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Abstract

Agro-industrial waste is a renewable, rich and cheap substrate that can be used to get non-viable microbial products or metabolic
by-products that have health benefits to a host. Microbial fermentation of various wastes like fruit pomace, cereal bran, oil-
seed meals, dairy by-products and brewery residues produces these bio actives, which are short-chain fatty acids (SCFA),
bacteriocins, exopolysaccharides (EPS), cell wall fragments, peptides, and enzymes. The transformation of such waste to useful
postbiotic substances not only offers an environmental solution by mitigating the landfill problem but also offers stable, safe
and versatile compounds that can be used in functional foods, animal feed, nutraceuticals, and therapeutic preparations. This
chapter sums up the definition and categorization of postbiotics, agro-waste valorization methodology, production technologies,
mechanism of action, and application, and challenges and research directions required to commercially use postbiotics.
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1. Introduction

Millions of tons of by-products are produced in the global food industry every year, such as peels of fruits, vegetables, cereal
husks, oil seed cakes, dairy processing residues (Lau et al., 2021). Previously regarded as waste, these by-products are a source
of rich carbohydrates, protein, lipid, minerals and phytochemicals which can be utilized as substrates in microbial fermentation
(Pereira & Vicente, 2010; Mirabella et al., 2014). The transition to the circular models of the bioeconomy focuses on the agro-
industrial waste streams being converted into value-added products, i.e., biofuels, bioplastics, organic acids, enzymes and, more
recently, postbiotics (Mussatto & Dragone, 2016).

According to the International Scientific Association of Probiotics and Prebiotics (ISAPP), postbiotics is considered to be a
preparation of inanimate microorganisms and components that has a health effect on the host (Salminen et al., 2021). Postbiotics
do not need to be viable to produce their beneficial effects, unlike probiotics, so they are better preserved during processing
and storage, and when traversing the gastrointestinal tract (Z6tkiewicz et al., 2020). Lactic acid bacteria, bifidobacteria, and
other useful microorganisms that grow on agro-waste foods generate SCFAs, bacteriocins, EPS, bioactive peptides, vitamins,
and antioxidant compounds, which are used as postbiotics (Wegh et al., 2019; Moradi et al., 2020). Agro-industrial waste
valorization and postbiotic production is beneficial in two ways, firstly, reducing waste disposal challenges on the environment,
as well as, the economy and secondly producing high-value products that can find application as functional compounds in the
food, pharmaceutical, and animal production industries (Markowiak & Slizewska, 2018; Cuevas-Gonzélez et al., 2020).
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2. Agro-Industrial Waste as a Substrate for Postbiotic Production

Agro-industrial effluents contain nutrients that are useful in the place of traditional expensive fermentation media (Sadh et al.,
2018). An example is fruit pomace which is a source of fermentable sugars and polyphenols; oilseed meals, are sources of
proteins and peptides; dairy whey, is a source of lactose and nitrogen; and cereal brans are source of arabinoxylans and -
glucans (Nayak & Bhushan, 2019). The appropriateness of various substrates varies based on the compatibility of the microbial
strains, fermentation type (solid-state or submerged) and the desired postbiotic compound (Mussatto & Dragone, 2016).
These wastes when fermented by Lactobacillus plantarum, Lactobacillus rhamnosus and beyond can be converted to SCFAs,
EPS, and bacteriocins with proven antimicrobial, antioxidant and immunomodulatory effects (Zeng et al., 2020; Patel et al.,
2021). The more recent researches have perfected the pre-treatment of the substrate (enzymatic hydrolysis, steam explosion)
to increase the bioavailability of nutrients in fermentation (Pereira & Vicente, 2010; Wang et al., 2025). Postbiotics have
different categories depending on their source and type as presented in Table 1.

