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Editorial

Fermentation and Bioprocess Engineering Processes

Ali Demirci 1,*, Irfan Turhan 2 and Ehsan Mahdinia 3

1 Department of Agricultural and Biological Engineering, Pennsylvania State University,
University Park, PA 16802, USA

2 Department of Food Engineering, Akdeniz University, Antalya 07058, Türkiye; iturhan@akdeniz.edu.tr
3 Pharma & Biotech, Mettler-Toledo Process Analytic Inc., 900 Middlesex Turnpike, Building 8,
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Valorization of waste materials into valuable resources through biotechnological
methods has received great attention in recent years due to sustainability and environmental
concerns. This approach is also compatible with the principles of the circular economy,
where waste is seen as a potential raw material for the production of high-value products.
The early stages of these approaches usually involve processes such as fermentation and
microbial transformation, which offer promising solutions to environmental problems. The
term fermentation refers to practices that employ microbial cells as factories to produce
value-added products, and the practical application of fermentation goes back as far as
the beginnings of human-recorded history; long before cells were even discovered as units
of life!

However, microbial bioprocesses are still sometimes considered modern inventions
since the advanced biomanufacturing industry is now utilizing recombinant technologies
that emerged in the 80s and the bioreactor designs in large-scale stainless-steel vessels that
came about shortly before that. Today, after only a few decades, microbial fermentation
has become the foundation of a thriving biotech industry with production at an impressive
large scale.

Many food or agricultural wastes are converted into biogas through anaerobic diges-
tion. Similarly, syngas fermentation utilizes microbial electrocatalysts to convert gasified
biomass into alcohols. Thus, a suitable alternative path for sustainable biofuel production
emerges. It is part of a growing trend to utilize microbial fermentation to recycle waste sub-
strates, such as fatty acids from wastewater and organic residues in mushroom cultivation,
into useful products.

Additionally, the production of bioactive compounds such as polysaccharides,
menaquinone-7, and natural flavors through microbial fermentation shows that fermenta-
tion technology can be used in many areas. This method offers environmentally friendly
production routes that support the food, pharmaceutical, and cosmetic industries. Tech-
niques such as thermophilic anaerobic fermentation and online fermentation optimization
reflect advances in bioprocess efficiency by adapting fermentation conditions in real time
to accommodate industrial scale-up.

This Special Issue has, therefore, been undertaken to provide some updates in this
area. As a result, several novel approaches and cutting-edge research are featured, all at
the frontiers of different sectors of biotech and employing microbial fermentation.

• Across Agricultural Biotech (Green Biotechnology), studies here have investigated
physicochemical methods to improve efficiency of anaerobic digestors employed for
food waste valorization and the production of biofertilizers. Other researchers looked

Processes 2025, 13, 598 https://doi.org/10.3390/pr13030598
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into wastewater valorization of mushroom cultures to enhance lipid fermentation in
yeast. Complementing their efforts, another study illustrated the benefits of pretreating
brewers’ spent grain to improve volatile fatty acid production through thermophilic
anaerobic fermentation [1–3].

• Looking into Industrial Biotech (White Biotechnology), our colleagues characterized
novel acetogens to produce C2–C6 alcohols from syngas [4,5].

• In Food Biotech (Yellow Biotechnology), the research teams produced and character-
ized Kombucha tea from different sources of tea and were able to model kinetics of its
production [6–8].

• As an effort in Nutraceuticals Biotech (Orange Biotechnology), fermentation of
Menaquinone-7 (vitamin K2) was reviewed and the influence of environmental factors
and storage conditions on the isomer profile was highlighted [9,10].

• And finally, in Pharma Biotech (Red Biotechnology) researchers screened Bacillus
strains to ferment Dendrobium officinale into polysaccharides and, furthermore, investi-
gate these polysaccharides for skincare applications [11,12].

This convergence of waste utilization and microbial synthesis demonstrates the po-
tential for innovation in the field of biotechnology that promotes resource efficiency and
environmental sustainability. Through optimized fermentation strategies and bioprocessing
technologies, the aim is to facilitate the creation of value-added products, increase economic
sustainability and reduce our ecological footprint. Ongoing research and development in
these areas holds the promise of transforming industries by increasing resilience in the face
of global sustainability challenges.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

Evaluating Potentials of Activated Carbon, Inoculum Diversity,
and Total Solids Content for Improved Digestate Quality in
Anaerobic Food Waste Treatment

Julius G. Akinbomi 1, Regina J. Patinvoh 1, Omotoyosi S. Atunrase 1, Benjamin C. Onyenuwe 1,

Chibuike N. Emereonye 1, Joshua F. Ajeigbe 1 and Mohammad J. Taherzadeh 2,*

1 Department of Chemical Engineering, Faculty of Engineering, Lagos State University Ojo,
Lagos 100268, Nigeria; julius.akinbomi@lasu.edu.ng (J.G.A.); queenpat6@gmail.com (R.J.P.);
omotoyosiatunrase@gmail.com (O.S.A.); onyenuweben@gmail.com (B.C.O.);
emereonyenoel50@gmail.com (C.N.E.); ajeigbef@gmail.com (J.F.A.)

2 Swedish Centre for Resource Recovery, University of Borås, 50190 Borås, Sweden
* Correspondence: mohammad.taherzadeh@hb.se; Tel.: +46-(0)33-435-5908

Abstract: The potential presence of toxic compounds in the digestate obtained from the
anaerobic digestion of biodegradable waste restricts its application as a biofertilizer for soil
conditioning and plant growth enhancement. The aim of this study was to assess digestate
quality in terms of plant nutrient composition by evaluating the effects of activated carbon
supplementation, inoculum source, and total solids content in the anaerobic digestion
medium. The anaerobic digestion of food waste was conducted over a 60-day period at
25 ◦C in a 2.5 L bioreactor. The results demonstrated that inoculum diversity significantly
impacted the digestate composition, particularly the zinc nutrient, with a p-value of 0.0054.
This suggests that microbial diversity influences the valorization of organic waste into
biofertilizer. However, the effects of inoculum diversity on other nutrients, aside from
zinc, were not significant due to substantial interaction effects. Furthermore, assessing
the impact of activated carbon supplementation proved challenging, as it was analyzed as
part of a subset of the other two factors. The results of the digestate composition analysis
indicated that activated carbon supplementation exhibited some influence on nutrient
composition, necessitating further research to elucidate its significance. The findings of this
study may contribute to enhancing the quality of digestate as a biofertilizer.

Keywords: anaerobic digestion; food wastes; total solids; activated carbon; digestates;
toxicity; biofertilizer

1. Introduction

The global food production rate is approaching a critical juncture where it will no
longer be able to sustain the exponential population growth. This situation presents a
significant risk of widespread hunger and malnutrition, affecting a large portion of the
global population. According to the United Nations’ 2030 Agenda for Sustainable De-
velopment Goals (SDGs), approximately 821 million people worldwide were chronically
undernourished in 2017, while 148 million children were malnourished in 2022 [1–4]. By
2030, it is projected that around 600 million people globally will face acute hunger [1–4].
This alarming statistic can be directly attributed to the adverse effects of environmental
degradation, drought, and biodiversity loss. The mismanagement of generated waste and
the excessive use of inorganic or synthetic fertilizers can lead to environmental degrada-
tion, drought, and biodiversity loss, which negatively impact the social, economic, and

Processes 2025, 13, 382 https://doi.org/10.3390/pr13020382
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environmental sustainability of a country. Burning or landfilling waste is a common yet
environmentally harmful method that many developing countries use for waste disposal.
Additionally, farmers heavily rely on synthetic or inorganic fertilizers for soil conditioning
to enhance plant growth and productivity. While the use of synthetic fertilizers can increase
food production, excessive application is associated with adverse effects such as soil and
crop degradation, human health risks, groundwater contamination from leached nutrients,
and increased crop susceptibility to diseases. Clearly, burning and landfilling waste, along
with the excessive use of synthetic fertilizers, are unsustainable practices that hinder the
achievement of sustainable development in any country [5].

One sustainable technique for addressing the challenges mentioned above is the
adoption of anaerobic digestion (AD) technology [6,7]. AD is a process that breaks down
biodegradable or organic waste in the absence of oxygen through microbial activity. This
process produces biogas and digestate, which can be used for energy and soil conditioning,
respectively. Anaerobic digestion technology can effectively serve as a waste management
solution, converting waste into valuable resources such as biogas (an energy source) and
digestate (as a biofertilizer). Anaerobic digestate is the liquid residue from the anaerobic
digestion of organic materials. It contains undigested feedstock, microbial biomass, and
their metabolites. Organic materials, such as food waste, contain nutrients (both macro- and
micronutrients) that are released and stored as digestate components during the digestion
process. Therefore, applying digestate as a biofertilizer offers several benefits, including
soil amendments and improved crop productivity, without the associated health risks.
Utilizing digestate as a biofertilizer also conserves resources that would otherwise be used
in the production of inorganic chemical fertilizers. Unlike inorganic fertilizers, digestate is
an organic alternative that enhances soil organic matter and microbial content, improves
soil bulk density and fertility, and increases the nutrient and water absorption capacity of
plants. Additionally, applying digestate for soil conditioning supports carbon sequestration,
contributing to the mitigation of global warming.

