreactor design and fermentation strategies have
significantly enhanced the antioxidant capacity of various substrates. A comparison of various
bioreactor designs and their influence on antioxidant capacity is presented in Table 2.

Table 2. Comparison of Bioreactor Designs and Their Impact on Antioxidant Capacity.

Bioreactor
Design/Fermentation Substrate/Process Outcome Reference
process

Enhanced protein hydrolysis and

Cascade Mode Bioreactor Spirulina fermentation S . [131]
antioxidant activity
Novel Bioreactor for SSF Rice koji Increased phenolics Efm,d DPPH scavenging [132]
activity
Stirred Tank Bioreactor Armillaria m.ellea High antioxidant activity with low EC50 [135]
polysaccharides values
Silica Microparticles Rice fermentation Improved oxygen transfer and bioreactor [133]
performance
3D-Printed Micro Bubble Saccharomyces cerevisiae High oxygen transfer rates and real-time [134]
Column cultivation monitoring of process parameters
Solid-State Fermentation Oilseed cakes Increased lignocellulolytic enzymes and [136]
antioxidants
Higher total phenoli tent and
Liquid Fermentation Theabrownins production tgher to .a p enote ?0.1‘1 entan [137]
antioxidant activity
Enh d antioxidant d i d radical
Co-Fermentation Dehusked barley anced antioxidant dynanucs and radica [138]
scavenging activities
It d-Assisted I d peptid tent and DPPH
Ultrasoun ssiste Okara peptides nereased peptide content an [139]
Fermentation scavenging rate
I d ferulic acid and pent: ith
Solid-State Fermentation Wheat bran fiereased ferufic acic and pentosans wi [140]
improved antioxidant activity
ignificant i in total phenoli
Co-Fermentation Broken rice Significan 1ncreas.e 1r.1 oatp .eflo 1 [141]
content and antioxidant activity
Fruit and Vegetable Compound fruits and Increased polyphenols, flavonoids, and [142]
Ferment vegetables proanthocyanidins
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Innovations such as cascade mode bioreactors, novel bioreactor designs for SSF, stirred tank
bioreactors, and 3D-printed micro bubble column reactors have provided new avenues for
optimizing fermentation conditions. Substrate-specific approaches, including the use of solid-state
fermentation, liquid fermentation, co-fermentation, and ultrasound-assisted fermentation, have
further improved the yield and bioactivity of antioxidant compounds. These developments highlight
the potential of bioreactor technology to enhance the production of bioactive compounds with
applications in food, pharmaceutical, and cosmetic industries.

Furthermore, automated monitoring and control systems enable real-time adjustments to
fermentation conditions, ensuring optimal growth conditions for microorganisms and maximizing
the yield of antioxidant compounds. The integration of sensors and data analytics has led to
significant improvements in antioxidant yields through the optimization of fermentation conditions.
Antioxidants, such as polyphenols and carotenoids, are sensitive to fermentation conditions, and
their yields can be maximized through precise control of parameters such as pH, temperature, and
oxygen levels. The use of data analytics to optimize fermentation parameters has been demonstrated
in various studies. For example, the optimization of light intensity and nutrient supply in microalgal
fermentation has been shown to enhance the production of high-value antioxidants such as lutein
and astaxanthin [143]. Similarly, the use of advanced monitoring and control strategies has been
applied to improve the production of polyphenols in fungal fermentation processes [144]. Real-time
monitoring of antioxidant production during fermentation is critical for maximizing yields. The use
of sensors such as UV-Vis spectroscopy and HPLC has been employed to monitor the production of
antioxidants in real-time, enabling the dynamic adjustment of fermentation conditions [145]. The
integration of these data with predictive models has further enhanced the ability to optimize
fermentation processes for maximum antioxidant production.

The integration of sensors and data analytics has also led to significant reductions in production
costs through the optimization of resource utilization and the minimization of waste. These cost
savings are achieved through the precise control of fermentation conditions, the reduction of energy
consumption, and the minimization of raw material usage. The use of advanced control strategies
and predictive models has enabled the optimization of energy consumption in bioreactor operations
[146,147]. By dynamically adjusting process conditions such as temperature and agitation speed,
energy usage can be minimized while maintaining optimal fermentation performance. Additionally,
the use of real-time monitoring and feedback control has enabled the precise control of nutrient
supply, reducing raw material usage and minimizing waste. The integration of sensors and data
analytics has also contributed to the sustainability of bioprocesses by minimizing waste and reducing
the environmental impact of fermentation operations [143,144]. The use of advanced monitoring and
control strategies has enabled the optimization of fermentation conditions, reducing the generation
of by-products and improving the overall efficiency of the process. These advancements have also
facilitated the development of circular economy approaches, where waste materials are converted
into valuable products. The integration of sensors and data analytics in bioreactor operations has
significantly improved fermentation efficiency, increased antioxidant yields, and reduced production
costs. These advancements have been driven by the development of advanced sensor technologies,
data fusion strategies, and predictive modelling approaches. As the bioprocessing industry continues
to evolve, the integration of Al, machine learning, and advanced control strategies will further
enhance the optimization of fermentation processes, leading to improved product yields and reduced
production costs. However, challenges such as data management, cybersecurity, and regulatory
compliance must be addressed to fully realize the potential of these technologies.

