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Abstract: Fungi, including filamentous organisms such as yeasts, play essential roles in
various processes such as nutrient exchange in ecosystems, the cultivation of mushrooms,
and solid-state fermentation (SSF). SSF involves microbial growth on solid substrates with-
out free water, leading to the production of enzymes, bioactive compounds, and biofuels.
This fermentation method offers advantages like lower production costs, reduced waste
disposal issues, and the efficient utilization of agricultural residues and fruit and vegetable
by-products. Filamentous fungi excel in SSF due to their enzyme secretion capacity and
ability to produce valuable compounds. The process is influenced by biological, physico-
chemical, and environmental factors, requiring careful optimization for optimal results.
Fruit and vegetable by-products are increasingly recognized as valuable substrates for SSF,
offering rich sources of bioactive compounds and high nutritional value. The optimization
of SSF processes, compatibility with various substrates, and potential for producing diverse
value-added products make SSF a promising method for sustainable resource utilization
and enhanced product development. Future research should focus on improving pro-
cess efficiency, expanding the substrate range, enhancing product quality and yield, and
integrating SSF with other technologies for enhanced production capabilities.

Keywords: solid-state fermentation; fruit and vegetable by-products; mycoproteins;
phenols; mycelium; brewer’s spent grain; circularity

1. Introduction
Fungi are one of the most common and diverse organisms on Earth. Multicellular

fungi play a central role in bioconversion, as they can produce extracellular enzymes that
degrade organic matter into assimilable nutrients [1]. These organisms grow from filaments
(hyphae) that form the mycelium source of mycoproteins. Due to its natural adaptation
to growing on solid organic substances with low water content and ability to secrete a
variety of extracellular enzymes, fungi are highly suitable for application in fermentation
processes [2]. Fungal fermentation is widely applied in the production of enzymes, organic
acids, biofuels, and protein-rich food ingredients and is increasingly explored in solid-state
systems for sustainable solutions [3].

In solid-state fermentation (SSF), fungi grow on moist solid substrates, like those
used for mushroom cultivation, without the need for large volumes of free-flowing
liquid. This technique offers a sustainable way to utilize waste materials and can
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enhance the nutritional profile of the final product through fungal activity. This opens
the possibilities for the further exploration of using food waste streams for mushroom
cultivation via SSF.

Fungal fermentation could be applied to different substrates and enhance a substrate’s
nutritional profile. The traditional biomass for fungi cultivation includes agricultural
residues, forestry waste, and food processing by-products [4]. However, these substrates
can be limited to availability and can also be expensive due to other possibilities of use [5,6].

There are several factors to consider when choosing a substrate for the fungal fermen-
tation process. These include the availability of the substrate, the nutrient and moisture con-
tent, and also pH values [7]. Fruit and vegetable by-products vary in chemical composition
and moisture content, so it is important to choose the raw material that is appropriate for
the type of fungi being grown. Moreover, these organisms have different pH requirements,
and it is crucial to adjust the pH to meet the needs of the fungi’ growth conditions [8].

Fungi (particularly Basidiomycetes and some Ascomycetes) have a long history of medic-
inal use. Their fruit bodies, cultured mycelia, and broths contain various bioactive com-
pounds (polysaccharides, lectins, etc.) with demonstrated health benefits including an-
tioxidant, antiviral, and antitumor properties [9,10]. SSF offers a promising approach for
cultivating these medicinal mushrooms and their bioactive products from organic waste.
However, scaling up SSF processes presents challenges, particularly in maintaining a con-
sistent temperature throughout the substrate. Beyond medicinal mushrooms, SSF holds
potential for producing a diverse range of bioproducts, like biopesticides, biosurfactants,
and bioplastics, thereby utilizing waste materials in a sustainable manner.

This review focuses on the emerging applications of SSF, substrate selection, and
process optimization aspects. Special attention is given to the diversity of substrates
derived from fruit and vegetable by-products as well as crop residues or food industries’
waste. This review also examines critical process parameters–such as inoculum type,
moisture content, aeration, temperature, pH, and particle size–that influence fungal growth
and product yield in SSF systems. In addition, it explores current challenges in scaling
up SSF processes from the laboratory to the industrial scale. By integrating these aspects,
this review aims to highlight the potential of SSF as a sustainable platform for producing
high-value products in the context of the circular bioeconomy.

2. SSF
While SSF has ancient roots due to tempeh or miso production, modern advancements

have led to diverse SSF systems [11]. There are two main types of SSF systems: natural
substrate-based and inert support-based [12].

SSF has gained attention for its potential to produce enzymes and secondary metabo-
lites in higher quantities than submerged fermentation [13]. Filamentous fungi secrete
significantly more enzymes in SSF, and certain products like antibiotics and spores can only
be produced using this method [14]. Further research into this physiology will be crucial
for optimizing SSF processes, improving strains, and developing new technologies.