The nutrient composition of soil plays a crucial role in the effectiveness of soil fer-
tilization and crop productivity. Plants require a total of eighteen essential elements to
support their growth, development, and overall health. These elements include both non-
mineral nutrients, such as carbon, hydrogen, and oxygen, which plants acquire directly
from atmospheric carbon dioxide and water, and various mineral nutrients absorbed from
soil. These essential elements are categorized based on the quantities needed by plants:
primary macronutrients, secondary or major nutrients, and micronutrients. The primary
macronutrients—nitrogen (N), phosphorus (P), and potassium (K)—are required in the
largest amounts and are fundamental to several key physiological processes. Nitrogen is
vital for protein synthesis, chlorophyll formation, and overall plant growth; phosphorus
is essential for energy transfer via ATP (adenosine triphosphate), root development, and
photosynthesis; and potassium is necessary for regulating various metabolic processes,
including carbohydrate and starch synthesis, enzyme activation, and maintaining water
balance within plant cells [8].

Secondary or major nutrients include calcium (Ca), magnesium (Mg), and sulfur (S).
Although these elements are required in smaller quantities than primary macronutrients,
they are equally important. Calcium contributes to soil improvement by facilitating soil
aggregation and enhancing nutrient uptake and cell wall development within the plant.
Magnesium is a central component of the chlorophyll molecule, which is essential for
photosynthesis, and also acts as a cofactor in numerous enzymatic reactions. Sulfur is
involved in the synthesis of amino acids, proteins, and vitamins and plays a role in enzyme
function and chlorophyll formation. Micronutrients include elements such as boron (B),
chlorine (Cl), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), cobalt (Co),

5
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nickel (Ni), and zinc (Zn), which are required only in trace amounts but are indispensable
for various biochemical and physiological functions. For example, iron is crucial for chloro-
phyll synthesis and acts as a catalyst in several enzymatic reactions; zinc plays a role in
protein synthesis, growth regulation, and hormone production; and manganese is involved
in photosynthesis, nitrogen metabolism, and the formation of essential enzymes. These nu-
trients are absorbed from soil through the plant’s root system, and for optimal plant growth,
it is essential that all macronutrients are present in adequate quantities and balanced pro-
portions. Sufficient nitrogen levels, for example, ensure robust vegetative growth; adequate
phosphorus supports strong root systems and efficient energy transfer; and sufficient
potassium enhances the plant’s ability to synthesize carbohydrates and starches, which are
critical for energy storage and structural integrity [9]. While secondary nutrients are needed
in smaller amounts, they still play a significant role in plant health by facilitating processes
such as soil acidification (calcium), photosynthetic efficiency (magnesium), and protein
synthesis (sulfur). Micronutrients, though required only in trace amounts [10], are vital
for specific enzymatic activities and overall plant metabolism. Given the complexity and
interdependence of these nutrients, it is crucial that any fertilizer used—whether synthetic
or organic, including digestate—contains the appropriate concentrations of these essential
elements. This ensures that plants receive a balanced supply of nutrients necessary for
healthy growth, optimal agricultural productivity, and soil health maintenance. Effective
nutrient management through balanced fertilization is fundamental to sustainable farming
practices and helps prevent nutrient deficiencies or toxicities that can negatively affect plant
health and crop yields.

Meanwhile, the inorganic nutrients (such as nitrogen, phosphorus, and potassium)
present in the digestate after the anaerobic digestion process are often the same as those
found in the feedstock used during digestion, since microorganisms primarily degrade the
organic or carbon component of the feedstock. As a result, the quality of digestate as a
biofertilizer depends on its composition, which in turn is influenced by both the feedstock
composition and the conditions of the anaerobic digestion process. However, it is important
to note that digestate may contain toxic compounds, such as heavy metals (e.g., palladium,
cadmium, chromium, nickel, copper, and zinc) and organic contaminants (e.g., monocyclic
aromatics, polychlorinated dibenzodioxins, polychlorinated dibenzofurans, phthalic acid
esters, organochlorinated pesticides, chlorobenzenes, amines, nitrosamines, and phenols).
Ideally, digestate should be free from toxic substances that could lead to soil degradation or
impede crop growth. Therefore, it is crucial to minimize the release of toxic substances from
both the feedstock and the anaerobic digestion process. As a result, various techniques
have been employed in previous studies to enhance digestate quality, including the use
of specialized digesters [11], nitrification processes [12,13], struvite precipitation [14] to
reduce high levels of ammonium ions (NH4+), and dilution or biochar methods to mitigate
sodium chloride and NH4+ toxicity [15–17] in digestate products.

The activated carbon supplementation of the digestion media or vermicomposting
of the digestate prior to its application as a biofertilizer can effectively remove toxic com-
pounds from the digestate, thereby ensuring that humans and animals are not exposed
to contaminated plants and water. Activated carbon has been extensively studied for its
ability to adsorb inhibitory compounds. It has also been shown that activated carbon sup-
plementation enhances the stability of anaerobic digestion operations, increases methane
production, and improves the removal of color from digestates produced during the diges-
tion process [18–21]. Additionally, the solid content, or total solids, of the biodegradable
substrate is a crucial factor that influences anaerobic digestion. The total solids content in
biodegradable wastes can range from low to high, depending on whether it is less than or
equal to 10% or greater than or equal to 20%, respectively [22]. While low-solid anaerobic
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digestion is commonly practiced, high-solid anaerobic digestion is becoming more popular
due to its associated benefits, such as water conservation and a smaller digester footprint.
However, high-solid AD processes can affect stability and performance if not properly
managed. The success of the AD process depends on how well various influencing factors
are managed, including temperature, pressure, pH, inhibitors, organic loading rate, reten-
tion time, and others. Furthermore, the importance of inoculum in the anaerobic digestion
process cannot be overstated, as it provides the microorganisms necessary for improving
substrate biodegradability and converting it into products like digestate [23,24].

Limited research has been conducted on the influence of inoculum diversity, digestion
type (high- or low-solid digestion), and activated carbon supplementation on the reduc-
tion in toxicity (specifically high heavy metal content) in digestate products. Therefore,
the primary objectives of this study were to assess the feasibility of using either low- or
high-solid anaerobic digestion processes for the valorization of food waste into biofertilizer,
investigate the impact of activated carbon supplementation, and examine the effects of
various inoculum sources on the digestion process, with a specific focus on improving the
quality of the digestate produced. This study investigated how variations in feedstock total
solids, inoculum source, and activated carbon supplementation affect digestate quality,
particularly in terms of reducing heavy metal content. It is hypothesized that activated
carbon, due to its porous structure and capacity to adsorb substances, can help mitigate the
concentration of toxic compounds in digestate. Typically, farmers are reluctant to use diges-
tate as a biofertilizer due to concerns that it may contain toxic compounds, such as heavy
metals and certain organic substances, which could negatively impact crop growth. The
presence of these toxic compounds presents a challenge for the widespread use of digestate
as a biofertilizer. Therefore, the findings from this study are expected to help develop
standard techniques for minimizing digestate toxicity, thereby enhancing its commercial
application as a biofertilizer for soil conditioning and crop growth improvement.

2. Materials and Methods

2.1. Materials

The food waste mixture, consisting of vegetable leftovers, rice, and cassava flour, was
the main feedstock used for anaerobic digestion. The food waste was collected from various
local restaurants around Lagos State University (Epe, Lagos, Nigeria), while the chicken
dung used as inoculum was obtained from a local poultry farm. After collection, the food
waste was blended and stored in a refrigerator at 4 ◦C until it was used. Before samples
were taken from the food waste and inoculum for experimentation, they were thoroughly
mixed to ensure homogeneity. The materials and equipment used in this experiment
included a 2.5 L reactor, a 10 L capacity container for initial digestion, a furnace, pressure
gauges, gas pipes, hose connectors, gas valves, a blender, measuring bottles, a pH meter,
1 L measuring cylinders, beakers, an oven, desiccators, a beehive shelf, a retort stand, a
mixing container, a weighing balance, a trough for holding carbon dioxide (CO2) solution
for gas absorption, Topgit gum, sodium hydroxide (NaOH), and hydrochloric acid (HCl)
reagents (Figure 1).

2.2. Experimental Methods

The experimental procedure involved the anaerobic digestion of food waste at 25 ◦C
in a 2.5 L reactor with an active volume of 1.5 L. Three experimental setups—blank, control,
and activated carbon supplementation—were studied for comparative analysis. The blank
setup contained a fixed mixture of inoculum and water only; the control setup had a fixed
mixture of inoculum, food waste, and water; and the activated carbon supplementation
setup [25] included a fixed mixture of inoculum, food waste, activated carbon, and water
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(Table 1). This study investigated the effects of three factors: total solids, inoculum source,
and activated carbon supplementation. Three types of inoculums were used during this
experiment: chicken dung, partially digested food waste, and a mixture of chicken dung
and partially digested food waste. The partially digested food waste was prepared by
placing the waste in a covered 10 L plastic container and allowing it to undergo anaerobic
digestion for 30 days.

