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Abstract 

The global agri-food industry generates substantial quantities of by-products and 

waste streams, presenting both environmental challenges and opportunities for 

resource recovery within circular bioeconomy frameworks. Controlled fermentation 

has emerged as a versatile biotechnological platform for valorizing agricultural by-

products through microbial biotransformation, yielding diverse bioactive compounds 

including phenolic derivatives, bioactive peptides, organic acids, and 

exopolysaccharides with demonstrated nutraceutical potential. However, the practical 

application of these fermentation-derived bioactives in functional food systems is 

constrained by inherent physicochemical instability, poor aqueous solubility, and rapid 

degradation during gastrointestinal transit. Nanotechnology-enabled sustained release 

systems, encompassing polymeric nanoparticles, liposomes, nanoemulsions, and solid 

lipid nanoparticles, offer transformative solutions for protecting sensitive compounds 

while enabling controlled, site-specific delivery. This review examines the integration 

of controlled fermentation strategies for agricultural by-product valorization with 

advanced nanoencapsulation technologies for bioactive stabilization and sustained 

release. We discuss process optimization parameters in fermentation systems, 

characterize the spectrum of bioactive compounds generated, and evaluate the 

mechanisms and applications of various nanocarrier systems in functional food 

development and agricultural sustainability contexts. Challenges including scalability, 

regulatory compliance, and safety assessment are addressed alongside future 

perspectives on precision fermentation, stimuli-responsive delivery systems, and 

translational pathways toward commercial implementation. 
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1. Introduction 

The global food supply chain generates enormous quantities of agricultural by-products and processing residues, with fruit and 

vegetable wastes alone contributing significantly to environmental pollution and greenhouse gas emissions when improperly 

managed [1, 2, 3]. These by-products—including cereal brans, fruit peels, oilseed cakes, pomaces, and brewery spent grain—

represent underutilized biomass streams rich in structurally diverse macromolecules including polysaccharides, proteins, 

lignocellulosic fibers, and phytochemicals [4, 5, 6]. Conventional disposal approaches such as landfilling and incineration not only 

forfeit the inherent nutritional and functional value of these materials but also impose substantial environmental burdens  
[7, 8]. 
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Controlled fermentation has emerged as a scientifically 

robust valorization strategy that harnesses microbial 

metabolic capabilities to transform agricultural by-products 

into value-added products [9, 10, 11]. Through strategic selection 

of microbial consortia and optimization of fermentation 

parameters, this bioprocessing approach enables the 

liberation and enhancement of bioactive compounds, 

reduction of anti-nutritional factors, and generation of novel 

metabolites with functional properties [12, 13, 14]. Recent 

advances in solid-state fermentation (SSF) and submerged 

fermentation (SmF) technologies have expanded the 

repertoire of bioproducts obtainable from agricultural 

residues, including microbial inoculants, single-cell proteins, 

organic acids, enzymes, and bioactive secondary metabolites 
[1, 15, 16]. 

Parallel to developments in fermentation biotechnology, 

nanotechnology has revolutionized approaches for delivering 

sensitive bioactive compounds in food systems [17, 18, 19]. The 

inherent instability of many fermentation-derived 

bioactives—manifesting as susceptibility to oxidation, 

photodegradation, and pH-induced transformations—

necessitates protective strategies that maintain functional 

integrity during processing, storage, and gastrointestinal 

transit [20, 21, 22]. Nanotechnology-enabled sustained release 

systems, operating through diffusion-controlled, matrix-

based, or stimuli-responsive mechanisms, provide precisely 

engineered platforms that enhance bioavailability while 

enabling targeted delivery to specific sites within the 

gastrointestinal tract [23, 24, 25]. 

This review addresses the convergence of controlled 

fermentation for agricultural by-product valorization and 

nanotechnology-enabled sustained release systems for 

functional food applications. We examine process 

optimization strategies in fermentation systems, characterize 

the spectrum of bioactive compounds generated, evaluate 

nanocarrier technologies for bioactive stabilization and 

controlled delivery, and explore applications spanning 

functional food development and agricultural sustainability. 

 

2. Controlled Fermentation of Agricultural By-Products 

2.1. Types of Agricultural By-Products and Their 

Composition 

Agricultural by-products amenable to fermentation-based 

valorization encompass diverse feedstock categories with 

distinct compositional characteristics. Cereal processing by-

products, including wheat bran, rice bran, and corn fiber, are 

rich in non-starch polysaccharides, arabinoxylans, and 

phenolic compounds bound to cell wall matrices [4, 5, 26]. Fruit 

processing residues—peels, seeds, and pomaces from apple, 

citrus, grape, and mango processing—contain substantial 

concentrations of soluble sugars, pectin, and polyphenolic 

compounds including flavonoids and phenolic acids [1, 15, 27]. 

Oilseed cakes derived from soybean, sunflower, rapeseed, 

and groundnut oil extraction provide protein-rich matrices 

suitable for microbial biotransformation into bioactive 

peptides and amino acids [5, 12, 28]. Brewery and distillery by-

products, particularly spent grain and vinasse, contribute 

lignocellulosic biomass and residual fermentable substrates 
[16, 29, 30]. Additionally, coffee and tea processing residues, 

including spent coffee grounds and tea waste, represent 

emerging feedstocks rich in phenolic compounds and 

caffeine derivatives [31, 32]. 