Filamentous fungi are the primary microorganisms employed in SSF. Their hyphal
growth pattern, tolerance to low water activity [15], and resistance to osmotic pressure
confer significant advantages over unicellular organisms in colonizing solid substrates
and utilizing nutrients. Filamentous fungi are prolific enzyme producers [16] capable of
synthesizing aromas [17] and health-promoting compounds [18] that are valuable to the
food industry. Additionally, they serve as natural antagonists to agricultural pests.

Strain selection is a critical aspect of SSF, particularly when aiming for commercially
competitive enzyme yields, i.e., for animal feed [19]. Careful screening of strains for
their ability to produce the desired end-product is essential. While fungal strains are



Fermentation 2025, 11, 351 3 of 20

commonly used for producing hydrolytic enzymes, bacteria also play a role in natural
fermentation applications like composting and food preservation. Several bacterial strains,
such as Staphylococcus sp. and Brevibacterium sp., have been successfully utilized for
enzyme production.

The latest advancements in SSF are characterized by a multidisciplinary approach, com-
bining cutting-edge biotechnological tools with innovative engineering solutions to enhance
efficiency, scalability, and the range of valuable products that can be obtained from agro-
industrial residues and food waste using fungal cultures. Novel physical pre-treatment
techniques like microwave [20] and ultrasound irradiation [21] are being optimized to
disrupt the recalcitrant structure of agro-residues and food waste, thus enhancing the ac-
cessibility of carbohydrates for fungal enzymes and improving overall bioconversion rates.
While physical pre-treatment techniques were previously used, biological pre-treatment
using specific enzymes or microbial consortia is gaining traction as an environmentally
friendly approach to delignify and modify substrates, leading to better fungal colonization
and enzyme production.

Metagenomics, transcriptomics, and proteomics [22] are providing deeper insights into
the complex microbial communities and metabolic pathways involved in SSF, allowing for
more rational process optimization. Machine learning and artificial intelligence algorithms
are being employed to analyze large datasets, predict optimal fermentation conditions, and
automate process control, leading to increased efficiency and reduced costs.

While enzyme production remains a key application, there is increasing interest
in using SSF to produce high-value compounds like nutraceuticals, biopharmaceuticals,
biopesticides, and specialty chemicals from agro-residues or food industries’ waste.

2.1. Parameters Which Influence the SSF Process

The efficiency and yield of the SSF process are profoundly influenced by a com-
plex interplay of various parameters, encompassing biological, physico-chemical, and
environmental factors, as delineated in Figure 1. These critical parameters include the
physico-chemical characteristics of the substrate and its nutritional composition (e.g., the
C:N ratio and the availability of micronutrients), thermodynamic conditions such as tem-
perature (influencing enzymatic kinetics and metabolic rates), gaseous phase dynamics
encompassing oxygen (O2) supply and carbon dioxide (CO2) removal, mass transfer mecha-
nisms like aeration and agitation, the physiological state and concentration of the inoculum,
the morphological attributes of the solid matrix (e.g., particle size and porosity), and hy-
drodynamic properties such as pH and moisture content (influencing water activity and
nutrient diffusion). The intricate interactions among these factors mean that their individ-
ual significance and synergistic effects can vary considerably depending on the specific
substrate employed, the selected filamentous fungal strain, and the operational scale and
technical parameters of the bioprocess.

Given that the majority of research in this field has historically concentrated on fungal
SSF, the subsequent discussion will primarily address fungal processes unless otherwise
noted, with a particular focus on how the optimized control of these parameters contributes
to the effective valorization of food industry waste, as highlighted by recent advancements
in fungal biomass fermentation.



Fermentation 2025, 11, 351 4 of 20

 
Figure 1. Effects which influence the SSF process and its interaction.

2.1.1. Inoculum Type

The use of spores as an inoculum in SSF offers several advantages over vegetative
cells. Spores can serve as biocatalysts, facilitating bioconversion reactions similar to those
performed by the mycelium. Additionally, spores are convenient, adaptable, and have a
longer shelf life, making them more resistant to handling errors. However, spores also have
drawbacks, including longer lag times, different optimal conditions for germination and
growth, and a larger inoculum requirement.

Spores are metabolically dormant, requiring activation and enzyme synthesis before
substrate utilization and growth. While some organisms necessitate a vegetative inoc-
ulant, the mycelial inoculum has been shown to yield higher protein content in certain
fermentation systems, such as wheat straw with Chaetomium cellulolyticum [23], due to
the immediate availability of enzymes. In the case of Aspergillus niger, phytase yield and
biomass formation have been demonstrated to be strongly correlated with inoculum age,
suggesting growth-associated phytase production [24].

Inoculum density is another crucial factor in SSF, influencing the overall fermentation
process [25]. Inoculum density refers to the concentration or amount of microorganisms
(fungal spores or mycelial fragments) introduced into a solid substrate for SSF. This param-
eter significantly influences the fermentation process, affecting factors such as the growth
rate and mycelial development [26]. Contamination risk: A higher inoculum density can
outcompete potential contaminants, reducing the risk of contamination [25]. Product yield
and quality: The optimal inoculum density can lead to higher product yields and improved
product quality, whereas excessive inoculum density may result in increased metabolic ac-
tivity and competition for resources, potentially affecting product formation [27]. Substrate
utilization: A higher inoculum density can more efficiently utilize the available nutrients in
the substrate.