(a) 

 
(b) 

Component 

No 

Component Name 

1 Plastic digester 

2 Three-oulet 

instrument 

3 Thermometer 

4 Biogas hose 

5 Measuring cylinder 

6 Retort stand 

7 Clamp 

8 Trough for NaOH 

solution 

9 Beehive shelf 

10 Pressure gauge 

 

Figure 1. Experimental setup (a) without internals and (b) with internals.
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The activated carbon used in this experiment was obtained by chemically activating
the carbon black residue from rubber tire pyrolysis. The carbon black produced during
the pyrolysis of discarded rubber tires was ground into pellets and subjected to chemical
activation using a 2 M potassium hydroxide (KOH) solution. Approximately 200 g of the
ground carbon was impregnated with 200 g of 2 M KOH in a 1000 mL measuring cylinder
at room temperature for 24 h. After this period, the impregnated material was packed into
plastic containers. The digestion medium was supplemented with activated carbon at a
mass concentration of 15 g/dm3. The amount of activated carbon used was based on the
optimal value used in a research study by Zhang et al. [25]. The surface area of the activated
carbon was determined using the Brunauer–Emmett–Teller (BET) equation to calculate the
nitrogen quantity required to form a monolayer on the activated carbon surface. Initial
contaminants, including water and carbon dioxide (CO2), on the activated carbon surface
were removed by pretreating the carbon with heat and vacuum. After pretreatment, carbon
was cooled to cryogenic temperatures under vacuum by dosing it with liquid nitrogen in
controlled increments while allowing the pressure to equilibrate [26]. The pore volume
and pore size distribution were determined by gradually increasing the gas pressure until
all the pores on the activated carbon were filled with liquid. The gas pressure was then
reduced to evaporate the condensed gas from the activated carbon. Pore volume and pore
size were calculated using methods such as BJH (Barrett–Joyner–Halenda) or DFT (Density
Functional Theory) to evaluate the adsorption and desorption isotherms [26].

The components of the different experimental setups were thoroughly mixed and
poured into their respective 2.5 L reactors. The total solids in the reactor volume for
each experimental setup were approximately 15% for the low-solid anaerobic digestion
process and 24% for the high-solid anaerobic digestion process. The pH of each reactor
was adjusted to 7.0 using 2 M sodium hydroxide (NaOH) and hydrochloric acid (HCl)
solutions. A specialized instrument with three spouts—one for the inlet feed hose, one for
the pressure gauge, and one for the gas hose—was used to seal each reactor and ensure air-
tight connections without any leakage. The gas hose was directed into a 1000 mL measuring
cylinder containing distilled water, which was supported by a beehive shelf placed over
the cylinder’s mouth. The measuring cylinder was carefully inverted and placed in a
trough containing a molar NaOH solution. The anaerobic digestion of food waste was
conducted as a semi-continuous process for 60 days at 25 ◦C in a 2.5 L plastic reactor vessel
with an active volume of 1.5 L. The experimental assays, which were triplicated for each
observation, were allowed to settle for three days before gas production was measured. At
specific intervals, gas valves were opened to allow biogas buildup in the digester to escape
through the hose into the cylinder. The biogas generated in the reactor passed through the
beehive shelf into the cylinder, displacing a corresponding amount of water. The amount
of water displaced in the cylinder was equal to the volume of methane gas produced. Since
the primary focus of this study was on digestate production, biogas was neither measured
nor stored.

2.3. Analytical Methods

The procedure for analyzing the experimental samples was conducted in two phases.
The first phase involved the collection of samples of food waste (substrate), inoculum,
and carbon black in sample bottles for Brunauer–Emmett–Teller (BET) analysis, Scanning
Electron Microscopy–Energy-Dispersive X-ray (SEM-EDX; Thermo Fischer, Waltham, MA,
USA) analysis, and proximate analysis, prior to the commencement of the anaerobic diges-
tion process. BET analysis, using a BET surface area analyzer (Quantachrome NOvaWin
1994–2013, version 11.03, UK), was performed to determine the specific surface area, pore
size, and pore volume of the activated carbon used [27]. SEM-EDX analysis was employed

10



Processes 2025, 13, 382

to assess the elemental composition of the activated carbon before its supplementation in
this experiment [28]. Proximate analysis was conducted to determine the percentage con-
centration of moisture, ash, ether extract (EE), crude fiber (CF), crude protein (CP), cellulose,
hemicellulose, lignin, and total solids content in the inoculum and food waste [29].

The second phase involved the collection of digestate products from the various exper-
imental setups for plant nutrient composition analysis. Analyses for BET, SEM-EDX, and
proximate compositions were carried out at the National Animal Production Research Insti-
tute, Ahmadu Bello University (Zaria, Nigeria), while plant nutrient composition analysis
was performed at Amalab Laboratory Services Limited (Ibadan, Oyo State, Nigeria).

2.4. Statistical Analyses

A two-way ANOVA (analysis of variance) was performed using Excel software
(Microsoft® Excel® 2016 MSO, version 2501 Build 16.0.18429.20044) to analyze the re-
sults obtained from the experimental work. For the activated carbon factor, there were
two levels: with activated carbon (1) and without activated carbon (0). For the total solids
content factor, there were two levels: high solid content and low solid content. For the
inoculum diversity factor, there were two types of inocula based on the total solids content.
For high solid content, the inoculum types were either chicken dung or a mixture of chicken
dung and partially digested food waste. For low solid content, the inoculum types were
either a mixture of chicken dung and partially digested food waste or just partially digested
food waste.

The two-way ANOVA was used to determine whether total solids content or inoculum
diversity influenced differences in digestate nutrient composition and to identify any
interaction effects between the two factors. Total solids content and inoculum diversity were
the two main factors analyzed, while the third factor (activated carbon supplementation)
was treated as a subset of the other two factors. A pre-determined alpha (α)-level of
0.05 was selected as the criterion for determining whether the effect of each factor was
significant. If the p-value was less than or equal to the alpha (α)-level of 0.05, the effect
of the factor was considered significant, indicating that the means for that factor were
significantly different. Conversely, if the p-value was greater than 0.05, the effect of the
factor was deemed not significant. Additionally, if the interaction effect was significant
(p < 0.05), this suggested that the effects of each factor were different at varying levels of
the other factor, meaning the individual effects were not independent.

3. Results and Discussion

The primary objective of this study was to determine the influence of total solids
content, inoculum source, and activated carbon supplementation on the quality of digestate
products, with a specific focus on the composition of plant nutrients.

3.1. Effects of Total Solids on Digestate Composition

The effects of total solids content, inoculum source, and activated carbon supple-
mentation on digestate quality in relation to plant nutrient compositions were evaluated
through a semi-continuous anaerobic digestion process of food waste over a 60-day period
at 25 ◦C in a 2.5 L plastic reactor vessel with an active volume of 1.5 L. The analysis used to
determine the percentage concentration of moisture, ash, ether extract, crude fiber, crude
protein, cellulose, hemicellulose, lignin, and total solids content of the inoculum and food
waste is presented in Figure 2. The results showed that food waste comprised both organic
and inorganic components. The organic component consisted of the digestible portion
(volatile solids: 29.70% and ether extract or crude lipids: 22.18%), while the non-digestible
portion included crude fiber (2.70%), cellulose (2.23%), hemicellulose (1.66%), and lignin
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(1.30%). The inorganic component included crude protein (total nitrogen: 4.25%) and ash
(1.13%). The total solids content in the food waste was 31.38%, indicating a substantial
amount of substrate available for conversion into valuable resources, such as digestate
(biofertilizer). The digestate products included both digested and undigested feedstock
components, as well as microbial biomass produced during the anaerobic digestion process.
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Figure 2. Compositions of food waste and inoculum used in this study.

Table 2 presents the nutrient compositions of the digestate products obtained from the
anaerobic digestion of food waste. To assess the impact of low and high solid contents on the
feedstock, a two-way ANOVA was employed to determine the significance of these factors
in digestate nutrient composition (Table 3). Using a pre-determined α-level of 0.05 as the
criterion for statistical significance, it is evident from Table 3 that the interaction effects
of the factors on digestate nutrient composition are significant for all nutrients except
for zinc, which showed an interaction effect with a p-value of 0.295415. This p-value
exceeds the pre-determined α-level of 0.05, indicating that the interaction effects are not
statistically significant. As a result, the effects of each factor are considered relevant.
However, the results in Table 3 indicate that the effect of total solids content on the digestate
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zinc composition was not significant, as the p-value of 0.951393 is greater than the pre-
determined α-level of 0.05.

Table 2. Triplicated values of digestate nutrient compositions from anaerobic digestion of food wastes
at different total solid contents.