2.2. Microbial Consortia and Fermentation Strategies 

Controlled fermentation of agricultural by-products employs 

taxonomically diverse microorganisms selected for specific 

metabolic capabilities aligned with targeted product 

outcomes. Filamentous fungi, particularly Aspergillus 

niger, A. oryzae, and Rhizopus species, dominate solid-state 

fermentation systems due to their filamentous growth 

morphology enabling efficient colonization of solid 

substrates and secretion of hydrolytic enzyme repertoires [1, 

16, 33]. These fungi produce cellulases, xylanases, pectinases, 

and lignin-modifying enzymes that depolymerize 

lignocellulosic matrices, releasing fermentable sugars and 

liberating bound phenolic compounds [8, 15, 34]. 

Lactic acid bacteria 

(LAB),including Lactobacillus, Lactococcus, 

and Pediococcus species, are extensively employed in 

submerged fermentation systems for producing organic acids 

and bioactive peptides from proteinaceous by-products [5, 12, 

35]. LAB fermentation of oilseed cakes and cereal brans 

enhances phenolic bioavailability through β-glucosidase-

mediated hydrolysis of glycosylated conjugates while 

generating exopolysaccharides with prebiotic potential [4, 27, 

36]. 

Yeasts, notably Saccharomyces cerevisiae and Yarrowia 

lipolytica, contribute to single-cell protein production and 

flavor compound generation from agricultural residues [5, 16, 

37]. Engineered yeast strains developed through adaptive 

laboratory evolution and directed evolution approaches 

demonstrate enhanced capabilities for utilizing diverse 

carbon sources including xylose and arabinose derived from 

lignocellulosic hydrolysates [16, 29, 38]. 

Mixed culture fermentation strategies leveraging microbial 

synergies offer advantages for complex substrate 

transformation [16, 39, 40]. Co-cultivation of hydrolytic fungi 

with LAB enables sequential breakdown of macromolecular 

substrates followed by conversion of released monomers to 

value-added products. Dark fermentation systems employing 

hydrogen-producing anaerobes generate biohydrogen and 

organic acids through chain elongation and reverse β-

oxidation pathways [16, 41, 42]. 

 

2.3. Process Optimization Parameters 

Maximizing bioactive compound yields from agricultural by-

product fermentation requires systematic optimization of 

physicochemical parameters. Substrate pretreatment—

including particle size reduction, thermal processing, or 

enzymatic hydrolysis—enhances substrate accessibility and 

microbial colonization [1, 15]. Fermentation pH exerts 

profound effects on microbial metabolism and product 

profiles; LAB fermentations typically operate under 

controlled acidic conditions (pH 4.5–6.0), while fungal solid-

state fermentations often proceed without active pH control, 

allowing natural acidification through organic acid 

production [8, 33]. 

Temperature optimization balances microbial growth 

kinetics with enzyme stability and product formation. 

Mesophilic fermentations (25–37°C) suit most LAB and 

yeast applications, while thermophilic processes (45–55°C) 

offer advantages for specific enzyme production and 

pathogen suppression [12]. Inoculum size and fermentation 

duration require empirical optimization for each substrate-

microorganism combination, with typical fermentation 

periods ranging from 24–96 hours for submerged systems to 

http://www.agrifoodjournal.com/


 International Journal of Agriculture and Food Fermentation  www.agrifoodJournal.com  

 
 

    35 | P a g e  

 

5–14 days for solid-state processes [1, 16, 33]. 

Water activity and moisture content critically influence solid-

state fermentation performance, with optimal levels typically 

ranging from 40–70% depending on substrate water-holding 

capacity and microbial requirements [33]. Aeration and 

agitation regimes affect oxygen transfer and heat dissipation, 

particularly critical in large-scale systems where metabolic 

heat accumulation can inhibit microbial activity. 

Recent advances incorporate nano-inspired optimization 

strategies, exemplified by supplementation with 

biosynthesized zinc oxide nanoparticles that enhanced 

protease production from Vagococcus fluvialis by 3.47–6.08-

fold during agricultural by-product valorization. Such 

approaches demonstrate the potential for integrating 

nanotechnology directly into fermentation process 

intensification. 

 
Table 1:Process Optimization Parameters in Agricultural By-Product Fermentation 

 

Parameter Typical Range / Condition Functional Role Key Considerations 

Substrate 

Pretreatment 

Particle size reduction, thermal treatment, 

enzymatic hydrolysis 

Enhances substrate accessibility and 

microbial colonization 

Improves mass transfer and 

enzymatic efficiency 

pH Control 
LAB: 4.5–6.0; Fungal SSF: natural 

acidification 

Regulates microbial metabolism and 

product profile 

Influences enzyme activity and 

organic acid production 

Temperature 
Mesophilic: 25–37°C; Thermophilic: 45–

55°C 

Balances microbial growth and 

enzyme stability 

Thermophilic systems improve 

pathogen suppression 

Inoculum Size Substrate-specific Influences fermentation kinetics Requires empirical optimization 

Fermentation 

Duration 

Submerged: 24–96 h; Solid-state: 5–14 

days 

Determines yield and metabolite 

accumulation 

Over-fermentation may reduce 

bioactive stability 

Moisture Content 

(SSF) 
40–70% 

Affects water activity and microbial 

metabolism 

Substrate water-holding capacity is 

critical 

Aeration & 

Agitation 
Process-dependent 

Ensures oxygen transfer and heat 

dissipation 

Essential in large-scale systems to 

prevent overheating 

Nano-

Supplementation 

ZnO nanoparticles (3.47–6.08× protease 

increase) 
Enhances enzyme production 

Example: Vagococcus fluvialis 

protease intensification 

 

 

3. Bioactive Compounds Generated Through 

Fermentation 

Controlled fermentation of agricultural by-products yields 

diverse bioactive compounds with demonstrated functional 

properties relevant to food and agricultural applications. 