Table 1: Classification of Postbiotics and Their Sources

Postbiotic Type Description Source/Substrate

Short-Chain Fatty Acids Fatty acids with fewer than six carbon atoms Fruit pomace, dairy by-products
Bacteriocins Antimicrobial peptides Oilseed cakes, dairy by-products
Exopolysaccharides (EPS) | Polysaccharides secreted by microorganisms Cereal brans, fruit pomace
Bioactive Peptides Short protein fragments with health benefits Cereal brans, oilseed meals
Vitamins Essential micronutrients Dairy by-products, brewery residues
Organic Acids Carboxylic acids with health-promoting properties | Fruit pomace, vegetable trimmings
Cell Wall Fragments Fragments from microbial cell walls Dairy by-products, cereal brans
Antioxidant Compounds Molecules that prevent oxidative stress Fruit pomace, vegetable trimmings

3. Production Processes and Downstream Processing

Postbiotics are produced out of agro-industrial waste starting with the selection and preparation of the substrate (Behzadnia et
al., 2022). The waste stream selected is also dependent on the microbial strain to be employed and the required type of postbiotic
(Moradi et al., 2020). Typical raw material is fruit pomace, cereal brans, oilseed cakes and dairy by-products (Quiles et al.,
2018). These wastes are also cleaned and then their size is reduced by increasing the surface area and then physical or enzymatic
pretreatments are done (Ravindran and Jaiswal, 2016). Bound carbohydrates, proteins, and bioactive compounds are set free
by such pretreatments and become more readily accessible to microbial metabolism (Krakowska-Sieprawska et al., 2022).
Improving bioavailability of nutrients in these substrates is commonly done using steam explosion, hydrothermal processing
and enzymatic hydrolysis (Yadav, 2017).

The most important step in the process of postbiotic production is fermentation in which two are used, submerged fermentation
(SmF) and solid-state fermentation (SSF) (Tong et al., 2023). SmF which is commonly applied to liquid or slurry substrates
like whey are controlled in terms of temperature, pH and aeration (Tripathi et al., 2015). SSF, which is applicable in fibrous
substrates, such as cereal bran or oil seed meals is a natural microbial habitat and tends to lead to higher concentrations of
products with reduced use of water (Selo et al., 2021). In the fermentation process, lactic acid bacteria, bifidobacteria, or other
useful microbes decompose the nutrients present in waste to create bioactive metabolites including short-chain fatty acids,
bacteriocins, exopolysaccharides, peptides and vitamins (Lim and Abd Rahim, 2025).

After fermentation, the biomass is then inactivated in order to achieve the definition of postbiotics, non-viable microbial
preparations (Vinderola et al., 2022). The cells can be killed by heat treatment, high-pressure processing, or by irradiation
without greatly degrading the bioactive compounds (Van Impe et al., 2018). The deactivation method to use is dependent on
the thermal stability of the metabolites of interest (Ahnoff et al., 2015).

After inactivation, the downstream processing is aimed at isolating the bio actives of the bulk fermentation medium (Agarwal
et al., 2020). This could be centrifugation, filtration, membrane separation or precipitation. The final postbiotic may be in the
form of crude cell-free supernatant, partially purified extract or highly concentrated and dried powder depending on the
application (Rocchetti et al., 2024). Spray drying or freeze-drying is used to increase the shelf life and stability (Lovalenti et
al., 2016). The production process is not just aimed at maximizing production but also at producing safe products, reproducible,
and meeting regulatory aspect of food or feed utilization (Mattarozzi et al., 2023). Postbiotics production requires a number of
important steps, as depicted in Table 2, which comprise preparing a substrate, fermentation, inactivation, and downstream
processing.