6.4. Sustainable Practices: Upcycling Food Waste into Antioxidant-Rich Fermented Products

Sustainability is a key consideration in modern fermentation technology, particularly in the
context of food waste management. Food waste valorisation through fermentation is a promising
approach to reduce environmental impacts and create economic benefits. Upcycling food waste into
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antioxidant-rich fermented products not only addresses environmental concerns but also adds value
to by-products that would otherwise be discarded. In an investigation by De Oliveira et al. acerola
and guava byproducts were subjected to submerged fermentation (SmF) for 120 hours using
Lactobacillus isolates. Ascorbic acid content declined in acerola but increased in guava, likely due to
guava’s more acidic pH inhibiting ascorbic acid autoxidation. Total phenolic content increased in
both fruits, reaching 2669.81 mg GAE/100 g in acerola and 60.62 mg GAE/100 g in guava. Antioxidant
activity, measured by ABTS and FRAP assays, also improved throughout fermentation, peaking at
120 hours. The highest ABTS values were 759 and 101 pumol TEAC/100 g, while FRAP values reached
768 and 313.63 pumol TEAC/100 g for acerola and guava, respectively [56]. Larios-Cruz et al. explored
the solid-state fermentation of grapefruit by-products using Aspergillus niger GH1 in Raimbault
column bioreactors. Two moisture levels (50% and 70%) were tested, with fungal growth monitored
via CO, quantification. The results indicated that A. niger GH1 exhibited better growth at 70%
moisture content, leading to a higher recovery of antioxidant compounds and a 50% reduction in
solids. Antioxidant activity was assessed using FRAP, LOI, and DPPH assays [148]. The findings
highlight the potential of solid-state fermentation for the valorization of grapefruit by-products,
utilizing them as both a support matrix and a carbon source for antioxidant production.

In another study, Sugiharto et al. assessed the effect of Chrysonilia crassa fermentation on the
nutritional composition and antioxidant activity of cassava pulp mixed with selected leaves meal.
Fermentation for three days increased crude protein, ether extract, ash, and gross energy while
reducing fiber content. True protein content improved with both leaf meal supplementation and
fermentation. The fermented products exhibited superior antioxidant activity and higher amino acid
levels than raw cassava pulp. Among the tested leaves, supplementation further enhanced nutritional
quality. Overall, fermentation with Chrysonilia crassa significantly improved the nutritional value and
antioxidant potential of cassava pulp, making it more suitable for feed applications [149].

The use of microbial fermentation to convert food waste into functional foods aligns with the
principles of circular economy, promoting resource efficiency and reducing waste. Studies have
demonstrated that fermentation can increase the bioavailability of antioxidants in food waste, making
them more accessible for human consumption. In a study conducted by Yousif et al. fermentation
and nanotechnology enhanced the absorption efficiency and functionality of wheat and rice by-
products. Superfine grinding of raw and solid-state fermented materials led to the development of
nano and fermented-nano powders. Fermentation significantly increased phenolic content in
fermented-nano wheat bran (40.5%), wheat germ (59.2%), and rice bran (27.9%). The free, conjugated,
and bound phenolic acids also increased, improving antioxidant activity. Additionally, ultrafine
grinding enhanced cytotoxic activity, with nano rice bran extract showing the highest effect (IC50 =
4.10 mg/mL) [150]. These findings suggest that superfine grinding and fermentation improved
bioactivity by altering the rigid structure and increasing releasable bioactive molecules.