Phenolic compounds constitute a major class of fermentation-

derived bioactives, with microbial β-glucosidase, esterase, 

and decarboxylase activities transforming bound phenolic 

glycosides into free aglycones with enhanced bioavailability 

and antioxidant capacity [4, 27]. Fermentation of fruit pomaces 

and cereal brans increases extractable concentrations of 

ferulic acid, caffeic acid, quercetin, and anthocyanins while 

generating novel phenolic derivatives through microbial 

metabolism [1, 12]. 

Bioactive peptides are generated through proteolytic 

cleavage of substrate proteins by microbial proteases during 

fermentation of proteinaceous by-products [5, 12]. These 

peptides, typically containing 2–20 amino acid residues, 

exhibit antioxidant, antihypertensive (ACE-inhibitory), 

antimicrobial, and immunomodulatory activities depending 

on their amino acid composition and sequence. LAB 

fermentation of oilseed cakes and dairy by-products has 

yielded characterized bioactive peptides with demonstrated 

in vitro functionality [12, 35, 58]. 

Organic acids including lactic acid, citric acid, and acetic acid 

represent primary metabolites with dual functionality as food 

preservatives and platform chemicals [1, 15, 59]. Lactic acid 

production from lignocellulosic by-products via fermentation 

with Lactobacillus species and 

engineered Saccharomyces strains achieves yields exceeding 

90% of theoretical maximum [16, 29]. Citric acid production 

by Aspergillus niger from fruit wastes remains industrially 

significant [1, 33]. 

Exopolysaccharides (EPS) synthesized by LAB and fungi 

during fermentation contribute to rheological modification 

and prebiotic functionality [8, 36]. EPS-producing 

fermentations of cereal and fruit by-products generate 

glucans, fructans, and heteropolysaccharides with 

demonstrated immunomodulatory and gut microbiota-

modulating properties [36]. 

γ-Aminobutyric acid (GABA) production through microbial 

glutamate decarboxylase activity during fermentation of 

cereal and legume by-products has attracted attention for its 

neurotransmitter and hypotensive effects. Certain LAB 

strains exhibit high GABA-producing capacity when 

cultivated in GABA-enriched substrates. 

Vitamins, particularly B-group vitamins including folate, 

riboflavin, and cobalamin, can be enhanced through 

fermentation of agricultural by-products, addressing 

micronutrient deficiencies in plant-based food systems. 

Microbial biosynthesis during fermentation increases vitamin 

concentrations beyond native substrate levels. 

Despite the diversity of bioactive compounds generated, their 

practical application in functional foods faces significant 

stability challenges. Many phenolic compounds undergo 

oxidation under ambient conditions; bioactive peptides are 

susceptible to proteolytic degradation during gastrointestinal 

transit; and organic acids may participate in unwanted matrix 

interactions [20, 21]. These limitations necessitate protective 

strategies, with nanotechnology-enabled encapsulation 

emerging as the most promising approach [22, 23]. 
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Table 2: Bioactive Compounds Generated Through Fermentation 
 

Bioactive Class Examples Mechanism of Formation Functional Properties 

Phenolic Compounds 
Ferulic acid, caffeic acid, 

quercetin, anthocyanins 

Microbial β-glucosidase, esterase, 

decarboxylase convert bound forms to 

aglycones 

Antioxidant, anti-inflammatory, 

improved bioavailability 

Bioactive Peptides 2–20 amino acid peptides 
Proteolytic cleavage by microbial 

proteases 

Antioxidant, ACE-inhibitory, 

antimicrobial, immunomodulatory 

Organic Acids Lactic, citric, acetic acid Primary microbial metabolism 
Preservative, antimicrobial, platform 

chemicals 

Exopolysaccharides (EPS) 
Glucans, fructans, 

heteropolysaccharides 
Microbial extracellular biosynthesis 

Prebiotic, rheology modifier, gut 

microbiota modulation 

γ-Aminobutyric Acid 

(GABA) 
GABA Glutamate decarboxylase activity 

Hypotensive, neurotransmitter 

activity 

Vitamins (B-group) Folate, riboflavin, cobalamin Microbial biosynthesis 
Micronutrient enrichment, nutritional 

enhancement 

4. Nanotechnology-Based Sustained and Controlled 

Delivery Systems 

4.1. Principles and Mechanisms of Nanocarrier Systems 

Nanocarriers for bioactive compound delivery operate 

through defined physicochemical mechanisms that protect 

encapsulated actives while modulating their release kinetics. 

The nanoscale dimensions (typically 1–1000 nm) provide 

high surface-area-to-volume ratios facilitating enhanced 

interaction with biological membranes and improved cellular 

uptake [17, 23]. Sustained release from nanocarrier systems 

occurs primarily through diffusion-controlled mechanisms, 

wherein bioactive molecules migrate through polymer 

matrices or lipid bilayers along concentration gradients [20, 24]. 