In general, higher inoculum densities are typically used for faster growth and to
reduce contamination, while lower densities may be suitable for specific applications where
slower growth or controlled product formation is desired.

2.1.2. Substrate and Nutritional Factors

Solid substrates for SSF are primarily composed of polysaccharides like starch, cellu-
lose, and lignocellulose. These agricultural residues or byproducts serve as both structural
matrices and nutrient sources. Substrate preparation involves size reduction, hydroly-
sis, nutrient supplementation, and pH and moisture adjustment to enhance microbial
utilization [4].

Substrate selection is influenced by factors like the cost, availability, and heterogeneous
nature. Two primary SSF systems exist: natural substrate-based and inert support-based.
Natural substrates provide both structure and nutrients, while inert supports primarily
serve as anchors. Agro-industrial residues are often the preferred substrates due to their
nutrient content. Examples include sugarcane bagasse, wheat bran, rice straw, coconut
coir, banana waste, tea and coffee waste, cassava waste, and various agricultural by-
products [28].
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SSF processes using these substrates have diverse applications, including the produc-
tion of food, feed, enzymes, chemicals, ethanol, single-cell proteins, mushrooms, organic
acids, and secondary metabolites and dye degradation [29–31].

Sporulation in microorganisms is influenced by a variety of nutritional factors, includ-
ing carbon sources, nitrogen sources, minerals, and vitamins. Carbon provides the energy
necessary for growth and can be supplied as simple sugars (e.g., glucose) or complex
molecules (e.g., cellulose and starch). Nitrogen sources such as ammonium salts, nitrates,
urea, peptones, and amino acids stimulate fungal conidiation. Minerals like sodium, cal-
cium, nickel, copper, iron, manganese, potassium, zinc, magnesium, molybdenum, and
boron are also essential for sporulation. Additionally, certain organic compounds, includ-
ing vitamins and steroids, can enhance fungal sporulation when added to the growth
medium [32].

Biomass composition must be considered when formulating media. Cellular biomass
typically consists of 40–50% carbon, 30–50% oxygen, 6–8% hydrogen, and 3–12% nitro-
gen. While phosphorus, sulfur, and metals are also necessary, they are required in smaller
quantities. The carbon-to-nitrogen (C:N) ratio is a critical parameter for obtaining spe-
cific products in fermentation processes. A C:N ratio of 16 is often considered suitable,
but variations can occur depending on the relationship between product formation and
growth [33].

2.1.3. Particle Size

Substrate particle size is a critical factor in SSF, influencing system capacity, microbial
growth, and heat and mass transfer. A smaller particle size increases the surface area-to-
volume ratio, enhancing the accessibility of the substrate to microorganisms and improving
packing density. However, excessively small particles can lead to agglomeration, hindering
microbial respiration and aeration [34].

Particle size also affects oxygen transfer and heat exchange. Smaller particles facilitate
these processes, while larger particles may provide better respiration but limit the available
surface area for microbial activity. It is important to note that substrate particle size can
decrease during SSF due to degradation and erosion.

Optimizing particle size involves balancing the need for an adequate surface area for
microbial interaction with considerations for agglomeration, mass transfer, and heat ex-
change. Selecting the appropriate particle size range is essential for efficient SSF processes.

2.1.4. Moisture and Water Activity

Moisture content is a critical factor in SSF, influencing microbial growth, enzyme
stability, and substrate swelling. Optimal moisture levels must be maintained within
a specific range to prevent nutrient diffusion limitations, particle agglomeration, and
competition from bacteria. Maintaining appropriate water activity (Aw) is essential for
microbial growth and product formation.

Aw is a thermodynamic parameter that reflects the availability of water for reactions
within the solid substrate. It is influenced by the water-binding properties of the substrate
and can change during SSF due to dehydration and solute accumulation. Reduced Aw
can negatively impact microbial growth, extending lag phases, decreasing growth rates,
and limiting biomass production. Bacteria generally require higher Aw values for growth
compared to fungi, giving fungi a competitive advantage in SSF environments [35].

Measuring water activity is crucial for monitoring and controlling SSF processes.
Various methods and equipment can be used to assess the pressure difference between the
substrate and the gaseous phase in equilibrium. Maintaining a water activity value close to
one is often desirable for optimal spore production.
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Water content and water activity are interconnected, with changes in one affecting
the other. While fermentation can increase water activity due to water co-production,
evaporative losses may counteract this effect. The precise control of moisture content
and water activity is essential for successful SSF, requiring careful consideration during
substrate preparation and process management [15].

2.1.5. pH

pH is a critical parameter in fermentation processes and is influenced by metabolic
activities. The secretion of organic acids can lead to pH reduction, while the assimilation of
organic acids or urea hydrolysis can cause pH elevation. Each microorganism has a specific
pH range for optimal growth and activity. Filamentous fungi generally exhibit a wider
pH tolerance (2–9) compared to yeasts (4–5). This pH versatility can be advantageous in
preventing bacterial contamination by maintaining a lower pH [36].

pH control is challenging in SSF due to the heterogeneous nature of the system and
limitations in equipment and electrodes for measuring pH in solid materials. pH changes
can be attributed to the nitrogen source and the growth characteristics of the microorganism.