S/N Inoculum Type Digestion Media
N

(g/kg)
P

(g/kg)
K

(g/kg)
Ca

(g/kg)
Mg

(g/kg)
Na

(g/kg)
Mn

(g/kg)
Fe

(g/kg)
Cu

((g/kg)
Zn

(g/kg)

(A) High-Solid Digestion

1

With chicken dung
and partially
digested food

waste as inoculum

Food wastes with
activated carbon

R1 16.90 23.80 12.90 87.00 11.10 7.91 0.20 2.92 0.07 1.18
R2 17.20 24.10 13.10 89.20 9.80 8.32 0.41 2.62 0.13 1.20
R3 16.90 24.10 13.00 90.80 9.10 8.07 0.29 2.86 0.10 1.22

Food wastes
without activated
carbon (control)

R1 15.70 20.80 10.80 73.00 7.90 7.01 0.32 2.72 0.05 1.01
R2 16.10 21.30 11.20 75.20 11.20 7.25 0.27 2.66 0.04 0.99
R3 16.20 20.90 11.00 76.80 10.90 6.74 0.31 2.72 0.03 1.00

2 With chicken dung
as inoculum

Food wastes with
activated carbon

R1 13.80 36.80 47.80 143.00 15.70 12.54 0.64 5.13 0.43 0.73
R2 14.30 37.20 48.20 145.20 16.10 12.13 0.60 5.31 0.05 0.66
R3 13.90 37.00 48.00 146.80 16.20 11.33 0.56 5.16 0.12 0.71

Food wastes
without activated
carbon (control)

R1 16.90 35.90 16.80 144.00 15.10 5.55 0.48 4.53 0.09 0.39
R2 17.30 36.30 17.30 146.10 16.20 5.67 0.48 4.61 0.12 0.41
R3 16.80 35.80 16.90 147.90 16.70 6.48 0.54 4.66 0.72 0.40

(B) Low-Solid Digestion

1

With chicken dung
and partially
digested food

waste as inoculum

Food wastes with
activated carbon

R1 19.70 9.00 7.90 24.80 0.00 12.10 0.08 0.29 0.00 1.44
R2 20.40 10.20 8.20 25.20 2.00 11.97 0.13 0.31 0.00 0.87
R3 19.90 10.80 7.90 25.00 1.00 11.63 0.09 0.30 0.00 0.97

Food wastes
without activated
carbon (control)

R1 19.90 11.90 5.70 28.70 0.00 12.89 0.19 0.19 0.00 0.29
R2 20.20 12.30 6.20 29.10 3.00 13.10 0.01 0.22 0.00 0.29
R3 19.90 11.80 6.10 29.20 0.00 13.01 0.10 0.19 0.00 0.32

2
With partially
digested food

waste as inoculum

Food wastes with
activated carbon

R1 14.70 18.70 34.8 96.80 11.00 14.22 0.39 3.30 0.00 2.65
R2 15.30 19.40 35.3 97.20 13.20 14.44 0.39 3.34 0.00 2.74
R3 15.00 18.90 34.9 97.00 14.80 15.12 0.42 3.26 0.00 2.71

Food wastes
without activated
carbon (Control)

R1 17.90 26.70 21.8 99.80 11.00 13.77 0.38 3.15 0.11 0.38
R2 18.20 27.20 22.3 102.00 12.30 14.02 0.42 3.07 0.11 0.39
R3 17.90 27.10 21.9 98.20 12.70 13.61 0.40 3.08 0.08 0.43

R1—experimental assay 1; R2—experimental assay 2 (replicate); R3—experimental assay 3 (replicate).
N = nitrogen; P = phosphorus; K = potassium; Ca = calcium; Mg = magnesium; Na = sodium; Mn = man-
ganese; Fe = iron; Cu = copper; Zn = zinc.

3.2. Effects of Activated Carbon Supplementation on Digestate Composition

Activated carbon was added to the anaerobic digestion media to mitigate inhibitory
compounds that could impair process performance and affect the quality of the digestate
products. The activated carbon used had a surface area, pore volume, and pore size of
627.50 m2/g, 0.221 cm3/g, and 65.38 Å, respectively. The elemental composition analysis
of the activated carbon showed that it contained aluminum (33.01%), carbon (15.73%), sili-
con (12.99%), sulfur (12.67%), potassium (9.77%), calcium (3.62%), silver (2.82%), chlorine
(1.98%), sodium (1.93%), oxygen (1.52%), magnesium (1.50%), phosphorus (1.46%), and
titanium (1.01%). The presence of other elements alongside carbon may have originated
from pyrolyzed rubber tires and the activating agent (KOH) used in the production of
activated carbon. The digestion medium in the reactor’s working volume was supple-
mented with 15 g/dm3 of activated carbon, based on the optimal amount used in a study
by Zhang et al. [22].

The effects of activated carbon supplementation on digestate nutrient composition
were difficult to assess directly, as total solids content and inoculum diversity were the
two main factors analyzed, with activated carbon supplementation as a subset of these fac-
tors. However, the results in Table 2 indicate that, in the high-solid anaerobic digestion pro-
cess, the augmented media (with activated carbon) had significantly higher concentrations
of nutrients, including nitrogen, phosphorus, potassium, calcium, iron, copper, and zinc.
Conversely, in the low-solid anaerobic digestion process, only potassium, iron, and zinc had
higher concentrations in the augmented media compared to the non-augmented media.
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The application of activated carbon supplementation to digestate composition may
have a positive impact on the anaerobic digestion process. This could lead to improvements
in the process and a more effective management of the factors that influence it. Activated
carbon supplementation has the potential to enhance the quality of digestate as a biofertil-
izer due to its high surface area, which enables it to adsorb toxic compounds. Additionally,
it facilitates the microbial degradation of food waste during digestion, improves soil water
retention, and prevents nutrient leaching during soil fertilization [30].

3.3. Effects of Inoculum Source on Digestate Composition

The significance of inoculum activity in anaerobic processes cannot be overstated, as it
acts as a catalyst to enhance anaerobic digestion. Inoculum from diverse sources may exhibit
varying effects during the digestion process due to species differences. Therefore, investigating
the impact of inoculum source on digestate composition is essential. The findings from this
study, as shown in Table 3, indicate that the effects of inoculum diversity on digestate nutrient
composition are significant only for the digestate zinc composition. Notably, the interaction
effects of the factors involved were not significant. The results show that the effects of inoculum
diversity on digestate zinc composition were significant, with a p-value of 0.005408.

A further enhancement in digestate quality, as demonstrated in this study, will make
digestate suitable for use as an organic fertilizer, as it contains a substantial concentration
of essential elements necessary for plant growth. Additional research findings [30–32] also
support the potential of digestates from food waste and other organic substances to be
used as biofertilizers for soil amendments and crop production improvement. Several
studies have elucidated the impact of various factors, such as inoculum source or type [33],
substrate solubility [34–37], and activated carbon supplementation [38], on enhancing the
stability of the anaerobic digestion process. This, in turn, leads to improvements in the
quality of digestate products. Beyond its utility as a soil fertilizer, the application of diges-
tate can help mitigate the depletion of resources required for the production of inorganic
chemical fertilizers, thus promoting sustainability and environmental protection [39,40].

4. Conclusions and Future Work

This study explored the feasibility of utilizing feedstock total solids content, inoculum
species diversity, and activated carbon supplementation to enhance the quality of digestate
products derived from the anaerobic digestion of food waste. Statistical analysis revealed
that using a diverse inoculum species significantly impacted digestate quality, specifically
regarding zinc composition. The p-value for the influence of inoculum diversity on zinc
composition was 0.005408, indicating substantial effects. In contrast, the influence of total
solids on digestate nutrient composition was not significant for zinc composition, as the
p-value was 0.951393, which is greater than the pre-determined α-level of 0.05. The effects of
activated carbon supplementation were inconclusive, as it was considered as a subset of the
other two factors (inoculum diversity and total solids content). However, the digestate nutrient
composition table suggested that activated carbon supplementation did have some impact on
nutrient compositions, showing higher concentrations of certain nutrients when compared
to non-augmented media, especially under both low- and high-solid anaerobic digestion
conditions. This suggests that activated carbon supplementation may influence digestate
nutrient compositions, warranting further investigation into its significance. Future research
will focus on maximizing the effects of activated carbon supplementation and total solids
content while exploring other techniques (including the use of vermicompost digestate as a
biofertilizer) to enhance digestate quality. This will help make the process more economically,
socially, and environmentally sustainable. Such efforts will facilitate the widespread adoption
of digestate as a biofertilizer, contributing to environmental, social, and economic well-being.
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ANOVA Analysis of variance
ATP Adenosine triphosphate
BET Brunauer–Emmett–Teller
BJH Barrett–Joyner–Halenda
Ca Calcium
CF Crude fiber
CO2 Carbon (iv) oxide
CP Crude protein
Cu Copper
DFT Density Functional Theory
EE Ether extract
dF Degrees of freedom
F F value from the F-test
F-crit F-critical value
Fe Iron
HCl Hydrochloric acid
K Potassium
KOH Potassium hydroxide
Mg Magnesium
Mn Manganese
MS Mean sum of squares
Na Sodium
NaOH Sodium hydroxide
N Nitrogen
P Phosphorus
R1 Experimental assay 1
R2 Experimental assay 2 (replicate)
R3 Experimental assay 3 (replicate)
SDGs Sustainable Development Goals
SEM-EDX Scanning Electron Microscopy–Energy-Dispersive X-ray
SS Sum of squares
Zn Zinc
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Abstract: This review focuses on the physical disruption techniques in extracting intracellular com-
pounds, a critical step that significantly impacts yield and purity. Traditional chemical extraction
methods, though long-established, face challenges related to cost and environmental sustainability.
In response to these limitations, this paper highlights the growing shift towards physical disruption
methods—high-pressure homogenization, ultrasonication, milling, and pulsed electric fields—as
promising alternatives. These methods are applicable across various cell types, including bacteria,
yeast, and algae. Physical disruption techniques achieve relatively high yields without degrading the
bioactivity of the compounds. These techniques, utilizing physical forces to break cell membranes,
offer promising extraction efficiency, with reduced environmental impacts, making them attractive op-
tions for sustainable and effective intracellular compound extraction. High-pressure homogenization
is particularly effective for large-scale extracting of bioactive compounds from cultivated microbial
cells. Ultrasonication is well-suited for small to medium-scale applications, especially for extracting
heat-sensitive compounds. Milling is advantageous for tough-walled cells, while pulsed electric field
offers gentle, non-thermal, and highly selective extraction. This review compares the advantages and
limitations of each method, emphasizing its potential for recovering various intracellular compounds.
Additionally, it identifies key research challenges that need to be addressed to advance the field of
physical extractions.