Matrix-based systems achieve release through polymer 

swelling, erosion, or degradation, enabling prolonged 

delivery over extended timeframes [24]. 

Stimuli-responsive nanocarriers represent an advanced class 

of delivery systems engineered to release encapsulated 

bioactives in response to specific environmental triggers 

including pH, temperature, enzymatic activity, or redox 

potential [23, 25]. These smart systems enable site-specific 

delivery, with pH-responsive carriers releasing payloads 

preferentially in the intestinal environment (pH 6.5–7.5) 

compared to gastric conditions (pH 1.5–3.5), thereby 

protecting acid-labile compounds during gastric transit [17]. 

Encapsulation efficiency and loading capacity represent 

critical performance parameters influenced by carrier 

material properties, bioactive characteristics, and fabrication 

methodology [20]. Optimization of these parameters is 

essential for achieving commercially viable product 

formulations. 

 

4.2. Types of Nanocarriers for Fermentation-Derived 

Bioactives 

4.2.1. Polymeric Nanoparticles 

Polymeric nanoparticles fabricated from biodegradable 

polymers provide versatile platforms for encapsulating 

diverse bioactive compounds. Natural polymers including 

chitosan, alginate, starch, pectin, and zein offer 

biocompatibility, GRAS (Generally Recognized as Safe) 

status, and inherent bioactivity, while synthetic polymers 

such as poly(lactic-co-glycolic acid) (PLGA) and 

polyethylene glycol (PEG) provide precisely tunable 

degradation profiles and mechanical properties [24]. Hybrid 

nanoencapsulation systems combining natural and synthetic 

polymers leverage the advantages of both material classes,  

achieving enhanced encapsulation efficiency and controlled 

release characteristics [25]. 

Chitosan-based nanoparticles have been extensively 

investigated for encapsulation of phenolic compounds and 

bioactive peptides from fermented sources, with ionic 

gelation and polyelectrolyte complexation enabling efficient 

loading under mild conditions [20, 24]. PLGA nanoparticles 

provide sustained release over periods ranging from days to 

weeks depending on polymer molecular weight and 

copolymer ratio, making them suitable for applications 

requiring prolonged bioactive availability [24]. 

Starch-based nanoparticles derived from agricultural sources 

offer particular relevance for food applications, providing 

biocompatibility and complete biodegradability while 

serving as encapsulation matrices for sensitive bioactives. 

Modified starch nanoparticles can be engineered with 

specific release characteristics. 

 

4.2.2. Lipid-Based Nanocarriers 

Lipid-based nanocarriers including liposomes, solid lipid 

nanoparticles (SLNs), and nanostructured lipid carriers 

(NLCs) offer particular advantages for encapsulating 

lipophilic bioactives while providing protection against 

oxidative degradation [17, 21]. Liposomes—spherical vesicles 

composed of phospholipid bilayers—accommodate both 

hydrophilic compounds in their aqueous core and 

hydrophobic molecules within the lipid bilayer, enabling co-

encapsulation of synergistic ingredient combinations [18, 21]. 

Solid lipid nanoparticles, comprising lipids that remain solid 

at room and body temperatures, provide enhanced stability 

compared to liquid lipid emulsions while enabling controlled 

release through lipid matrix degradation [17]. SLNs have been 

successfully employed for encapsulation of fermentation-

derived antimicrobial peptides and essential oils, with 

demonstrated protection against environmental degradation 

and sustained antimicrobial activity [21]. 

Nanoemulsions—kinetically stable oil-in-water dispersions 

with droplet diameters below 200 nm—facilitate 

incorporation of lipophilic bioactives into aqueous food 

matrices while enhancing bioavailability through increased 

surface area and improved solubilization [17, 21]. 

Phytosomes, representing complexes of phospholipids with 

phytochemicals, demonstrate enhanced bioavailability for 

polyphenolic compounds through improved membrane 

permeability. These systems show particular promise for 

delivering fermentation-derived phenolic extracts. 
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4.2.3. Emerging Nanocarrier Systems 

Recent advances have introduced novel nanocarrier 

platforms with potential applications for fermentation-

derived bioactives. Extracellular vesicles isolated from 

fermented foods, particularly goat milk-derived extracellular 

vesicles (GMEVs), demonstrate inherent stability during 

gastrointestinal transit and capacity for cellular uptake 

through caveolin- and clathrin-mediated pathways. These 

natural nanostructures combine nanocarrier functionality 

with prebiotic-like activity, promoting beneficial gut 

microbiota while delivering encapsulated payloads. 

Carbon dots and biomass-derived quantum dots synthesized 

from agricultural by-products represent emerging platforms 

for bioimaging and targeted delivery applications [1, 8]. While 

currently at early development stages for food applications, 

these materials offer potential for traceable delivery systems 

with multifunctional capabilities. 

Protein-based nanocarriers fabricated from whey protein, 

zein, and other food-grade proteins provide biocompatible 

matrices suitable for encapsulation of both hydrophilic and 

hydrophobic bioactives. These systems leverage the natural 

emulsifying and film-forming properties of proteins. 