Navajas-Porras et al. explored the use of Spent Coffee Grounds (SCG) and blood meal as
feedstocks for Black Soldier Fly Larvae (BSFL) and their impact on nutritional composition after
simulated human digestion and fermentation. Chicken feed resulted in the highest BSFL growth (P <
0.05), whereas SCG led to the lowest. BSFL meal from blood meal-fed larvae exhibited the highest
protein content and short-chain fatty acid (SCFA) production post-fermentation. In contrast, SCG-fed
larvae had superior antioxidant capacity (DPPH, FRAP, ABTS assays). Overall, alternative feedstocks
influenced macronutrient digestibility, antioxidant release, and SCFA production, highlighting
BSFL'’s potential as a sustainable protein source [151]. In another study, Kalinina et al. explored the
use of spent brewer’s yeast (Saccharomyces cerevisine) as a carrier for encapsulating the plant
antioxidant curcumin and its impact on bioavailability in an in vitro digestion model. Encapsulation
was achieved in a nanostructured manner and analyzed using laser dynamic light scattering,
microscopy, and FTIR. The process demonstrated an encapsulation efficiency of 47.7% when
curcumin was prenanostructured. In vitro digestion studies revealed that yeast-based encapsulation
retained 79.5% of curcumin, highlighting its potential as a natural delivery system [152]. The findings
suggest a sustainable approach to utilizing spent yeast while enhancing curcumin bioavailability.
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Bas-Bellver et al. evaluated the impact of fermentation pretreatment on the drying behavior and
antioxidant properties of broccoli stem powders. Fermentation with Lactiplantibacillus plantarum
significantly accelerated drying rates and enhanced the retention of bioactive compounds. Fermented
samples exhibited a higher total flavonoid content (1.2 mg QE/g) and antioxidant activity (DPPH: 1.1
mg TE/g, ABTS: 5.46 mg TE/g) compared to non-fermented samples. Additionally, drying at higher
temperatures (up to 70°C) increased phenolic content and antioxidant activity due to Maillard
reactions and reduced enzymatic degradation. Freeze-drying (FD) and low-temperature hot-air
drying (HAD 50°C) preserved probiotic viability (>107 CFU/g), making these powders suitable as
functional ingredients [153]. The study supports fermentation and controlled drying as effective
strategies for valorizing broccoli waste into bioactive-rich powders.

Advances in fermentation technology have significantly enhanced the production of
antioxidants, offering promising avenues for the development of functional foods. Precision
fermentation and microbial engineering, optimization of fermentation conditions, the role of
bioreactors and automation, and sustainable practices such as upcycling food waste are all critical
components of this evolving field. Continued research and innovation in these areas will be essential
for maximizing the health benefits of fermented functional foods and addressing global challenges
related to nutrition and sustainability.

7. Challenges Associated with Fermented Functional Foods

The exploration of fermented functional foods as potent antioxidant sources has gained
considerable attention in recent years. However, several challenges persist that hinder their
widespread adoption and optimization. Here we highlight the technical challenges and research
needs associated with fermented functional foods.

7.1. Technical Challenges
7.1.1. Lack of Standardized Production Processes

One of the primary challenges in the production of fermented functional foods is the lack of
standardized production processes. This lack of standardization leads to inconsistencies in product
quality and efficacy across different batches and production sites. The quality standards for
fermented functional foods are often outdated and vary significantly across regions. For example, in
the case of fermented Chinese medicine, the lack of modernized fermentation technology and quality
control methods hinders the establishment of uniform quality standards [154]. The variability in
fermentation conditions further exacerbates the challenges in producing consistent and high-quality
fermented functional foods. The variability in fermentation conditions further exacerbates the
challenges in producing consistent and high-quality fermented functional foods. These conditions
include temperature, pH, substrate composition, and microbial starter cultures.

Temperature and pH are critical factors in fermentation processes. Even minor deviations from
optimal conditions can significantly impact microbial growth, metabolic activity, and product
quality. The selection and optimization of microbial starter cultures are crucial for achieving
consistent fermentation outcomes. However, the use of commercial starter cultures often focuses
solely on technological features, neglecting their functional properties, such as probiotic potential or
flavor production [155]. This suboptimal selection can lead to variability in product quality and
functionality. The diversity of substrates used in fermentation processes adds another layer of
complexity. For example, in the production of fermented beverages from food by-products, the
availability and quality of raw materials significantly influence product yield and quality [156].

The lack of standardized processes and variability in fermentation conditions have a direct
impact on the quality and efficacy of fermented functional foods.

Fermented functional foods are valued for their nutritional and functional properties, such as
probiotic activity, antioxidant content, and flavor profile. However, variability in fermentation
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conditions can lead to inconsistent levels of these properties. The sensory characteristics of fermented
foods, such as flavor and texture, are highly dependent on fermentation conditions. For instance, in
the production of fermented meats, the growth of microorganisms and their metabolic activities
significantly influence the texture and flavor profile of the final product [157]. Variability in
fermentation conditions can also raise safety concerns. For example, in the production of fermented
maize ogi, the presence of pathogenic microorganisms and toxic compounds can compromise
product safety if fermentation conditions are not properly controlled [158].