To address pH variability in SSF, substrate formulation and buffering can be employed.
Using urea as a nitrogen source instead of ammonium salts can help control the pH [37].
Incorporating buffering agents that do not interfere with biological activity can also mitigate
pH fluctuations.

2.1.6. Temperature

Temperature is a crucial factor in SSF, influencing growth, enzyme production, and
metabolite formation. Fungi exhibit a wide temperature tolerance, but the optimal tem-
perature for growth may differ from that for product formation. Mesophilic strains are
commonly used in SSF, but temperature control can be challenging due to the low thermal
conductivity of solid substrates and the static nature of many SSF processes [38]. Heat
generation, influenced by metabolic activity and moisture content, can create thermal
gradients within the substrate.

Heat removal is another critical aspect of SSF. Forced aeration is a common method
for dissipating heat, but the proper control of airflow and humidity is essential to prevent
adverse effects. Evaporative cooling can be effective in removing heat but may lead to
moisture loss, requiring water addition to maintain optimal moisture levels [37].

Temperature significantly impacts biological processes, including protein denaturation,
enzyme inhibition, metabolite production, and cell death. Understanding and controlling
temperature is essential for optimizing SSF processes and ensuring desired outcomes.

2.1.7. Aeration and Agitation

Aeration and agitation are critical parameters in SSF, influencing oxygen transfer, heat
exchange, and mass transport within the heterogeneous system. Aeration provides oxygen,
removes carbon dioxide and other volatile metabolites, and dissipates heat. The aeration
rate is determined by factors like microbial growth requirements, metabolite production,
and heat evolution [25].

Oxygen transfer rates are influenced by various factors, including air pressure, flow
rate, substrate porosity, bed depth, vessel design, moisture content, and reactor geometry.
To express aeration intensity independently of scale, intensive values are used. Air quality
at the fermenter inlet is also essential. Airflow is a primary method for heat removal, with
water evaporation and environmental heat transfer also contributing to temperature control.

Agitation is crucial for ensuring homogeneity, providing a gas–liquid interface, and
enhancing mass and heat transfer. It allows for homogeneous water addition to compensate
for evaporative losses [39]. However, agitation can affect substrate properties, such as
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agglomeration and structural integrity. The suitability of agitation depends on the microor-
ganism, substrate, and reactor design. While agitation can improve product yields, it may
also negatively impact growth, substrate porosity, and mycelial attachment.

Intermittent agitation may be more appropriate for certain SSF processes to prevent
damage to the mycelia and maintain the substrate structure. The choice between agitated
and static reactors depends on the specific process, product, and desired outcomes.

2.1.8. O2 and CO2

Aeration plays a multifaceted role in SSF, influencing aerobic conditions, carbon
dioxide desorption, temperature regulation, and moisture control. The gas environment
significantly impacts biomass and enzyme production. SSF’s open structure facilitates
oxygen diffusion into the substrate, minimizing oxygen limitations. The high contact
surface between the gas phase, substrate, and aerial mycelium further enhances oxygen
transfer [40,41].

Controlling the gas phase and airflow is a straightforward method for regulating gas
transfer. The theoretical respiratory quotient (RQ) of aerobic microorganisms is 1.0. An RQ
below 1.0 indicates insufficient oxygen transfer, leading to impaired growth.

The oxygen uptake rate (OUR) and the carbon dioxide production rate (CDPR) are
widely used for estimating growth in SSF. These measurements offer rapid response times
and direct insights into microbial metabolism. By evaluating yield coefficients, microbial
biomass can be estimated from OUR and CDPR data, although these coefficients may vary
with the growth rate [42].

2.2. Applications of SSF

SSF offers a wide range of applications with significant economic potential, particularly
in low-technology settings. Numerous studies have explored the diverse applications of
SSF, which include traditional fermented foods [43] (e.g., koji, tempeh, and ragi) and
high-value compounds (enzymes, organic acids, biopesticides, biofuel, and flavors).

In recent years, SSF has emerged as a valuable tool for environmental remediation, ad-
dressing issues such as the bioremediation of hazardous compounds and the detoxification of
agro-industrial residues. Table 1 provides a comprehensive overview of SSF applications across
various economic sectors, including fermentation, agriculture, and environmental control.

Table 1. Overview of SFF applications [44].