 

4.3. Protection and Bioavailability Enhancement 

Nanoencapsulation addresses the primary limitations of 

fermentation-derived bioactives through multiple protective 

mechanisms. Physical encapsulation isolates sensitive 

compounds from pro-oxidative factors including light, 

oxygen, and transition metals, substantially extending shelf-

life during food storage [17, 21]. Studies demonstrate that 

liposomal encapsulation of vitamin C extends stability from 

days to months, while encapsulated polyphenols exhibit 

enhanced retention during thermal processing [18, 21]. 

Bioavailability enhancement through nanoencapsulation 

operates via multiple pathways: increased apparent solubility 

of lipophilic compounds in gastrointestinal fluids; 

mucoadhesive interactions extending intestinal transit time 

and improving contact with absorptive surfaces; endocytosis-

mediated uptake of intact nanoparticles; and lymphatic 

transport enabling partial bypass of hepatic first-pass 

metabolism [17, 21, 24]. These mechanisms collectively increase 

the fraction of ingested bioactive reaching systemic 

circulation in active form, addressing the translational gap 

between in vitro efficacy and in vivo performance [17]. 

Gastrointestinal stability is particularly critical for probiotics 

and sensitive peptides, with encapsulation providing 

protection against gastric acidity, bile salts, and pancreatic 

enzymes [21]. Targeted release systems can be designed to 

liberate bioactives specifically in the colon, facilitating 

delivery to sites of action. 

 

5. Applications in Functional Food Development and 

Agricultural Systems 

5.1. Functional Food Applications 

Controlled delivery of probiotics represents a prominent 

application of nanoencapsulation technology in fermented 

functional foods. Encapsulation of probiotic microorganisms 

within polymeric or lipid matrices protects against gastric 

acidity and bile salts, ensuring adequate viable cell delivery 

to the intestinal tract [21, 24]. Co-encapsulation of probiotics 

with prebiotic substrates—including fermentation-derived 

exopolysaccharides and oligosaccharides—creates synbiotic 

systems with enhanced colonization potential [25]. 

Encapsulation of fermentation-derived antioxidants, 

including phenolic-rich extracts from fermented fruit by-

products and bioactive peptides from fermented protein 

sources, enables incorporation into functional beverages, 

dairy products, and bakery goods while maintaining 

oxidative stability [17, 21]. Sustained release formulations 

provide prolonged antioxidant activity throughout 

gastrointestinal transit, extending the duration of 

physiological exposure [17]. 

Fortification of cereal-based products with encapsulated 

fermentation bioactives addresses micronutrient deficiencies 

while maintaining sensory acceptability. Nanoencapsulation 

masks undesirable flavors associated with certain bioactive 

compounds—including bitterness of peptides and 

astringency of phenolics—enabling formulation of palatable 

functional foods without compromising consumer 

acceptance [24, 25]. 

Development of functional fermented beverages 

incorporating nanoencapsulated bioactives represents a 

growth area, with applications in dairy alternatives, fruit 

juices, and probiotic drinks. Stability during pasteurization 

and storage remains a key consideration for commercial 

applications. 

 

5.2. Agricultural Applications 

The convergence of fermentation valorization and 

nanotechnology extends beyond food applications to 

agricultural systems. Fermented bio-inputs derived from 

agricultural by-products—including compost teas, fermented 

plant extracts, and microbial inoculants—can be formulated 

with nanocarrier systems enabling controlled release in soil 

environments [8, 19]. 

Controlled release biofertilizers incorporating fermentation-

derived plant growth-promoting microorganisms or their 

metabolites within biodegradable nanocarrier matrices 

provide sustained nutrient availability aligned with crop 

uptake patterns [19]. Such systems reduce nutrient losses 

through leaching and volatilization while minimizing 

application frequency [19]. 

Soil microbiome enhancement through application of 

encapsulated fermentation products supports regenerative 

agriculture objectives [8, 19]. Slow-release formulations of 

organic acids, exopolysaccharides, and microbial metabolites 

stimulate native soil microbial activity and improve soil 

aggregation through enhanced production of extracellular 

polymeric substances [19]. 

Nanocarrier-mediated delivery of fermentation-derived 

biopesticides and antimicrobial compounds offers enhanced 

efficacy through controlled release and improved 

environmental persistence. Encapsulation protects sensitive 

bioactive compounds from degradation while reducing 

application frequency and environmental off-target effects. 

 

5.3. Circular Bioeconomy Integration 

The integrated approach described—valorizing agricultural 

by-products through controlled fermentation followed by 

nanoencapsulation of derived bioactives—exemplifies 

circular bioeconomy principles [8, 19]. Waste streams from one 

process serve as feedstock for another, with fermentation by-

products and spent biomass potentially recoverable as 

additional value streams [1, 8]. Lifecycle assessments and 

techno-economic analyses support the environmental and 

economic viability of integrated biorefinery approaches when 
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optimized for multi-product recovery [1, 8]. 

Industrial symbiosis networks connecting agricultural 

producers, fermentation facilities, and nanotechnology 

manufacturers enable regional circular economy 

development. Such networks maximize resource efficiency 

while creating economic opportunities in rural areas. 

 

6. Challenges and Limitations 

Despite demonstrated potential, several challenges impede 

widespread implementation of integrated fermentation-

nanotechnology approaches. Variability in agricultural by-

product composition arising from seasonal, geographic, and 

cultivar differences complicates process standardization and 

reproducible product quality [4, 5]. Feedstock variability 

necessitates adaptive fermentation strategies and robust 

quality control systems. 