To overcome the challenges in the production of fermented functional foods, several strategies
can be employed. Advanced fermentation technologies, such as multi-omics analysis and mass
spectrometry-based spent media analysis, can provide insights into microbial metabolism and
fermentation dynamics, enabling precise control of fermentation processes [113]. The development
of starter cultures with specific functional properties, such as probiotic potential and flavor
production, can enhance product consistency and quality [155]. The standardization of fermentation
conditions, including temperature, pH, and substrate composition, is essential for achieving
consistent product quality. Mathematical modeling and process optimization techniques can be used
to determine optimal fermentation parameters [159]. The implementation of robust quality control
measures, such as real-time monitoring of fermentation parameters and microbial activity, can ensure
product consistency and safety.

7.1.2. Stability of Fermented Foods

The stability of fermented foods during storage is significantly influenced by environmental
factors such as temperature and light, which can affect the degradation of bioactive compounds.
These compounds, including vitamins, phenolics, and pigments, are crucial for both nutritional value
and product quality. Understanding how these factors influence degradation is essential for
optimizing storage conditions and preserving the bioactive properties of fermented foods.
Temperature is one of the most critical factors affecting the stability of bioactive compounds in
fermented foods. Higher storage temperatures generally accelerate the degradation of these
compounds due to increased enzymatic activity and chemical reactions. For instance, in fermented
red dragon fruit drink, the loss of betacyanins was significantly higher at 25°C compared to 4°C, with
a 56.32% reduction at the higher temperature [160]. Similarly, in soymilk powder, isoflavone content
declined more rapidly at 25°C than at 4°C, emphasizing the importance of lower temperatures in
preserving these compounds [161]. Conversely, lower storage temperatures, such as 4°C, have been
shown to slow down the degradation of bioactive compounds.

In this context, Sun et al. evaluated the effects of long-term storage at different temperatures
(4°C, 25°C, and 35°C) on the flavor, microbiological, and physicochemical properties of Suanyu, a
traditional Chinese low-salt fermented fish. Pathogenic bacteria were inhibited across all storage
conditions for 90 days, ensuring safety. However, higher temperatures (25 and 35°C) accelerated
moisture loss, lipid oxidation, and proteolysis, leading to faster deterioration in quality. Refrigerated
storage (4°C) effectively preserved odor and slowed microbial and physicochemical changes.
Biogenic amine concentrations remained below 200 mg/kg, confirming safety [162]. The findings
highlight the importance of refrigerated storage for maintaining Suanyu’s sensory and microbial
quality during transport and storage.

Light exposure is another critical factor that can influence the stability of bioactive compounds.
Menaquinone-7 (MK-7), a vitamin K2 isomer, has been shown to be extremely light-sensitive, with
significant degradation occurring under light exposure. However, when stored in the absence of
light, the all-trans MK-7 isomer remained stable over an 8-week period [163].

Oxygen levels and processing methods also play a role in the stability of bioactive compounds.
In the case of soymilk powder, the addition of deoxidants during storage at 4°C significantly
improved the retention of isoflavones, particularly the aglycone forms, which are more bioactive
[161]. High-pressure processing (HPP) has also been shown to enhance the stability of bioactive
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compounds in fermented foods. For instance, in fermented minced pepper, HPP-treated samples
retained higher levels of capsanthin and ascorbic acid compared to thermally pasteurized samples
during storage [164].

The pH of the storage environment can also influence the stability of bioactive compounds. In a
study on ethanolic extracts from fermented Cirsium setidens Nakai, the stability of pectolinarin and
pectolinarigenin was higher at acidic and neutral pH levels (4.0-7.0) compared to alkaline conditions
[165]. This suggests that maintaining an optimal pH range during storage can help preserve the
bioactive properties of fermented foods.

Storage duration is another factor that affects the stability of bioactive compounds. In a study on
cherry syrup, the total phenolic content (TPC), total flavonoid content (TFC), and antioxidant activity
(AA) remained relatively stable for up to 60 days at -20°C and 4°C, but significant losses were
observed at higher temperatures (28°C and 40°C) [166]. This highlights the importance of shorter
storage durations and lower temperatures in preserving the quality of fermented foods.

The findings from these studies have important implications for the food industry. To maximize
the stability of bioactive compounds in fermented foods, storage at lower temperatures (e.g., 4°C) in
the absence of light is generally recommended. Additionally, the use of processing techniques such
as HPP and the addition of stabilizers or antioxidants can further enhance the stability of these
compounds. Understanding the specific degradation kinetics of bioactive compounds under different
storage conditions can also help in predicting shelf life and optimizing product formulation.