Sector Application Examples References

Industrial

Enzymes production Amylases, amyl glucosidase, cellulases, proteases, pectinases,
xylanases, and glucoamylases [19,45–48]

Bioactive products Mycotoxins, gibberellins, alkaloids, antibiotics, and hormones [45,49–51]
Organic acid production Citric acid, fumaric acid, itaconic acid, lactic acid [38,52–55]

Biofuel Ethanol production [56–58]
Miscellaneous compounds Pigments, biosurfactants, vitamins, and xantham [59–62]

Agri-food
Biotransformation of crop

residues

Buckwheat, traditional fermented foods (Koji, sake, ragi, and
tempeh), protein enrichment, single-cell protein production,

and mushroom production
[26,63–68]

Food additives Aroma compounds, dyestuffs, essential fat, and organic acids [69–71]

Environmental
control

Bioremediation and
biodegradation of hazardous

compounds

Caffeinated residues, pesticides, and polychlorinated
biphenyls (PCBs) [72–74]

Biological detoxification of
agro-industrial wastes Coffee pulp, cassava peels, canola meal, and coffee husk [75–79]
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3. Fruit and Vegetable By-Products as a Substrate for SSF
Fruits and vegetables constitute a significant portion of global food consumption

but contribute disproportionately to food waste. The increasing global population and
technological advancements have exacerbated the imbalance between supply and demand,
leading to a rise in food wastage. While source reduction and recycling are promising
strategies, a further evaluation of their economic and environmental impacts is warranted.
Residues of primary processing of fruits and vegetables are valued materials due to their
chemical compounds, structure, and composition for SSF [80]; they are used as precursors
for the formation of new metabolites [81]. The list of fruit and vegetable by-products can
be found in Figure 2.

Figure 2. List of fruit and vegetable by-products that can be used as substrates in SSF systems.

Fruits and vegetables are a rich source of dietary components essential for human
health. They contain carbohydrates, acids, minerals, polyphenols, water-soluble vitamins
(C and B-complex), provitamin A, amino acids, aromatic compounds, carotenoids, fibers,
phytosterols, and other bioactive substances. Their water content typically ranges from
70 to 90%, with lipids concentrated primarily in seeds, and their protein content is generally
low [82].

Fruit and vegetable consumption is associated with a reduced risk of chronic diseases
like cancer, heart disease, and stroke [83]. This is likely due to the presence of bioactive
compounds. Additionally, fruit juices are low in sodium and potassium, contributing
to healthy blood pressure, and their lack of fat benefits the cardiovascular system. Some
studies suggest potential benefits for Alzheimer’s disease and cancer prevention [84]. While
consumption has increased in recent decades, it remains below recommended levels.

Fruits, vegetables, and their by-products are valuable sources for extracting bioactive
compounds used in nutraceuticals and functional foods. Functional foods are processed
or natural foods with demonstrated health benefits beyond basic nutrition. They may
have increased levels of beneficial compounds, reduce undesirable components, or added
functional ingredients [85]. Fruits and vegetables themselves can be considered functional
foods due to their content of health-promoting bioactive compounds [86].

Fruit and vegetable residues (FVRs) represent a significant source of waste generated
by the food processing industry. The high carbohydrate content of these residues, ranging
from 20–30% dry weight in citrus pulps to 60–70% dry weight in potato peels, makes them
promising substrates for fermentation processes.

FVRs can be valorized through various approaches, including biofuel production and
the extraction of bioactive compounds. Bioethanol, biobutanol, biomethane, biohydrogen,
and organic acids can be obtained from FVRs via fermentation [47]. Additionally, extraction
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techniques can be employed to isolate bioactive compounds such as phenolic compounds
from olive, orange, tomato, and raspberry [87] waste.

A literature search revealed a growing interest in utilizing FVRs for biofuel and
bioactive compound production. Cassava, potato, orange, and coffee waste was frequently
studied for biofuel production [88], while olive, orange, and tomato waste was commonly
used for extracting phenolic compounds [89].

Recommendations and future perspectives are provided to guide the development
of techno-economically efficient waste management techniques for fruit and vegetable
valorization. An example of FVR fermentation processes is shown in Figure 3.

Figure 3. Example of fruit and vegetable by-product solid-state fungal fermentation steps.

3.1. Variety of Bioactive Compounds in Fruit and Vegetable By-Products

Bioactive compounds from fruit and vegetable by-products, with their potential to
mitigate the risk of various diseases, have garnered significant research attention. Studies
have demonstrated the association between bioactive compound intake and reduced risk of
cardiovascular disease, cancer, and degenerative diseases. The antioxidant activity of these
compounds, which neutralize free radicals, plays a crucial role in their health-promoting
effects [90].

Fruit and vegetable waste (FVW) contains a diverse array of bioactive fractions, in-
cluding carbohydrates, proteins, lipids, and secondary metabolites. Polysaccharides in
FVW have been identified as anticancer and anti-inflammatory agents [91]. Moreover, the
protein content of fruit and vegetable seeds, when hydrolyzed, releases bioactive peptides
with pharmacological properties. Additionally, FVW contains bioactive lipids such as
carotenoids, sterols, and fatty acids. Groups of chemicals and compounds from a particular
FVW are listed in Figure 4.

Figure 4. List of bioactive compounds that can be found in fruit and vegetable by-products.

The potential of FVW as a source of bioactive compounds, particularly polysaccharides,
has gained increasing interest [92]. Researchers have explored the use of FVW as substrates
for obtaining secondary metabolites, including polyphenols [93], alkaloids, and volatile
acids [94].