Table 2: Production and Downstream Processing Steps for Postbiotics

Step Description Techniques Used

Substrate Selection Choosing agro-industrial waste as a fermentation | Fruit pomace, cereal bran, dairy whey
medium

Substrate Preparation | Cleaning, size reduction, and pretreatment of waste | Steam explosion, enzymatic hydrolysis
streams

Microbial Conversion of waste by beneficial microbes into | Submerged fermentation (SmF), SSF

Fermentation postbiotics

Fermentation Controlling environmental factors during fermentation | pH, temperature, aeration control

Monitoring

Inactivation Rendering  microorganisms  non-viable  while | Heat treatment, high-pressure
preserving bioactivity processing

Downstream Separation of bioactive compounds from the | Centrifugation, filtration, membrane

Processing fermentation medium separation

Purification Concentration and purification of bioactive | Precipitation, chromatography
metabolites

Stabilization Enhancing the shelf life of postbiotics for final | Freeze-drying, spray drying
applications

4. Functional Mechanisms of Postbiotics

The positive actions of postbiotics have various physiological and biochemical mechanisms of effect (Teame et al., 2020). Gut
barrier enhancement is one of the primary pathways. The short-chain fatty acids, especially butyrate, induce the secretion of
the mucus, enhance the tight junction proteins and promote the renewal of epithelial cells (Parada Venegas et al., 2019). This
enhances the intestinal barrier and limits translocation of pathogens and toxins into the blood stream (Awad et al., 2017).
Immune modulation is another mechanism that is also critical (Faist et al., 1996). Pattern recognition receptors of immune
cells, including Toll-like receptors, can interact with structural components in the cell wall, including peptidoglycans,
lipoteichoic acids and cell wall polysaccharides (Sukhithasri et al., 2013). These connections assist in balancing of pro-
inflammatory and anti-inflammatory cytokines reactions, leading to immune tolerance and decrease in chronic inflammation
(Cicchese et al., 2018). Postbiotics too are antimicrobial (Rad et al., 2022). Organic acids also reduce the pH of the gut,
preventing the growth of harmful bacteria, and bacteriocins are small antimicrobial peptides that have a specific effect on
harmful microbes and do not disrupt the beneficial commensals (Dittoe et al., 2018). Reactive oxygen species (ROS)-
scavenging metabolites are present in some postbiotics and lower oxidative stress and protect host tissues against damage
(Singh et al., 2022). Also, a new field of postbiotic research is metabolic regulation (Zhong et al., 2024). Some of the
exopolysaccharides are known to affect lipid metabolism by improving cholesterol profiles, whilst other metabolites increase
insulin sensitivity and satiety hormone control (Korcz et al., 2018). Postbiotics indirectly impact nutrient absorption and energy
balance by modulating the composition and activity of microbiota of the gut, with overall metabolic health being supported
(Deokar et al., 2025). As illustrated in Fig. 1, postbiotics exert their effects through gut barrier enhancement, immune
modulation, antimicrobial activity, and metabolic regulation.
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Fig 1: Functional mechanisms of postbiotics

5. Applications in Food, Feed, and Therapeutics

Postbiotics have been found to be useful in the food industry both in terms of functionality and technology (Balthazar et al.,
2022). They are stable at extreme temperatures and pHs and can therefore be incorporated into baked products, dairy products,
beverages, and snacks (Chuck-Hernandez et al., 2022). Bioactive flavor compounds can be used to extend the shelf life of foods
that are spoilable and improve the sensory properties of postbiotic-enriched foods by inhibiting the growth of the spoilage
organisms (Kaynakci, 2025). They also provide functional benefits such as providing immune-boosting and antioxidant effects
without the need to use live microorganisms (Stephen et al., 2023).