Keywords: cell disruption; microorganisms; extraction; milling; high-pressure homogenization;
ultrasound; pulsed electric field

1. Introduction

Intracellular compounds, ranging from proteins to lipids to pigments, are crucial in
various industries, including biotechnology, biofuels, and pharmaceuticals [1–4]. These
compounds are essential for producing bio-based products that serve as key ingredients
in animal feed, food, and medical applications. For instance, proteins derived from algal
proteins are increasingly used as nutritional supplements or as animal feed ingredients [5].
The extraction of intracellular compounds from microbial cells, particularly those produced
through fermentation processes, is a critical step that determines the yield, purity, and
functionality of the final products. In fermentation, microorganisms like bacteria, yeast,
and algae are cultured to produce a wide array of intracellular compounds. These com-
pounds have diverse applications, from biofuels, where algal lipids are converted into
renewable energy sources, to pharmaceuticals, where intracellular proteins contribute to
the development of therapeutic agents [6]. Furthermore, pigments synthesized intracel-
lularly through fermentation are used in various sectors, including food and cosmetics,
underscoring the broad utility of these bio-derived substances [7]. Efficient recovery of
these compounds is, therefore, vital to both the functionality of the final product and the
efficacy and sustainability of biomanufacturing processes [6].
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Downstream processing, which involves the recovery and purification of intracellular
compounds, is a crucial phase to ensure product yield and quality [8]. However, traditional
chemical methods for intracellular compound extraction often struggle to achieve both
recovery efficiency and the preservation of compound integrity. Solvent extraction, a
widely used approach, can degrade sensitive intracellular compounds, compromising
their stability and functionality. Moreover, the environmental impact of solvent use—
along with the high operational costs associated with solvent recovery, waste management,
and disposal—pose significant sustainability and economic challenges [9]. Furthermore,
scalability poses an additional barrier, as techniques that work well at a laboratory scale
may not be transferable to industrial-scale applications [10,11]. To address some of these
limitations, biological approaches such as the enzymatic disruption of cell walls are also
employed for intracellular compound extraction. Enzymes offer a more selective and
gentler approach to cell disruption, targeting specific cell walls or membrane components
to release desired intracellular compounds. One of the key advantages of enzymatic
methods is their environmentally friendly nature, requiring lower energy inputs and
reducing the need for harsh chemicals. Moreover, they are highly effective at preserving
the functionality and structure of intracellular compounds. However, enzymatic processes
are hindered by their slow reaction rates and high operation costs. Their efficacy can be
inconsistent, varying with different cell types [12], and the need for precise control over
reaction conditions, such as temperature and pH, adds to the complexity and cost of the
process [13]. Moreover, enzymatic extraction faces challenges in scaling up for industrial
applications. The cost and limited availability of certain enzymes, along with the difficulty
of replicating optimal process conditions required for enzymes, can further restrict their
application in large-scale operations.

Given the limitations of chemical and enzymatic methods, there has been a growing focus
on the development of physical disruption techniques for intracellular compound extraction.
These methods, which include high-pressure homogenization, ultrasonication, mechanical
milling, and pulsed electric field, primarily apply physical forces to disrupt the cell wall or
membrane, allowing the release of intracellular products. They offer a promising alternative to
conventional chemical and biological approaches [14–19]. The shift toward physical methods
is driven by their potential to enhance extraction efficiency, reduce operational costs, and
minimize environmental impacts [20]. Ultrasonication, for example, uses high-frequency
sound waves to induce cavitation phenomena in the liquid medium and within cells. When
these bubbles collapse, they generate localized shear forces that can break open microbial
cells, making this method particularly effective for disrupting a wide range of cell types [14].
High-pressure homogenization, on the other hand, forces cell suspensions through a narrow
orifice at extremely high pressure, causing intense high shear forces that rupture the cells [16].
These methods offer a viable path to cost-effective and environmentally friendly intracellular
compound extraction. These methods have also been shown to achieve high yields of target
valuable intracellular compounds while preserving their bioactivity. This makes them ideal for
industries that rely on the recovery of functional proteins, lipids, pigments, and other high-value
products from microbial cells. As industries continue to prioritize green technologies, physical
disruption methods present a viable path toward large-scale, sustainable, and cost-effective
intracellular product recovery.

In this review, we delve into the principles and applications of various physical cell dis-
ruption techniques for the recovery of intracellular compounds. By investigating methods
like high-pressure homogenization, ultrasonication, milling, and pulsed electric fields, we
aim to highlight how these physical approaches are transforming the field of intracellular
compound extraction and being investigated for different applications. Unlike chemical
and biological methods, which have been extensively studied and applied, physical meth-
ods have received comparatively less attention in the literature. Our review uniquely fills
this gap by providing an in-depth analysis of the mechanisms underlying each method, as
well as exploring their diverse potential applications across various microorganisms and
intracellular compounds. This review also offers critical insights into how these methods
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work at a fundamental level and the advantages and limitations of each technique, pay-
ing special attention to the conditions under which they excel. By integrating the latest
research and technological advancements, we provide a comprehensive understanding
on how these methods can be implemented in small and industrial scales. Ultimately, this
review underscores the transformative potential of physical cell description techniques,
positioning them as critical tools for advancing intracellular compound extraction in a
sustainable, scalable, and cost-effective manner.

2. Physical Methods for Intracellular Compound Extraction

2.1. High-Pressure Homogenization

High-pressure homogenization (HPH) is a widely used method to disrupt cells for
recovering intracellular materials [16]. A schematic diagram of high-pressure homogenizer
is presented in Figure 1. In this process, a cell suspension is forced through a narrow valve
under a high pressure, typically ranging from 10 to 300 MPa. When the cell suspension exits
the valve, it experiences an intense pressure drop. As the velocity of the cell suspension
changes, shear force is generated, breaking cell walls. High turbulence is generated by the
high-speed flow through the narrow valve. Cavitation releases energy, creating mechan-
ical damage to cell walls [21–24]. The combination of high turbulence, shear force, and
cavitation breaks cells and releases intracellular contents. The cell disruption using high-
pressure homogenization allows for the extraction and isolation of valuable substances
from intracellular space. This method is efficient, scalable, and can be precisely controlled
to maximize yield and preserve the functionality of the extracted compounds.

Figure 1. A schematic diagram of high-pressure homogenization to disrupt cells. The cell suspension
exits the valve and it experiences an intense pressure drop, generating high turbulence, shear force,
and cavitation to break cells.