3.2. Fruit and Vegetable By-Product Use in SSF

Fungi are among the earliest microorganisms exploited for fermentation processes.
Their ability to synthesize a diverse range of extracellular enzymes, antibiotics, and pig-
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ments has made them ideal for utilizing vegetable waste [95]. Examples of fermentation
products include lactic acid [96], functional carbohydrates, organic acids, carotenoids, and
enzymes like glycosidases and lipases. Additionally, fungal fermentation has been em-
ployed to enhance the nutritional properties of substrates, such as increasing the fiber and
protein content [97].

Aspergillus species have been extensively used for producing enzymes with technolog-
ical applications. Xylanases, phytases, α-amylases, proteases, and lipases are examples of
enzymes obtained through fungal fermentation of various agricultural residues including
fruit and vegetable by-products such as tomatoes pomace [98].

Fungal fermentation is also employed for producing natural pigments from corn cobs,
such as those generated by Monascus purpureus, which also yields an anti-hypercholesterolemic
agent [99].

The fermentation of agri-food waste including fruit and vegetable by-products using
fungal species can lead to the simultaneous production of multiple value-added ingredients.
For example, olive-mill wastewater fermentation with Yarrowia lipolytica produces citric
acid and oleic acid [100], while a combination of Aspergillus, Pleurotus, and Hericium
spp. can generate fractions rich in polyphenols, antioxidants, and fiber from cooked
maize residue [101]. The diverse metabolic capabilities of fungi offer opportunities for
designing fermentation strategies that maximize the sustainable production of value-added
ingredients from vegetable waste.

4. Brewer’s Spent Grain (BSG) as a Substrate for SSF
One of the biggest waste producers are breweries where brewing generates significant

quantities of BSG, a by-product primarily composed of barley husks. While traditionally
disposed of as waste, BSG presents opportunities for valorization due to its high carbohy-
drate content. BSG production is substantial, with an estimated 4.5 × 1010 kg generated
annually worldwide. Its disposal through landfills or animal feed has environmental draw-
backs, including methane emissions from ruminant livestock and uncontrolled anaerobic
fermentation in landfills [102].

The application of BSG as a primary substrate in SSF represents a compelling and
increasingly explored avenue for biowaste valorization. While BSG’s potential as an
animal feed component is well-established, its direct utilization as a structured matrix for
microbial cultivation in SSF offers a novel approach to harness its inherent lignocellulosic
and proteinaceous composition [103]. This strategy moves beyond simple disposal or low-
value applications, enabling the production of higher-value bioproducts such as enzymes,
organic acids [104], biofuels, and protein-enriched food [105] and feed. The inherent solid
nature and nutrient richness of BSG [106] provide a cost-effective and environmentally
sound platform for microbial growth and biotransformation, positioning it as a promising
substrate for sustainable biotechnology and circular economy initiatives within the brewing
and related industries.

4.1. Variety of Bioactive Compounds in BSG

According to the different sources, BSG’s chemical composition, which is presented in
Figure 5, can vary significantly due to factors like barley variety, harvest conditions, and
processing methods [107]. While primarily consisting of recalcitrant barley husks, BSG also
contains portions of the endosperm, including starch, proteins, and lipids.
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Figure 5. Chemical composition of BSG according to different sources.

Non-starch polysaccharides (NSPs) dominate BSG composition, accounting for over
60% of the dry weight. Arabinoxylan is the most abundant NSP, followed by lignin. Protein
content is also substantial, ranging from 10 to 26% [108].

Lignocellulosic compounds, including cellulose, hemicellulose, and lignin, form the
structural components of plant cell walls. Cellulose is a linear polymer of glucose units,
while hemicellulose is a branched heteropolymer primarily composed of arabinoxylan.
Lignin is a complex phenolic polymer that provides structural rigidity and resistance to
microbial degradation [109].

The heterogeneous nature of lignocellulosic compounds, including their branching
and varying degrees of polymerization, makes them challenging to degrade enzymatically.
This resistance is further compounded by the presence of lignin, which binds and inhibits
hydrolytic enzymes. BSG’s lignocellulosic composition is similar to other agricultural
and industrial waste streams, suggesting that similar biovalorization techniques could be
applied to these materials [102]. Wet corn distillers’ grain and barley straws are examples
of other lignocellulosic-rich byproducts.

BSG also consists of several types of phenols including

1. Hydroxycinnamic acids which include ferulic acid, p-coumaric acid, and caffeic acid,
which have antioxidant and anti-inflammatory properties [110];

2. Flavonoids like catechins, quercetin, and rutin, which are known for their antioxidants,
anti-inflammatory, and anticancer activities [111];

3. Resveratrol is a prominent stilbene found in BSG, as it is known for its antioxidant
and cardioprotective effects [112].

Other bioactive compounds present in BSG include

1. Tocopherols and vitamin E compounds with antioxidant properties [113];
2. Carotenoids, including beta-carotene, have antioxidant and pro-vitamin A activi-

ties [114];
3. Phytosterols which are plant-derived sterols which have cholesterol-lowering ef-

fects [115].