Scalability of controlled fermentation processes from 

laboratory to industrial scale remains technically challenging, 

particularly for solid-state systems requiring specialized 

bioreactor designs [1, 16]. Heat and mass transfer limitations in 

large-scale SSF bioreactors affect microbial growth kinetics 

and product yields, requiring engineering solutions for 

uniform temperature and moisture distribution [33]. 

Stability of nanoencapsulated systems during food 

processing and storage presents formulation challenges [17, 20]. 

Physical instability including aggregation, sedimentation, or 

Ostwald ripening may occur, while chemical instability of 

carrier materials or encapsulated bioactives can compromise 

product functionality [17, 24]. 

Regulatory barriers to food nanotechnology applications vary 

across jurisdictions but universally require demonstration of 

safety through comprehensive toxicological assessment [21, 

24]. The novel status of engineered nanomaterials in food 

contexts triggers regulatory scrutiny, with requirements for 

characterization, exposure assessment, and toxicity testing 

that increase development costs and timelines. 

Consumer acceptance of nanotechnology in food products 

remains uncertain, with concerns regarding potential health 

and environmental risks influencing purchasing decisions. 

Transparent communication regarding safety assessment and 

regulatory oversight is essential for building consumer trust. 

Economic viability of integrated fermentation-

nanotechnology processes requires favorable cost-benefit 

analysis relative to conventional alternatives [1, 8]. Capital 

investment for specialized equipment and operational costs 

for quality control must be justified by product value and 

market demand. 

 

7. Future Perspectives 

Precision fermentation technologies integrating artificial 

intelligence-driven process optimization and metabolic 

modeling will enhance efficiency and predictability of 

agricultural by-product valorization [8, 19]. Machine learning 

algorithms trained on fermentation datasets enable real-time 

process control and predictive optimization of product yields, 

accelerating development timelines for new substrate-

microorganism combinations. 

Smart delivery systems responsive to environmental 

triggers—including gut microbiota composition, 

inflammation status, or specific enzyme activities—will 

enable personalized nutrition applications [23, 25]. Integration 

of stimuli-responsive materials with fermentation-derived 

bioactives creates opportunities for targeted therapeutic 

interventions through functional foods [23, 25]. 

Climate-smart agriculture integration involves developing 

nanoencapsulated fermentation products that enhance crop 

resilience to abiotic stresses including drought, salinity, and 

temperature extremes [8, 19]. Encapsulated plant growth 

regulators, osmolytes, and stress-mitigating compounds 

delivered through foliar or soil applications support 

adaptation to changing climatic conditions [19]. 

Industrial scalability requires continued development of cost-

effective manufacturing processes for both fermentation and 

nanoencapsulation stages [1, 8]. Green synthesis approaches 

utilizing food-grade solvents, energy-efficient processes, and 

waste-minimizing methodologies align with sustainability 

objectives while reducing production costs [1, 13]. 

Policy and regulatory harmonization internationally would 

facilitate market access for nano-enabled functional food 

products while maintaining rigorous safety standards [21]. 

Collaborative efforts among researchers, industry, and 

regulatory agencies are needed to develop guidance 

documents and testing protocols appropriate for the specific 

characteristics of food nanotechnology applications [21, 24]. 

Synthetic biology approaches enabling microbial production 

of tailored nanocarrier materials directly during fermentation 

represent an emerging frontier. Engineering microorganisms 

to simultaneously produce bioactives and self-assembling 

encapsulation matrices could streamline production 

processes. 

 

8. Conclusion 

The integrated valorization of agricultural by-products 

through controlled fermentation coupled with 

nanotechnology-enabled sustained release systems represents 

a scientifically robust approach to functional food 

development and agro-food sustainability. Controlled 

fermentation transforms underutilized agricultural residues 

into diverse bioactive compounds—including phenolic 

derivatives, bioactive peptides, organic acids, 

exopolysaccharides, GABA, and vitamins—through 

microbial biotransformation processes optimized for specific 

substrate-microorganism combinations. However, the 

inherent instability of these fermentation-derived bioactives 

necessitates protective strategies, with nanotechnology-

enabled nanocarriers providing precisely engineered 

platforms for stabilization, protection, and controlled release. 

Polymeric nanoparticles, liposomes, solid lipid nanoparticles, 

nanoemulsions, phytosomes, and emerging systems 

including extracellular vesicles demonstrate capacity to 

enhance bioactive stability during processing and storage 

while improving bioavailability through multiple 

physiological mechanisms. Applications span functional 

food development—including probiotic delivery, antioxidant 

fortification, and synbiotic systems—and agricultural 

sustainability through controlled-release biofertilizers, 

biopesticides, and soil amendments. Challenges including 

feedstock variability, process scalability, regulatory 

compliance, consumer acceptance, and economic viability 

require continued research attention. Future advances in 

precision fermentation, smart delivery systems, synthetic 

biology, and climate-smart agriculture integration will 

further enhance the translational potential of this integrated 

approach, contributing to circular bioeconomy objectives 

while delivering functional benefits to food and agricultural 

systems. 

http://www.agrifoodjournal.com/


 International Journal of Agriculture and Food Fermentation  www.agrifoodJournal.com  

 
 

    39 | P a g e  

 

9. References 

1. Ray RC, Behera SS, Awogbemi O, Sooch BS, Thatoi H, 

Rath S, et al. Beyond enzymes and organic acids, solid-

state fermentation as an alternative for valorizing fruits 

and vegetable wastes into novel bio-products in a 

circular economy: a critical review. AIMS Microbiol. 