Many studies have reported using HPH to break microalgae cells for extracting various
intracellular compounds (Table 1). For instance, high-pressure homogenization was used
to break the cellular and chloroplast membranes of the microalgae Porphyridium cruentum
to release B-Phycoerythrin, an intracellular pigment, and proteins [25]. The study explored
various pressures and the number of homogenizations passes. A critical pressure point was
identified at 100 MPa. Below this threshold, the chloroplasts membrane was only slightly
damaged, resulting in a low B-Phycoerythrin and protein release. In contrast, pressures
above 100 MPa effectively broke the cells, releasing significantly more B-Phycoerythrin.
This is because pigments like B-Phycoerythrin are confined to chloroplasts, while other
water-soluble proteins are also found in the cytoplasm. Operating at lower pressures
may cause plasma membrane penetration, releasing proteins from the cytoplasm but
not as effectively breaking down the chloroplasts. In the study of Zhang et al., HPH
was applied to the microalgae Parachlorella kessleri, which is known for its high content of
proteins, carbohydrates, and lipids, to recover intracellular compounds [26]. The microalgal
suspension was passed through a high-pressure homogenizer at various pressures of
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40, 80, and 120 MPa, for breaking cell walls. The study showed that the amount of
protein released significantly increased with higher pressures and more passes through
the high-pressure homogenizer. At 40 MPa, the protein concentration released increased
from 250 to 919 mg/L after 10 passes. At 80 MPa, it rose from 500 to 2352 mg/L, and at
120 MPa, from 1375 to 3656 mg/L. In another study, HPH was demonstrated effective cell
disruption for cells with recalcitrant cell walls, like Nannochloropsis microalgae, facilitating
the extraction of proteins, lipids, and sugars [27]. The study found that the extraction
efficiency of these compounds using high-pressure homogenization was affected by the age
of microalgae cells since the cell wall thickness increased as the cell age. For microalgae, the
pressure required for HPH varies based on cell wall thickness and composition. The cell
walls of red algae, such as Porphyridium cruentum, are made of cellulose, xylan, or mannan
fibrils and extensive matrix polysaccharides, making them particularly tough and thicker.
In contrast, green algae like Parachlorella kessleri have cell walls primarily composed of
cellulose, along with other proteins. This complexity of red algae requires a higher pressure
to effectively disrupt red algae cell walls compared to green algae [28].

Besides microalgae, HPH has also been employed to extract intracellular compounds
from yeast cells. In a study performed by Liu et al., high-pressure homogenizer was applied
for breaking Saccharomyces cerevisiae yeast cells to release protein [29]. The study found
that HPH at 80 MPa caused significant cell wall disruption and effectively extracted 50 μg
intracellular protein from 1 g of yeast. In another study, Shynkaryk et al. investigated the
potential synergistic effects of pulsed electric fields and high-voltage electric discharge
with HPH to break Saccharomyces cerevisiae yeast cell walls [30]. The study found that high
voltage electric discharge before HPH was effective for cell disruption. The shock waves
generated by high voltage electric discharge impacted the physical integrity of the yeast
cell walls, resulting in more disruption of the cells. In addition to the laboratory scale, high-
pressure homogenizer was also tested at a pilot scale for extracting poly-β-hydroxybutyrate
from recombinant Escherichia coli (E.coli) cells [31]. By using 55 MPa, the processes efficiently
extracted poly-β-hydroxybutyrate (PHB) from the cell. With 20 L processing amount, the
recovery rate reached 75% without chemical additives, while the green chemical assist
extraction using sodium hypochlorite achieved a recovery rate of 80% and a purity of 95%.
While HPH is suitable for a variety of cell types, the pressure required depends on the cell
characteristics. Microalgae, with their thicker cell walls, demand a higher pressure input
compared to bacterial and yeast cells. Yeast cell walls are primarily composed of a complex
network of polysaccharides, mainly β-glucans along with chitin. Bacterial cell walls, on
the other hand, consist mainly of peptidoglycan, making them less resistant to mechanical
force. Therefore, among these three cell types, microalgae require the highest pressure for
effective disruption, followed by yeast, with bacteria requiring the least [32].

Among an array of physical methods, HPH offers several significant advantages
in intracellular compound recovery. One of the primary advantages of HPH is its high
efficiency and yield. The technique generates mechanical forces—such as shear, cavitation,
and turbulence—that are effective in breaking the cell walls of microorganisms, including
tough cell types like bacteria, yeast, and algae. This leads to high recovery yields of
intracellular compounds such as proteins, lipids, and enzymes, making HPH invaluable in
industries like biotechnology, pharmaceuticals, and biofuels, where maximizing product
recovery is crucial to ensuring cost-effective production. Another key benefit of HPH is its
scalability. The technique can process large volumes of microbial cultures in a continuous
operation, making it particularly well-suited for industrial-scale applications [33]. This
ability to maintain efficiency even when scaled up is one of the reasons why HPH is
favored in large-volume industries like food and beverage industry. For example, most
milk is currently treated with HPH to enhance its microbial and physiochemical shelf
life [34]. More importantly, HPH is highly versatile and able to break down diverse types
of microbial cells, from bacteria and yeast to more resilient microalgae, through adjusting
its pressure and number of passes. This versatility allows engineers to tune the process
conditions (e.g., pressure, passes) to optimize extraction for different microorganisms.
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Despite its clear advantages, high-pressure homogenization has several limitations that
need to be addressed to fully optimize its performance. One of the primary drawbacks is
heat generation. The mechanical forces involved in HPH generate significant amounts of
heat, especially when high pressure forces are applied to viscosity liquids. The generated
heat can elevate substrate temperature and potentially degrade heat-sensitive intracellular
compounds, such as enzymes and essential oils. Although integrating cooling systems
with HPH can partially solve this limitation, it adds the process complexity and cost to the
process. Another limitation is the high energy consumption. Although HPH is relatively
energy efficient at scale compared to other methods, operating HPH can be energy intensive,
particularly at high pressure and with the multi-passes required for breaking thick cell walls
like those of gram-positive bacteria and microalgae. One way to alleviate this challenge is to
add an pretreatment, such as high-voltage electric discharge, to partially break cells before
HPH, allowing HPH operate at low-pressure conditions [30]. Additionally, the shear forces
generated during the process can fragment intracellular compounds or denature proteins [35].

Given its advantages and limitations, HPH is particularly well-suited for a number of
practical applications in various industries. One of its key applications is the recovery of
therapeutic proteins and enzymes from microbial cells like E. coli and yeast [36–38]. The
ability of HPH to maintain the bioactivity of sensitive molecules while efficiently extracting
them from cells makes it indispensable in the production of biologics, such as recombinant
proteins and vaccines. In the biofuel industry, HPH is widely proposed to break the cell walls
of microalgae to release lipid, which can be used to produce biodiesels [39,40]. Furthermore,
HPH also plays in important role in the functional food industry, where it is used to extract
bioactive compounds like proteins, enzymes, and vitamins from cultivated microbial cells.

Table 1. Summary of studies on high-pressure homogenization techniques extracting intracellular
compound.

Microorganism Target Compounds Pressure Recovery Key Finding Source

Porphyridium
cruentum

B-Phycoerythrin and
protein

270 MPa Near 100% 100 MPa is a critical pressure
point. Below the 100 MPa
threshold, the chloroplast
membrane was slightly
damaged. Above 100 MPa, the
cells were effectively broken,
releasing significantly more
B-Phycoerythrin.

[25]

Parachlorella kessleri Proteins,
carbohydrates

120 MPa/10 passes 3656 mg/L
proteins

The concentration of released
compounds significantly
increases with higher pressures
and more passes through the
high-pressure homogenizer.

[41]

Nannochloropsis proteins, lipids, and
carbohydrates

125 MPa/6 passes 50.4 mg/g The extraction efficiency of
these compounds using
high-pressure homogenization
was affected by the age
of microalgae.

[27]

Saccharomyces
cerevisiae

Protein 80 MPa 50 μg
protein/1 g
of yeast

High-pressure homogenization
resulted in almost complete
damage of yeast cell walls.

[29]

Saccharomyces
cerevisiae

bio-products 30–200 MPa Near 100% High-voltage electric discharge
proved to have synergistic
enhancement with
high-pressure homogenizer.

[30]

Escherichia coli poly-β-
hydroxybutyrate

55 MPa 75% The recovery rate reached 75%
without chemical additives.

[31]
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2.2. Ultrasonication

Ultrasonication is emerging technique for extracting intracellular materials using
ultrasound waves at frequencies between 20 kHz and 10 MHz. The ultrasound waves,
generating through converting electrical energy into physical vibrations, transmit into a
fluid and create pressure waves [42]. As these waves travel through a cell suspension, they
generate compressible microbubbles that respond to the pressure waves. This phenomenon,
known as cavitation, involves the microbubbles undergoing cycles of expansion and con-
traction [43,44]. Cavitation can occur in two forms: (1) stable cavitation at lower ultrasonic
intensities, where bubbles oscillate without collapsing, and (2) inertial cavitation at higher
intensities, where bubbles implode, causing significant biophysical effects (Figure 2). Dur-
ing the low-acoustic pressure cycles, stable cavitation is formed by microbubbles within the
liquid. As the acoustic pressure increases, the cavitation bubbles collapse violently, generat-
ing intense physical, thermal, and chemical effects. These effects collectively contribute to
cell disruption, membrane permeabilization, and the release of intracellular contents [45,46].
The severity of these effects depends on factors such as ultrasound intensity, frequency, and
exposure time.

Figure 2. A schematic representation of the cavitation phenomenon in the ultrasonication mechanism,
where microbubbles undergo cycles of expansion and contraction. Cavitation can occur in stable
cavitation at lower ultrasonic intensities, and inertial cavitation at higher intensities. Reproduced
with permission [43].