The specific composition of phenols and other bioactive compounds in BSG can vary
depending on factors such as barley variety, malting conditions, and brewing processes.
These compounds contribute to the nutritional value and functional properties of BSG,
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making it a promising substrate to produce nutraceuticals, functional foods, and other
value-added products [116].

4.2. BSG Use in Fungal SSF

Lignocellulosic polymers, such as cellulose, hemicellulose, and lignin, are recalcitrant
to human digestion but serve as nutrient sources for microorganisms, particularly fungi.
Fungi are well-adapted to degrade these compounds, as they encounter similar materials
in their natural environments. The complex structure of hemicellulose and lignin requires
a suite of enzymes for complete hydrolysis. Arabinoxylan, a major component of BSG, is
particularly challenging to degrade due to its structural complexity. Filamentous fungi pro-
duce a variety of enzymes capable of penetrating the lignocellulosic matrix and degrading
its components. BSG’s moisture content falls within the optimal range for SSF processes,
making it a suitable substrate without requiring additional drying or water addition [117].

Fungal species can work synergistically to degrade lignocellulosic compounds.
Xylanase enzymes, including endo-β-1,4-xylanase and β-D-xylosidase, are crucial for
arabinoxylan degradation. Accessory enzymes like α-L-arabinofuranosidase and β-
glucuronidase can also contribute to the process [48].

SSF is a well-suited bioreactor model for the fungal degradation of BSG. Its solid-state
nature and high density provide an optimal environment for filamentous fungi. This
approach offers a more cost-effective alternative to traditional methods involving heat,
chemicals, and purchased enzymes [103].

5. Challenges, Economics, and Future Prospects
Fruit and vegetable by-products are promising alternative substrates for fungi and

fungal culture cultivation. They are a renewable resource that is available in large quantities.
They are also a good source of nutrients for fungi, including carbon, nitrogen, calcium,
phosphorus, potassium, and other minerals [118]. The use of fruit and vegetable by-
products in mushroom cultivation can help to reduce major food waste and environmental
problems while enhancing circular economy approaches. Reusing fruit and vegetable
by-products as raw materials for fungal fermentation could divert these substances from
landfills and incinerators to create value-added biobased products.

Challenges to BSG utilization as food industries’ waste include its high moisture
content, which makes it unsuitable for combustion-based energy generation, and the
dispersed nature of breweries, which increases transportation costs. Microbial spoilage can
also occur during storage and transfer if BSG is not properly cooled [107].

From an economic perspective, the choice between SSF and submerged fermentation
for fungal biomass valorization, particularly using food industry waste, presents a com-
plex trade-off between capital expenditure (CAPEX) and operational expenditure (OPEX).
SSF typically demonstrates lower initial capital investment due to simpler bioreactor de-
signs, reduced requirements for extensive agitation and aeration systems, and minimized
downstream processing complexity when the entire fermented solid can be utilized [119].
Furthermore, the utilization of readily available, low-cost agro-industrial residues as sub-
strates significantly reduces raw material costs, a major contributor to overall production
expenses (often exceeding 40% in bioprocesses) [120]. This advantage is particularly pro-
nounced in waste valorization schemes, where SSF can concurrently address waste disposal
challenges. Conversely, submerged fermentation, while offering superior control over
process parameters and generally achieving higher microbial growth rates and productivity
due to homogenous nutrient distribution, often necessitates more sophisticated bioreactors,
stringent sterilization protocols, and elaborate product recovery and purification stages,
contributing to a higher CAPEX and energy consumption [121]. However, the inherent
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challenges in large-scale SSF operations, such as difficulties in heat removal and ensur-
ing uniform conditions, can lead to lower overall yields in scaled-up systems for certain
products compared to well-established submerged fermentation processes, potentially im-
pacting economic feasibility if high volumetric productivity is paramount. Future research
endeavors are focused on optimizing SSF bioreactor designs and implementing advanced
process control strategies to mitigate these scalability limitations, thereby enhancing the
economic competitiveness and broader industrial applicability of SSF for the sustainable
valorization of food industry by-products [122,123].

There are advantages and disadvantages of SSF listed in Table 2, along with its’
future prospects.

Table 2. Advantages and disadvantages of SSF and future potential [124].

Advantages of SSF Disadvantages of SSF Future Potential

SSF utilizes readily available low-cost
agricultural waste materials,

reducing production costs and waste
disposal problems [5]

Due to the lower water content,
microorganisms in SSF generally

grow slower compared to submerged
fermentation. This can lead to longer

production times and potentially
lower yields.

Genetic engineering of fungi benefits
for SSF to produce valuable

chemicals [125,126]

Produces a wide range of valuable
products like enzymes, antibiotics,

and biofuels [19]

The precise monitoring of factors like
oxygen, carbon dioxide, and

moisture becomes more difficult in
solid substrates. This can make it

trickier to maintain optimal
conditions for growth and product

formation [127].