7.1.3. Scale-Up Issues & Quality Control

Scaling up production from laboratory to industrial levels presents additional challenges. The
transition often leads to changes in microbial dynamics and fermentation kinetics, which can
adversely affect the quality and safety of the final product. For instance, traditional fermentation
methods may not be easily adaptable to large-scale production without compromising the unique
characteristics of the food. The microbial communities in traditional fermentation are highly diverse
and influenced by environmental conditions and raw materials, leading to significant variations
[167]. Eventually, maintaining consistency in large-scale fermentation processes becomes
challenging. Traditional fermentation often lacks precise regulation of essential factors such as
temperature, humidity, and oxygen levels, which are critical for achieving successful fermentation.
This necessitates further research into scalable fermentation technologies that can maintain the
integrity of the product while ensuring safety and quality.

To overcome these challenges utilizing well defined starter cultures or specific microorganisms
can help standardize fermentation processes and maintain consistent product quality [168]. Modern
fermentation techniques like controlled fermentation that typically takes place under carefully
regulated conditions, including temperature, pH, and oxygen levels, can be employed enhance
efficiency and ensure product safety. Furthermore, precision fermentation that employs genetically
engineered microorganisms to generate specific compounds or ingredients, may also enable
enhanced control and efficiency in the fermentation process. Quality control is crucial in ensuring the
safety and efficacy of fermented foods. The presence of pathogenic microorganisms or contaminants
can pose significant health risks [168]. Implementing rigorous quality control measures, including
microbial testing and monitoring of fermentation parameters, is essential to mitigate these risks.
However, the complexity of microbial interactions in fermented foods makes it challenging to
establish comprehensive quality control protocols. Therefore, developing standardized methods for
assessing the quality and safety of fermented products is a pressing need.

7.2. Research Needs

Fermented foods have been a cornerstone of human diets for millennia, offering a rich source of
bioactive compounds that contribute to human health. Recent research has highlighted the potential
of these foods to modulate the gut microbiome, influence metabolic pathways, and exert therapeutic
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effects. However, the mechanisms through which fermented foods exert their health benefits remain
poorly understood. Understanding the biochemical pathways and interactions between bioactive
compounds and the human microbiome can provide insights into the therapeutic potential of these
foods [169]. Future research should focus on identifying and characterizing the full spectrum of
bioactive compounds in fermented foods. This includes understanding the metabolic pathways
involved in their production and how these compounds interact with host cells and microbial
communities. Advanced metabolomics and metaproteomics techniques can provide deeper insights
into these processes, enabling the optimization of fermentation strategies to enhance the
bioavailability of beneficial compounds [170,171].

The gut microbiome is a key mediator of the health benefits of fermented foods. Fermented foods
contain live microorganisms and metabolites that can influence the diversity and activity of the gut
microbiota. However, the mechanisms by which fermented foods modulate the microbiome are not
fully understood. Future research should investigate how different types of fermented foods shape
the microbiome and how these changes translate to health outcomes. This includes exploring the role
of microbial metabolites, such as short-chain fatty acids (SCFAs) and polyphenol-derived
compounds, in regulating inflammation and immune responses [172,173]. The therapeutic potential
of fermented foods extends to a wide range of conditions, including inflammatory bowel disease
(IBD), type 2 diabetes, and cardiovascular disease. To realize the therapeutic potential of fermented
foods, future research should focus on identifying specific bioactive compounds and their
mechanisms of action. This includes investigating how these compounds interact with key signaling
pathways, such as the MAPK and NF-kf3 pathways, to modulate inflammation and immune
responses [173]. Additionally, clinical trials are needed to validate the efficacy of fermented foods in
preventing and treating chronic diseases. Fermentation not only preserves food but also enhances its
nutritional value by increasing the bioavailability of essential nutrients. Future research should
explore how different fermentation strategies can be optimized to enhance the nutritional and
functional properties of fermented foods. This includes investigating the role of starter cultures,
fermentation time, and environmental conditions in modulating the production of bioactive
compounds [170,174]. Recent advancements in metabolomics, metagenomics, and metaproteomics
have revolutionized the study of fermented foods. These technologies enable researchers to identify
and characterize the complex microbial communities and bioactive compounds present in fermented
foods. Future research should leverage these technologies to map the chemical and microbial
landscapes of fermented foods. This includes identifying novel bioactive compounds, understanding
their metabolic pathways, and exploring their interactions with the human microbiome. Such efforts
will pave the way for the development of functional foods with targeted health benefits [170,171].
Despite the growing body of research on fermented foods, several knowledge gaps remain. For
example, the mechanisms by which fermented foods modulate the gut-brain axis and influence
cognitive and emotional health are not well understood [175]. Additionally, the role of biogenic
amines and other secondary metabolites in mediating the health effects of fermented foods requires
further investigation [176].