Ultrasonication has been used to disrupt diverse types of cells (Table 2). The study
done by Liu et al. demonstrated that ultrasonication is effective to extract intracellular
protein from yeast [14]. They found that increased acoustic power and duty cycles enhanced
cell disruption and protein release. The study also compared horn-type sonication to bath-
type sonication for yeast cell disruption. A horn-type sonicator consists of a probe that
directly contacts the sample and transmits ultrasonic energy into the medium, while a
bath-type sonicator generates ultrasonic waves within a tank filled with liquid (usually
water). The sample is placed in a container, which is submerged in the bath. The ultrasonic
waves are transmitted through the liquid, creating cavitation in the sample container
indirectly. They revealed that horn-typed sonication is more effective to disrupt yeast cells.
In another study, Wu et al. investigated the mechanisms of ultrasonic disruption in yeast
cells (Saccharomyces cerevisiae), analyzing how different processing parameters impact the
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release of cell wall polysaccharides and intracellular proteins [47]. Their study revealed
that at low acoustic intensities (10 W/cm2), cell wall disruption occurs more rapidly,
resulting in a quicker release of cell wall polysaccharides compared to intracellular proteins.
However, at higher intensities (24 and 39 W/cm2), this pattern reverses, with proteins
being released more rapidly than polysaccharides. Moreover, an increased processing
temperature, more cell wall polysaccharides but few intracellular proteins were released.
The findings suggested that ultrasonic cell disruption initiates with the breakdown of the
cell wall, followed by the cell membrane.

Ultrasonication has also been applied to disrupt microalgae cells. A study investigated
how ultrasonic intensity, duration, temperature, culture time, and ethanol concentration
affected the extraction of polysaccharides from Chlorella pyrenoidosa [48]. The researchers
optimized the extraction process using an orthogonal design and found that the highest
polysaccharide yield, 44.8 g/kg, was achieved with an ultrasound intensity of 400 W ultra-
sound for 800 s, followed by incubation at 100 ◦C for 4 h in 80% ethanol. The study also
presented a straightforward method for isolating polysaccharides from the crude extracts
using column chromatography purification. Aouira et al. investigated the extraction of
phycobiliproteins from microalgae Spirulina platensis using ultrasound technologies [49].
The study compared the yield and purity of phycobiliproteins extracted by ultrasound to
those obtained using the pulsed electric field method. The pulsed electric field method,
conducted at 38 kV/cm for 0.03 s, resulted in the highest yields of phycocyanin (0.084 g/L),
allophycocyanin (0.065 g/L), and phycoerythrin (0.024 g/L). In contrast, ultrasound tech-
nology achieved similar yields by treating the samples at 35 kHz, 750 W for 90 min. Despite
producing comparable yields, ultrasound demanded significantly longer treatment and
higher energy input, making it a less efficient and less preferable method for extracting
phycobiliproteins from Spirulina platensis compared to the pulsed electric field method.

In addition to extracting polysaccharides and proteins, ultrasonication can also be
used to extract intracellular lipid. Natarajan et al. applied continuous ultrasonication to
disrupt two marine microalgae species for lipid extraction [50]. The authors found that fatty
acids release patterns differed between different microalgae species. Lipids in microalgae
with rigid cell walls were easily released to the liquid after cell disruption, whereas lipids
in microalgae having flexible cell membranes tend to be retained on membranes after
disruption. In general, cell disruption and lipid release efficiencies correlate with ultrasound
energy consumption. In the Ronald Halim et al. study, the researchers demonstrated that
the ultrasonication effectively extracted all available intracellular lipids [51]. Their result
also indicated that higher initial cell concentration promoted faster spread of the shock
wave generated by the microbubble implosion but reduced the amount of energy received
by each cell. When the initial cell concentration was low, the effect of increasing the
transmission rate was dominant. However, beyond a certain threshold, the effect of the
energy reduction outweighs the effect of the increase in the transmission rate. Lipids
recovered from disrupted microalgae cells with 30 min of ultrasonication were found
to have similar triglyceride profiles, but the higher degree of unsaturation (61.6 wt% of
triglyceride had more than eight double bonds) compared to the lipids in intact microalgal
cells (24.4 wt% of triglyceride had more than eight double bonds). A possible explanation
for the changes in triglyceride composition could be the liberation of neutral lipids located
inside cells or associated with membranes.

Ultrasonication offers distinct advantages for extracting various intracellular com-
pounds, particularly in small- to medium-scale applications where control and precision
are essential. One of the main strengths of ultrasonication is its tunability (e.g., adjusting
frequency, intensity, duration, and configurations) to achieve selective and controlled cell
disruption through the phenomenon of acoustic activation [47]. This high-level of tunability
is not seen in other physical methods, such as HPH and mechanical bead milling. Moreover,
the localized shear forces generated during cavitation can effectively break down microbial
cell walls while preserving the integrity of sensitive intracellular compounds like proteins,
enzymes, and nucleic acids. This makes ultrasonication especially applicable in the high-
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value products, such as pharmaceuticals and nutraceuticals, where the preservation of
bioactivity is critical. In addition, although ultrasound generates heat during cavitation,
the heat generation is localized and relatively mild compared with HPH and mechanical
bead milling, which generates significant heat due to mechanical force. This makes the
ultrasound method more suitable for heat-sensitive and high-value compounds.

Scalability is perhaps the biggest challenge of the ultrasound method in academia
and industry. While the ultrasound method excels at small- and medium-scale processing,
it becomes less efficient in large-scale processing [52]. As the volume of liquid medium
increases, the energy of the sound waves attenuates, leading to incomplete or uneven cell
disruption, especially for those cells far away from the ultrasound generator. Another
known limitation of ultrasonication is that it is less effective to process high-viscosity liquids.
When the viscosity of the medium increases, the ability of sound waves to propagate
uniformly is hindered. This reduced wave propagation dampens the formation of cavitation
bubbles, which are essential for cell disruption. Consequently, cavitation occurs less
uniformly, resulting in lower mechanical forces and less efficient cell breakage [53]. In
addition, it was reported that the ultrasound-induced cavitation can generate free radicals
in the liquid medium [54,55], which may cause undesirable oxidative reaction between the
free radicals and intracellular compounds, thus degrading the product quality.

Overall, ultrasound is particularly suitable for small- to medium-scale applications
in the industries like functional foods and pharmaceuticals, where controlled, gentle cell
disruption is necessary to keep the integrity and bioactivity of the targeted compounds.
Moreover, users need to be particularly careful about using the ultrasound method to
process high-viscosity liquid medium. If needed, mechanical stirring and dilution can be
combined with ultrasonication to alleviate the viscosity effect.

Table 2. Summary of studies on ultrasonication techniques extracting intracellular compound.

Microorganism Target Compounds Key Finding Source

Saccharomyces cerevisiae Protein The intracellular protein release followed first-order
kinetics. The horn-type sonication was proved more
effective than bath-type sonication for yeast cell disruption.

[14]

Saccharomyces cerevisiae Polysaccharides, proteins At low acoustic intensities, the release of cell wall
polysaccharides was quicker. At higher intensities proteins,
were released more rapidly than polysaccharides.

[47]

Chlorella pyrenoidosa Polysaccharides The highest polysaccharide yield, 44.8 g/kg, was achieved
with an ultrasound intensity of 400 W ultrasound for 800 s,
followed by incubation at 100 ◦C for 4 h in 80% ethanol.

[48]

Spirulina platensis Phycobiliproteins Ultrasound required significantly longer treatment times
and higher energy input, making it less efficient and less
preferable for extracting phycobiliproteins compared to the
pulsed electric field method.

[49]

Marine microalga Fatty acids The fatty acid release pattern varied among different
microalgae species.

[50]

Microalga Lipids Higher initial cell concentration promoted faster spread of
the shock wave generated by the microbubble implosion
but reduced the amount of energy received by each cell.

[51]

2.3. Mechanical Milling

Mechanical milling (also referred to as ‘beating’ in some sources) is a simple and
effective method for breaking cell walls to release intracellular compounds. This technique
applies mechanical forces through the use of small, hard beads (usually made of steel,
ceramic) to break down cell structures [56]. Two typical pieces of milling equipment used to
disrupt cells are bead mills and ball mills. In both pieces of equipment, cells are disrupted by
grinding them between beads or balls within a closed container. The beads or balls agitate
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and collide with the cells, causing physical shear forces that break apart the cell walls and
release their contents. The radial acceleration of beads or balls results in different velocity
generating high shear forces (Figure 3) [57]. In bead mills, kinetic energy is transferred to
the grinding media by stirring shafts in vertical or horizontal configurations. Depending
on the intensity of the stress applied, different particle size reduction mechanisms can
occur. At low stress, surface abrasion leads to the removal of fine particles from the parent
particles, resulting in most of the particles being close in size to the parent particles. At
relatively intense stress, particle cleavage occurs, producing fragments slightly smaller
than the parent particles. At rapidly intense stress, fracture leads to the production of small
particles with a wide particle size distribution [58]. Ball milling, on the other hand, operates
within a rotating container where the balls generate forces including impact, abrasion,
and corrosion forces. Impact results from repeated high-energy impacts causing surface
cracking. Corrosion wear involves galvanic interactions between the cell and the balls or
between different abraded and unabraded points on the balls’ surface [59]. When cells
are crushing and grinding in the milling, the ball size distribution, and rotation speed
both determine disintegration ability [60,61]. Between the two, bead mills are generally
the preferred choice because of their greater efficiency in breaking down microbial cells
due to their smaller bead size generating higher shear force. Overall, the milling method
offers several advantages, including continuous operation, relatively low capital costs, and
suitability for applications ranging from the laboratory scale to the industrial scale [60,62].