2025;11(2):462-500.  

2. Wadhwa M, Bakshi MPS. Fruit and vegetable wastes can 

be used as livestock feed and substrates to generate other 

value-added products. FAO Rap Publication. 2013;4:30.  

3. Ishangulyyev R, Kim S, Lee SH. Understanding food 

loss and waste—why are we losing and wasting food? 

Foods. 2019;8(8):297.  

4. Sadh PK, Kumar S, Chawla P, Duhan JS. Fermentation: 

a boon for producing bioactive compounds by 

processing food industry wastes (by-products). 

Molecules. 2018;23(10):2560.  

5. Tornuk F, Bayram M, Ozturk I. Recent developments in 

the valorization of agri-food waste and byproducts by 

fermentation. J Sci Food Agric. 2025;105(12):70160.  

6. Sabater C, Ruiz L, Delgado S, Ruas-Madiedo P, 

Margolles A. Valorization of vegetable food waste and 

by-products through fermentation processes. Front 

Microbiol. 2020;11:581997.  

7. Yadav S, Malik K, Moore J, Kamboj B, Malik S, Malik 

V, et al. Valorisation of agri-food waste for bioactive 

compounds: recent trends and future sustainable 

challenges. Molecules. 2024;29(9):2055.  

8. Jayabal R, Prabhakar P. Advanced strategies in food and 

agricultural waste valorisation: integrating 

nanoengineering, artificial intelligence and smart 

bioconversion for sustainable resource recovery. J Sci 

Food Agric. 2025;105(15):70311.  

9. Capanoglu E, Nemli E, Tomás-Barberán FA. Novel 

approaches in the valorization of agricultural wastes and 

their applications. J Agric Food Chem. 

2022;70(23):6787-6804.  

10. Patel A, Desai SS, Mariam I, Enman J, Rova U, 

Christakopoulos P, et al. A critical review of the 

advances in valorizing agro-industrial wastes through 

mixed culture fermentation. J Environ Chem Eng. 

2024;12(1):111838.  

11. Soccol CR, da Costa ESF, Letti LAJ, Karp SG, 

Woiciechowski AL, de Souza Vandenberghe LP. Recent 

developments and innovations in solid state 

fermentation. Biotechnol Res Innov. 2017;1(1):52-71.  

12. Ozogul F, Trif M, Rusu A, Özogul Y. Recent 

developments in the valorization of food industry by-

products (wastes) through fermentation—a review. 

Front Nutr. 2022;9:1058567.  

13. Sharma P, Gaur VK, Sirohi R, Varjani S, Hyoun Kim S, 

Wong JWC. Sustainable processing of food waste for 

production of bio-based products for circular 

bioeconomy. Bioresour Technol. 2021;325:124684.  

14. Ravindran R, Jaiswal AK. Exploitation of food industry 

waste for high-value products. Trends Biotechnol. 

2016;34(1):58-69.  

15. Panda SK, Mishra SS, Kayitesi E, Ray RC. Microbial-

processing of fruit and vegetable wastes for production 

of vital enzymes and organic acids: biotechnology and 

scopes. Environ Res. 2016;146:161-172.  

16. Patel A, Sarkar O, Rova U, Christakopoulos P, Matsakas 

L. Valorization of volatile fatty acids derived from low-

cost organic waste for production of platform chemicals. 

Microb Biotechnol. 2022;15(3):812-828.  

17. Hao M, Tan X, Liu K, Xin N. Nanoencapsulation of 

nutraceuticals: enhancing stability and bioavailability in 

functional foods. Front Nutr. 2026;12:1746176.  

18. Benech RO, Kheadr EE, Laridi R, Lacroix C, Fliss I. 

Inhibition of Listeria innocua in cheddar cheese by 

addition of nisin Z in liposomes or by in situ production 

in mixed culture. Appl Environ Microbiol. 

2002;68(8):3683-3690.  

19. Kah M, Sabliov CM, Wang Y, White J. Nanotechnology 

as a foundational tool to combat global food insecurity. 

One Earth. 2023;6(7):772-775.  

20. Subramani T, Ganapathyswamy H. An overview of 

liposomal nano-encapsulation techniques and its 

applications in food industry. Food Sci Biotechnol. 

2020;29(6):731-744.  

21. Gopi S, Balakrishnan P. Evaluation of clinical efficacy 

and safety of liposomal vitamin C supplementation in 

healthy human volunteers. J Clin Nutr Food Sci. 

2020;3(1):1-7.  

22. McClements DJ. Advances in nanoparticle and 

microparticle delivery systems for increasing the 

dispersibility, stability, and bioactivity of 

phytochemicals. Biotechnol Adv. 2020;38:107287.  

23. Hao M, Tan X, Liu K, Xin N. Hybrid nanoencapsulation 

systems: integrating natural polymers with synthetic 

nanomaterials for enhanced delivery of bioactive 

compounds in functional foods. Nanoscale Adv. 

2025;7(24):7867-7890.  

24. Jafari SM, McClements DJ. Nanotechnology approaches 

for increasing nutrient bioavailability. Adv Food Nutr 

Res. 2017;81:1-30.  