Future research should also address the challenges associated with scaling up the production of
fermented foods while maintaining their nutritional and functional properties. This includes
developing sustainable fermentation strategies and ensuring the safety of fermented foods by
minimizing the risk of contamination and the production of harmful compounds like biogenic amines
[174,176].

Enhancing the bioavailability of bioactive compounds in fermented foods presents several
challenges that stem from the complex nature of these compounds and their interactions within food
matrices. Key issues include the stability of bioactive compounds during processing, their absorption
in the gastrointestinal tract, and the influence of food components on their bioavailability. Bioactive
compounds often exhibit poor chemical stability, which can be exacerbated by processing conditions
such as heat and light exposure [177]. Fermentation can alter the structure of these compounds,
potentially affecting their bioactivity and stability [178]. The bioavailability of bioactive compounds
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is influenced by their liberation, absorption, distribution, metabolism, and elimination (LADME)
processes [179]. Factors such as molecular structure, food matrix effects, and the presence of
transporters significantly impact absorption rates [179]. The interaction between bioactive
compounds and other food components can hinder their bioavailability, necessitating innovative
delivery systems to enhance solubilization [177,179]. Traditional fermented foods may contain
compounds that either promote or inhibit the absorption of bioactive ingredients, complicating their
efficacy [180]. Despite these challenges, ongoing research into advanced extraction techniques and
fermentation processes aims to improve the bioavailability of bioactive compounds, highlighting the
potential for innovative solutions in the functional food industry [181]. Investigating novel strategies,
such as the use of microencapsulation or the development of synergistic food combinations, could
improve the bioavailability of antioxidants and other beneficial metabolites. The development of
novel microbial strains with enhanced functional properties is essential for advancing the field of
fermented foods. Selecting and engineering strains that can produce higher levels of beneficial
metabolites or exhibit improved stability during storage could significantly enhance the health
benefits of these products. Additionally, exploring the potential of indigenous strains from traditional
fermented foods may uncover unique properties that can be harnessed for functional food
development. Optimizing fermentation processes to maximize the production of bioactive
compounds is a key research need. This includes investigating the effects of various fermentation
parameters, such as substrate selection, fermentation time, and temperature, on the yield of
antioxidants and other functional components. Implementing advanced fermentation technologies,
such as bioreactors with controlled environments, could facilitate the optimization of these processes.

8. Regulatory and Commercial Considerations

The regulatory and commercial landscape for fermented functional foods is complex and
multifaceted, encompassing safety assessments, health claim validations, labelling requirements, and
international standards. Additionally, commercial viability hinges on cost-effectiveness, consumer
acceptance, market positioning, and supply chain management.

8.1. Regulatory Framework

Fermented functional foods, which combine the benefits of fermentation with potential health-
promoting properties, are subject to a complex regulatory framework. Safety assessments are
paramount for fermented foods, particularly those containing live microorganisms. The regulatory
framework governing fermented functional foods is critical for ensuring consumer safety and
fostering market growth. The regulatory framework varies across regions and involves legal
standards, compliance requirements, and considerations for commercial viability. The global
regulatory landscape for fermented functional foods is characterized by diversity and a lack of
harmonization. Each country or region has its own approach to regulating these products, reflecting
differences in cultural, scientific, and legal traditions. For instance, while the European Union (EU)
has established detailed regulations on health claims and novel foods, other regions like the United
States and Japan have distinct systems for functional foods [182-184]. The EU regulates functional
foods under the Food Labelling Regulations, which prohibit claims that suggest a food can prevent,
treat, or cure diseases. Health claims must be scientifically substantiated and approved by the
European Food Safety Authority (EFSA) [184,185]. The U.S. Food and Drug Administration (FDA)
oversees functional foods, with a focus on ensuring safety and truthful labeling. The Dietary
Supplement Health and Education Act (DSHEA) provides a framework for dietary supplements,
which often include functional food components [183,186]. Japan has a well-established system for
functional foods, known as “Foods for Specified Health Use” (FOSHU), which requires rigorous
scientific evaluation of health claims [183,187]. China’s regulatory system for functional foods,
referred to as “health foods,” is evolving. The Chinese Food and Drug Administration (CFDA) is
working to improve the efficiency of health food registration and align regulations with global
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standards [188]. Health claims on fermented functional foods are a critical area of regulation. In the
EU, health claims must be based on sound scientific evidence and approved by EFSA. The EU also
prohibits claims that suggest a food can prevent, treat, or cure diseases [184,185]. In contrast, Japan's
FOSHU system allows for specific health claims, provided they are supported by scientific evidence
[183,187]. Regulatory frameworks also establish standards for the safety and quality of fermented
functional foods. These standards may include requirements for the safety of microbial strains, the
absence of contaminants, and the accuracy of labeling. For example, the use of lactic acid bacteria in
fermented foods is subject to safety evaluations, particularly in Europe [187]. The registration and
approval processes for fermented functional foods vary significantly across regions. In Brazil,
functional foods with health claims must be registered with the National Sanitary Surveillance
Agency (ANVISA) and the Ministry of Agriculture, Livestock and Supply [189]. In the EU, novel
foods, including some fermented functional foods, must undergo a pre-market approval process
[185]. Advertising and labeling compliance is a key aspect of regulatory frameworks. In Brazil,
ANVISA supervises the advertising of functional foods, ensuring that claims are truthful and not
misleading [189]. Similarly, the EU requires that labeling and advertising comply with regulations
on nutrition and health claims [184,185]. Regulatory bodies enforce compliance through penalties for
non-compliance. In India, the Food Safety and Standards Authority of India (FSSAI) imposes
penalties for violations of food safety and labeling regulations [190]. Similarly, the U.S. FDA can take
enforcement action against companies that violate labeling or safety standards [183,186].