Postbiotics are now the focus in animal feed and they are replacing antibiotic growth promoters (Saeed et al., 2023). It has been
incorporated into the diets of poultry, and aquaculture and shown to increase feed efficiency, improve gut morphology, and
decrease disease incidence (Van der Aar et al., 2017). They assist in the maintenance of microbial balance in the gut, stimulation
of the immune system and increase nutrient digestibility (Adedokun and Olojede, 2019). This is especially useful in intensive
agro-ecosystems where the disease pressure is quite severe and the regulatory measures on the use of antibiotics are escalating
(Pradhan et al., 2025). Postbiotics are also being investigated in therapeutic usage in the prevention and treatment of
gastrointestinal diseases, metabolic syndrome, allergies, skin diseases (Abbasi et al., 2022). Their non-viability nature lowers
the risks of using live probiotics like infecting people with weak immunity (Bernardeau and Cretenet, 2019). Moreover,
particular postbiotic metabolites are being explored as complementary treatments of inflammatory bowel disease, obesity, type
2 diabetes, and heart diseases (Mishra et al., 2024). Postbiotics may be useful in dermal applications to enhance skin barrier
maintenance and local immune responses, and this represents a potential in skin and cosmetic previous formulations (da Silva
Vale et al., 2023).

6. Challenges and Future Perspectives

Although promising, the high-scale use of postbiotics as a byproduct of agro-industrial waste is limited by a number of
challenges in which one of them is the matter of standardization (Timmermans and Epstein, 2010). Agro-wastes and their
composition vary on a batch-to-batch basis due to the nature of crops cultivated, seasonal, and processing, leading to differences
in yield and bioactivity of the postbiotic (Coscueta et al., 2025). In order to be passed by the regulator and ensure consumer
confidence, there is the need to establish standard production guidelines and analytical procedures of characterization (Prylipko



et al., 2021). The other difficulty is to scale up production. Whereas fermentation at laboratory scale is highly controlled,
industrial-scale processes must handle raw materials that are not controlled, the risk of contamination, and optimizing the
process economically (Meyer et al., 2017). Further, the inactivation and drying methods employed must be chosen in such a
way that they find a balance between microbial and bioactive compound preservation (Morgan et al., 2006).

Another area that should be covered is mechanistic understanding (Shiroda et al., 2024). The bioactive molecules and the
mechanism of action of most of the positive impacts of postbiotics are not known to date (Jastrzab et al., 2021). Pragmatic
solutions to the identification of important compounds, their biosynthetic route, and targets in hosts can be found in genomics,
metabolomics and proteomics in order to use more specific production strategies (Wolfender et al., 2019).

Regulatory systems of postbiotics in most regions are underdeveloped (Yunes et al., 2022). They should be given a set of
standards on how to define, do safety tests, substantiate health claims, labeling and make it easy to enter the market. Academia,
industry, and policymakers will have to collaborate with the goal of reaching the global consensus (Pattyn et al., 2022).
Agro-waste in the future needs to be regarded as a source of biomass, as well as co-fermentation solutions, which implies the
use of multiple different species of microorganisms is capable of synthesizing postbiotic blends with a synergistic set of
bioactivities (Montefrio et al., 2025). The production would be made more efficient with new bioprocess engineering systems
like continuous fermentation and membrane bioreactors (Hemmerich et al., 2018). A combination of these technologies and
measurements of sustainability is sure to ensure that the production of postbiotics not only contribute to the promotion of health
but also operates in accordance with the goals and objectives of the circular economy (Moradi et al., 2020).

7. Conclusion

The application of agro industrial waste in the manufacture of postbiotics is a strong and progressive method of solving
environmental and health concerns. The concept can be used to pursue the ideas of the circular bioeconomy that will convert
the nutrient-enriching by-products to stable bioactive compounds to become food and feed products and therapeutic products.
Postbiotics possess certain advantages to probiotics including increased safety, stability and capability to be added to an
extensive selection of items, which makes them highly attractive to industry stakeholders. Their production is being advanced
by the improvement in fermentation technology, downstream processing, functional characterization and yet there are issues
of standardization, regulatory certainty and optimization of the processes on large scale. Further studies and intersectoral
cooperation will see agro-waste-derived postbiotics becoming one of the backbones of sustainable health solutions, as they
achieve waste reduction, efficiency, and a healthier world at the same time.
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