25. Assadpour E, Jafari SM. A systematic review on 

nanoencapsulation of food bioactive ingredients and 

nutraceuticals by various nanocarriers. Crit Rev Food Sci 

Nutr. 2019;59(19):3129-3151.  

26. Mateo Anson N, Hemery YM, Bast A, Haenen GR. 

Optimizing the bioactive potential of wheat bran by 

processing. Food Funct. 2012;3(4):362-375.  

27. Septembre-Malaterre A, Remize F, Poucheret P. Fruits 

and vegetables, as a source of nutritional compounds and 

phytochemicals: changes in bioactive compounds during 

lactic fermentation. Food Res Int. 2018;104:86-99.  

28. Ramachandran S, Singh SK, Larroche C, Soccol CR, 

Pandey A. Oil cakes and their biotechnological 

applications—a review. Bioresour Technol. 

2007;98(10):2000-2009.  

29. Mussatto SI, Dragone G, Roberto IC. Brewers' spent 

grain: generation, characteristics and potential 

applications. J Cereal Sci. 2006;43(1):1-14.  

30. Lynch KM, Steffen EJ, Arendt EK. Brewers' spent grain: 

a review with an emphasis on food and health. J Inst 

Brew. 2016;122(4):553-566.  

31. Mussatto SI, Machado EMS, Martins S, Teixeira JA. 

Production, composition, and application of coffee and 

its industrial residues. Food Bioprocess Technol. 

2011;4(5):661-672.  

32. Komes D, Belščak-Cvitanović A, Horžić D, Rusak G, 

Likić S, Berendika M. Phenolic composition and 

antioxidant properties of some traditionally used 

medicinal plants affected by the extraction time and 

hydrolysis. Phytochem Anal. 2011;22(2):172-180.  

http://www.agrifoodjournal.com/


 International Journal of Agriculture and Food Fermentation  www.agrifoodJournal.com  

 
 

    40 | P a g e  

 

33. Pandey A. Solid-state fermentation. Biochem Eng J. 

2003;13(2-3):81-84.  

34. Farinas CS. Developments in solid-state fermentation for 

the production of biomass-degrading enzymes. Curr Dev 

Biotechnol Bioeng. 2018;1:153-171.  

35. Raveschot C, Cudennec B, Coutte F, Flahaut C, Fremont 

M, Drider D, et al. Production of bioactive peptides by 

Lactobacillus species: from gene to application. Front 

Microbiol. 2018;9:2354.  

36. Lynch KM, Zannini E, Coffey A, Arendt EK. Lactic acid 

bacteria exopolysaccharides in foods and beverages: 

isolation, properties, characterization, and health 

benefits. Annu Rev Food Sci Technol. 2018;9:155-176.  

37. Lopes M, Miranda SM, Belo I. Microbial valorization of 

waste cooking oils for valuable compounds 

production—a review. Crit Rev Environ Sci Technol. 

2020;50(24):2583-2636.  

38. Ko JK, Enkh-Amgalan T, Gong G, Um Y, Lee SM. 

Improved lignocellulose degradation and fermentability 

of pretreated corn stover through a unique combination 

of simple chemical and biological methods. Bioresour 

Technol. 2020;297:122452.  

39. Jiang J, Zhang Y, Li K, Wang Q, Gong C, Li M. Volatile 

fatty acids production from food waste: effects of pH, 

temperature, and inoculum to substrate ratio. Bioresour 

Technol. 2013;148:573-580.  

40. Kleerebezem R, van Loosdrecht MC. Mixed culture 

biotechnology for bioenergy production. Curr Opin 

Biotechnol. 2007;18(3):207-212.  

41. Angenent LT, Richter H, Buckel W, Spirito CM, 

Steinbusch KJ, Plugge CM, et al. Chain elongation with 

reactor microbiomes: open-culture biotechnology to 

produce biochemicals. Environ Sci Technol. 

2016;50(6):2796-2810.  

42. Spirito CM, Richter H, Rabaey K, Stams AJ, Angenent 

LT. Chain elongation in anaerobic reactor microbiomes 

to recover resources from waste. Curr Opin Biotechnol. 

2014;27:115-122.  

43. Taherzadeh MJ, Karimi K. Pretreatment of 

lignocellulosic wastes to improve ethanol and biogas 

production: a review. Int J Mol Sci. 2008;9(9):1621-

1651.  

44. Gervais P, Molin P. The role of water in solid-state 

fermentation. Biochem Eng J. 2003;13(2-3):85-101.  

45. Soni SK, Soni R, Katoch M. Production of enzymes and 

value-added products from fruit and vegetable wastes: a 

review. J Food Sci Technol. 2021;58(11):4059-4073. 

 

How to Cite This Article  

Roberts EM, Schneider A. Valorization of agricultural by-

products through controlled fermentation and 

nanotechnology-enabled sustained release systems for 

functional food development and agro-food sustainability. 

International Journal of Agriculture and Food Fermentation. 

2026;2(1):33-40. 

 

Creative Commons (CC) License  

This is an open access journal, and articles are distributed 

under the terms of the Creative Commons Attribution 

NonCommercial-ShareAlike 4.0 International (CC BY-NC 

SA 4.0) License, which allows others to remix, tweak, and 

build upon the work non-commercially, as long as 

appropriate credit is given and the new creations are licensed 

under the identical terms 

http://www.agrifoodjournal.com/