International standards play a significant role in the regulation of fermented foods.
Organizations such as the Codex Alimentarius Commission provide guidelines that harmonize food
safety and quality standards across countries, facilitating international trade [191]. Compliance with
these standards is essential for manufacturers seeking to enter global markets, as it ensures that their
products meet the safety and quality expectations of consumers worldwide. Additionally, adherence
to international standards can enhance the marketability of fermented foods, as consumers often
perceive products that comply with recognized standards as being of higher quality.

The market for fermented functional foods is driven by consumer demand for health-promoting
products. In Europe, the market for functional foods is less developed compared to Japan and the
U.S., partly due to restrictive health claim regulations [192]. However, the harmonization of EU
regulations on nutrition and health claims is expected to stimulate growth in the European market
[192]. Innovation in fermented functional foods is driven by advances in food technology and
consumer preferences. The use of probiotics and prebiotics in fermented foods is a key area of
innovation, with manufacturers seeking to create products that offer specific health benefits [193,194].
Despite the growing demand for fermented functional foods, commercialization faces challenges.
Regulatory uncertainty, particularly in regions with complex or evolving frameworks, can hinder
product development and market entry [195,196]. Additionally, the need for scientific substantiation
of health claims can increase the cost and time required for product approval [184,185].

8.2. Commercial Viability

The commercial viability of fermented functional foods is influenced by various factors,
including cost-effectiveness, consumer acceptance, market positioning, and supply chain
management. Cost-effectiveness is a critical consideration for the commercialization of fermented
foods. The production processes for these foods can be resource-intensive, requiring careful
management to maintain profitability. The economies of scale play a crucial role in determining the
cost-effectiveness of fermented food production. Larger production scales often lead to lower unit
costs due to the spreading of fixed costs over a larger output. However, smaller-scale productions
can also be economically viable, particularly when utilizing low-cost substrates and simple
production processes. For instance, the production of kombucha flavoured with passion fruit from
the caatinga has been shown to be economically feasible at a micro-industry scale, with a net present
value (NPV) of R$ 253,154.68 and an internal rate of return (IRR) of 22% [197]. Similarly, the
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production of low-sodium fermented fish at a community enterprise level has demonstrated high
profitability, with a return on investment (ROI) of 110.58% and a short payback period of 5.7 months
[198]. Market demand and consumer preferences are critical factors influencing the cost-effectiveness
of fermented food commercialization. Consumer perceptions of fermented foods can vary widely
based on cultural factors and individual preferences. For instance, traditional fermented foods may
be more readily accepted in cultures with a long history of fermentation, while novel products may
face skepticism [199]. Furthermore, effective marketing strategies that educate consumers about the
health benefits and safety of fermented foods are essential for fostering acceptance. Therefore,
effective marketing strategies that educate consumers about the health benefits and safety of
fermented foods are essential for fostering acceptance.

The increasing demand for health-promoting and sustainable food products has created new
market opportunities for fermented foods. For example, the production of low-sodium fermented
fish has been driven by the growing consumer demand for healthier food options, leading to a
profitable venture with a gross profit margin of 58.29% [198]. The integration of traditional
fermentation techniques with modern market demands has also been shown to enhance the economic
viability of fermented food production. For instance, the use of lactic fermentation for African
indigenous vegetables has not only improved the safety and shelf life of these products but has also
created new market opportunities, contributing to sustainable community development [200].