SSF may see increased use in
producing specialty food items like
fermented vegetables, mushrooms,

and koji (a fermented grain
product) [26]

SSF generally requires less complex
equipment and lower energy

consumption compared to
submerged fermentation

Not all microorganisms thrive in
low-moisture environments. SSF is

particularly well-suited for fungi but
may not be ideal for bacteria that
require higher water availability.

SSF’s ability to produce concentrated,
valuable products like enzymes and
pharmaceuticals makes it attractive

for biorefinery application [12]

The solid substrate provides a
physical barrier that can help
minimize contamination from

unwanted microorganisms

Scaling up SSF from laboratory
settings to industrial production can
be challenging. Maintaining uniform
conditions throughout a large solid

substrate can be difficult to
achieve [2].

Combining SSF with other
fermentation methods or

downstream processing techniques
could lead to more efficient and

cost-effective production of desired
products [26,75,127]

While SSF offers compelling advantages rooted in its ecological and economic sus-
tainability, particularly its inherent capacity to valorize diverse, low-cost agro-industrial
by-products as substrates, thereby mitigating waste disposal challenges and reducing
production expenses, its industrial application is often constrained by specific intrinsic
limitations. The inherent low water activity characteristic of SSF environments, while
providing a physical barrier to contamination by undesirable microorganisms as a key ad-
vantage over submerged fermentation [125], concurrently impedes the kinetics of microbial
growth and mass transfer, often resulting in prolonged fermentation cycles and potentially
constrained volumetric productivities [128]. This reduced moisture content also exacerbates
the challenge of precise, real-time monitoring and the dynamic control of critical process
parameters such as oxygen tension, carbon dioxide accumulation, and moisture gradients
within the heterogeneous solid matrix, leading to spatial and temporal heterogeneities that
can compromise optimal bioprocess performance and product consistency [129].
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The most significant impediment to the widespread industrial adoption of SSF remains
the formidable challenge of process scalability. Translating successful laboratory-scale
SSF operations to industrial production is complicated by the difficulty in maintaining
uniform temperature profiles, gas exchange, and moisture distribution throughout large-
volume solid beds, often leading to issues such as localized overheating, anoxia, and
desiccation [130].

However, cutting-edge research and engineering innovations are actively addressing
these trade-offs. Advances in bioreactor design are crucial, with the development of novel
configurations such as optimized packed-bed bioreactors, intermittently mixed rotating
drums, and fluidized bed systems aimed at enhancing heat and mass transfer efficiency
and promoting homogeneity across larger scales [131]. The integration of advanced sensor
technologies and computational fluid dynamics (CFD) modeling is enabling more accu-
rate, in situ monitoring of key parameters like oxygen consumption and water activity,
facilitating the implementation of sophisticated feedback control strategies that mitigate
heterogeneity issues and optimize process conditions [130]. Moreover, ongoing efforts
in microbial strain engineering are developing robust fungal strains with enhanced toler-
ance to a broader range of water activities and improved metabolic efficiencies under SSF
conditions. These concerted advancements in bioreactor technology, process control, and
microbial biotechnology are progressively overcoming historical limitations, positioning
SSF as a more competitive and industrially viable platform for sustainable bioproduction
from complex organic residues.

6. Conclusions
SSF stands as a highly sustainable and ecologically advantageous bioprocess for

valorizing a diverse array of low-cost, readily available substrates, including various fruit
and vegetable waste streams, agro-industrial residues like brewers’ spent grain, and other
food industry or agricultural by-products. By strategically cultivating fungal strains on
these matrices, SSF not only facilitates the production of a wide range of value-added
compounds—from enzymes and bioactive molecules to enhanced nutritional profiles in
fermented biomass—but also critically contributes to waste reduction and circular economy
initiatives. The efficiency of this bioconversion hinges on the precise optimization of
key parameters, such as substrate selection, nutritional supplementation, inoculum type,
physiological state, moisture content, water activity, pH, temperature, and the specific
aeration and agitation strategies employed. Achieving optimal conditions across these
interconnected factors is paramount for maximizing product yield, ensuring product
quality, and mitigating contamination risks.

Despite its inherent advantages and broad applications, from traditional fermented
foods to high-value industrial products, the widespread industrial adoption of SSF faces
identifiable scaling challenges. The inherent heterogeneity of solid substrates complicates
uniform heat and mass transfer, leading to issues like localized temperature gradients,
oxygen depletion, and uneven moisture distribution in large-scale bioreactors. Addressing
these engineering bottlenecks is crucial for transitioning SSF from laboratory success to
industrial viability.

Future research and development could focus on improving process efficiency by
optimizing SSF parameters, developing advanced bioreactors, and enhancing scale-up
capabilities, as well as expanding the substrate range by exploring new and unconventional
substrates for SSF, enhancing product yield and quality by developing strategies to increase
the production of desired compounds and improve their quality, and integrating SSF with
other technologies by combining SSF with downstream processing techniques to create
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novel products or improve production efficiency. By addressing these areas, SSF can
continue to play a vital role in sustainable production and resource utilization.
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