Market positioning is another critical factor influencing the commercial success of fermented
foods. Companies must identify and target specific market segments, such as health-conscious
consumers or those seeking functional foods that support gut health. Differentiation through unique
product offerings, such as organic or locally sourced fermented foods, can also enhance market
positioning [201]. Furthermore, leveraging the growing trend of personalized nutrition can provide
opportunities for companies to develop customized fermented products that cater to individual
health needs [199]. Effective supply chain management is also crucial for ensuring the consistent
quality and availability of fermented foods. The fermentation process can be sensitive to variations
in raw materials, environmental conditions, and microbial cultures, necessitating robust supply chain
practices [202,203]. Implementing quality control measures throughout the supply chain can help
mitigate risks associated with food safety and product quality. Additionally, collaboration with
suppliers and distributors can enhance the efficiency of the supply chain, ensuring that products
reach consumers in optimal condition.

The regulatory and commercial considerations surrounding fermented functional foods are
complex and interrelated. A robust regulatory framework is essential for ensuring the safety and
efficacy of these products, while commercial viability hinges on factors such as cost-effectiveness,
consumer acceptance, market positioning, and supply chain management. As the demand for health-
promoting foods continues to grow, stakeholders in the fermented foods industry must navigate
these considerations to successfully bring innovative products to market.

9. Future Opportunities

The future of fermented functional foods may lie in the development of personalized nutrition
strategies. Tailoring fermented products to meet individual health needs and preferences could
enhance their acceptance and efficacy. Advances in nutrigenomics and microbiome research can
provide insights into how different individuals respond to specific fermented foods, paving the way
for personalized dietary recommendations. Innovative delivery systems for bioactive compounds in
fermented foods present exciting opportunities for enhancing their health benefits. For instance, the
use of nanotechnology to encapsulate bioactive compounds can improve their stability and
bioavailability. Additionally, exploring alternative delivery methods, such as functional beverages or
snack bars, can make these health-promoting foods more accessible to consumers.

Smart packaging technologies can play a crucial role in extending the shelf life and maintaining
the quality of fermented foods. Incorporating sensors that monitor temperature, humidity, and
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microbial activity can help ensure optimal storage conditions and prevent spoilage. Furthermore,
developing biodegradable packaging materials that can actively enhance the preservation of
bioactive compounds could align with sustainability goals in food production. The integration of
fermentation with other food processing technologies, such as high-pressure processing or
ultrasound, may enhance the functional properties of fermented foods. These technologies can
improve the extraction and stability of bioactive compounds, leading to products with superior
health benefits. Collaborative research efforts that combine expertise from food science,
microbiology, and technology will be essential to explore these innovative approaches.

10. Conclusions

The potential of fermented functional foods to contribute to sustainable health solutions cannot
be overstated. These foods not only provide essential nutrients and bioactive compounds but also
support the principles of sustainability in food production and consumption. The fermentation
process can enhance the nutritional value of food products, reduce food waste, and promote the
utilization of underused agricultural resources. Furthermore, the consumption of fermented foods
aligns with dietary patterns that emphasize whole, minimally processed foods, which are associated
with lower incidences of chronic diseases. By fostering a diet rich in fermented products, individuals
can improve their gut health, enhance nutrient absorption, and potentially mitigate the effects of
oxidative stress. This dietary shift not only benefits individual health but also contributes to broader
public health goals by reducing healthcare costs associated with diet-related diseases.

In addition, the production of fermented foods can be an environmentally friendly alternative
to conventional food processing methods. The use of microbial fermentation can lead to lower carbon
footprints and reduced energy consumption, aligning with global sustainability goals. As such,
promoting fermented foods can be seen as a dual strategy for improving health outcomes while also
addressing environmental challenges. Despite the promising findings regarding the health benefits
of fermented functional foods, there remains a pressing need for continued research and innovation
in this field. Future studies should focus on elucidating the specific mechanisms by which different
types of fermented foods exert their antioxidant effects, as well as identifying the optimal strains of
probiotics and fermentation conditions that maximize health benefits. Additionally, there is a need
for more extensive clinical trials to validate the health claims associated with fermented foods and to
explore their potential roles in disease prevention and management. Moreover, innovation in food
technology can play a crucial role in enhancing the production and accessibility of fermented foods.
Advances in fermentation technology, such as the application of omics technologies, can facilitate the
development of novel functional foods that are tailored to meet specific health needs. Furthermore,
educational initiatives aimed at increasing consumer awareness about the health benefits of
fermented foods can drive demand and encourage sustainable dietary practices.

In conclusion, the exploration of fermented functional foods as potent antioxidant sources
presents a significant opportunity for advancing public health and sustainability. By fostering a
collaborative approach among researchers, food technologists, and public health advocates, we can
harness the full potential of these foods to improve health outcomes and promote a more sustainable
food system.
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