Figure 3. A schematic diagram of ball mill (upper one) and bead mill (lower one). In both equipment
types, cells are disrupted by grinding them between beads or balls within a closed container. The
beads or balls agitate and collide with the cells, causing physical shear forces and impact forces that
break apart the cell walls and release their intracellular contents.
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Milling technology has been used to disrupt bacterial cell walls. Tamer et al. applied
a continuous flow high-speed bead mill to recover intracellular poly(b-hydroxybutyric
acid) (PHB) from Alcaligenes latus cells [63]. Without any chemical involved, an 85% loaded
bead achieved over a 50% improvement compared to an 80% loaded bead, which had a
disruption rate constant of 0.44. The results also indicated that PHB purity increased with
the number of passes. However, extreme physical disruption could result in a micronization
phenomenon occurring to PHB, resulting in loss of PHB. Although bead milling alone
does not achieve higher extraction efficiency than solvent extraction, it offers better energy
efficiency since highly concentrated slurries can be processed in bead mills. Another study
done by the same group studied how different bead milling parameters affect the protein
extraction from Alcaligenes latus cells [18]. Their study showed that the mean diameter
of the beads (512 to 945 μm) did not affect the disruption rate of Alcaligenes latus cells,
since the bacterial cell size was too small (0.5–1.0 μm in diameter). With a mean diameter
of 512-μm beads, complete disruption was achieved by the eighth pass at an 85% bead
loading, whereas a reduced loading of 75% did not release all the cellular protein even after
16 passes. The biomass concentration was not a dependent factor for bead mill disruption
effectiveness. Another study investigated the extraction of intracellular enzymes from
Arthrobacter sp. DSM 3747 by examining the effects of various operational parameters of the
stirred ball mill on disintegration results [60]. They found that, under the same operating
conditions, achieving a disintegration rate of 50% with 1.28 mm beads requires 20 times
higher energy compared to smaller beads of 0.2 mm. The optimized operational parameters
combination was small grinding beads (0.3 mm) with a moderate-to-high cell concentration
in the suspension (about 50%) and operating at low-to-moderate agitator speeds (6 m/s
circumferential speed of agitator disks).

In addition, bead milling was applied to algae for cell disruption. A study investigated
the optimization of bead milling for microalgae cell disruption, focusing on how different
bead sizes affect the process efficiency, energy consumption, and the release of proteins
and carbohydrates [64]. The result indicated that smaller bead size, which induces more
shearing forces, improved extraction yield with a lower energy consumption. Specifically,
the bead size range of 0.3–0.4 mm was determined as optimal bead size for balancing cell
disruption efficiency and energy consumption for microalgae. In another study, researchers
employed bead milling to disrupt cells for isolating proteins from the green microalga
Tetraselmis sp. [65]. The microalgae were milled by bead milling to release proteins, fol-
lowed by centrifugation and ion exchange chromatography to purify the proteins. The
resulting algae-soluble isolate comprised 64% protein and had a clear appearance with
100% solubility at pH above 5.5, making it a potential food ingredient. In a study, Loureiro
et al. studied five cell-disruption methods including freeze–thaw cycles, bead milling, high-
speed homogenization, microwave, and sonication to disrupt microalgae (Coelastrella sp.)
for releasing intracellular biochemical compounds [66]. They found that sonication showed
the highest efficiency in the release of proteins, carbohydrates, and lipids, followed by
bead milling. However, considering the balance of the extraction efficiency and energy
consumption, bead milling can be considered the most efficient method. Another study
examined the effects of nitrogen depletion on bead-milling performance for releasing cellu-
lar components from Neochloris oleoabundans [67]. Under the same bead-milling operation
condition, the study revealed that nitrogen-depleted cells had significantly higher release
rates of biomass and biochemical components, with a release ratio of 0.57, compared to 0.38
for nitrogen-replete cells. Nitrogen-depleted conditions enhanced the release intracellular
compounds, achieving up to 68% carbohydrate, 59% protein, and 56% lipids (w/w) release.
Additionally, the energy consumption per kilogram of released product was lower for
nitrogen-depleted cells, indicating more efficient cell disruption.

Several studies examined the disruption of yeast cells using bead milling to release
glucose 6-phosphate dehydrogenase. One study used a vertical bead mill to extract glucose
6-phosphate dehydrogenase [68]. Their results identified 2300 rpm for 6 min as optimal
conditions for yeast disruption, achieving higher proportion of glucose 6-phosphate de-
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hydrogenase release in total proteins without heat denaturation. Another study used a
horizontal bead mill in continuous recycle mode to extract glucose 6-phosphate dehydroge-
nase [69]. The result indicated that optimal total protein release (37.3 mg/mL) was achieved
with a 24 h/L feeding rate and 50% (w/v) initial biomass concentration. However, a higher
biomass concentration loading generated heat, which decreased glucose 6-phosphate dehy-
drogenase activity. To balance optimal yield, minimal glucose 6-phosphate dehydrogenase
degradation, and manageable viscosity during afterward centrifugation, the study con-
cluded that a 20% (w/v) biomass load was optimal. This reduced heat generation and
maintained enzyme bioactivity while facilitating easier separation after milling.

Milling has been demonstrated to be useful in extracting proteins and lipids from
various cell types (Table 3). It has particularly advantageous for tough-walled cells, such as
microalgae, due to the high mechanical forces generated by the grinding media, which can
effectively disrupt rigid cell walls with relatively low energy consumption [70]. Addition-
ally, milling systems are scalable from laboratory to industrial scale, and bead milling can
be adapted for continuous processing of viscous and highly concentrated cell suspensions,
making it beneficial for industrial applications [71]. In addition, mechanical milling pro-
vides consistent and uniform cell disruption, which is critical for maximizing the recovery
of intracellular compounds.

However, mechanical milling methods come with certain limitations. One primary
concern is the significant heat generation due to the friction between beads/balls during the
milling process [72,73]. The generated heat is difficult to remove from the container and it
could damage heat-sensitive intracellular compounds. This requires careful management of
heat removal by additional cooling system. Moreover, compared to other physical methods
like ultrasonication or high-pressure homogenization, mechanical milling provides less
precise control over the disruption process, potentially leading to the co-extraction of
unwanted cell debris, complicating downstream purification processes. Additionally, there
is a risk of contamination from the grinding media, as the beads and balls can wear down
over time due to the mechanical forces of impact, abrasion, and attrition, releasing particles
into the samples. For applications requiring high purity, such as pharmaceuticals or fine
chemicals, this contamination can be problematic and may require additional filtration or
purification steps [59].

Overall, due to its versability, mechanical milling is widely used in industrial-scale
bioprocessing, particularly for breaking tough cell types like yeast, microalgae, and fungi.
Its scalability and cost-effectiveness make it suitable for large-scale operations where
high throughput and uniform cell disruption are critical. However, due to its high heat
generation, it is less ideal for recovering thermolabile compounds, where more precise
methods like ultrasonication may be preferred.

Table 3. Summary of studies on milling techniques extracting intracellular compound.

Microorganism Target Compounds Recovery Parameters Key Finding Source

Alcaligenes latus poly(b-
hydroxybutyric acid)

44% disruption
rate,1.2 kg
PHB/kg pellet

512 μm mean
bead diameter,
80% bead
loading

The extreme mechanical disruption
could result in micronization
phenomenon to
poly(b-hydroxybutyric acid).

[63]

Alcaligenes latus Proteins Near 100% 512 to 945 μm
bead diameter,
85% bead
loading

The mean diameter of the beads did
not affect the disruption rate of
Alcaligenes latus cells. Biomass
concentration did not influence the
effectiveness of bead
mill disruption.

[18]

Arthrobacter sp. Proteins 50% disintegration
rate

300 μm bead
diameter, 80%
dead loading

Cell disruption correlates with
energy input.

[60]
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Table 3. Cont.

Microorganism Target Compounds Recovery Parameters Key Finding Source

microalgae Proteins and
carbohydrates

30–50% proteins,
10–30%
carbohydrates

300–400 μm bead
diameter, 65%
bead loading

The bead size range of 0.3–0.4 mm
was determined as optimal
balancing cell disruption efficiency
and low energy consumption.

[64]

Tetraselmis sp. Proteins 64% proteins 400–600 μm bead
diameter, 65%
bead loading

Bead milling followed by
centrifugation and ion exchange
chromatography resulted
algae-soluble isolate comprised 64%
protein and 100% solubility at pH
levels above 5.5.

[65]

Coelastrella sp. biochemical
compounds

94% disruption
efficiency

500 μm bead
diameter, 32%
bead loading

Considering the balance of the
extraction efficiency and energy
consumption, bead milling can be
considered the most
efficient method.

[66]

Neochloris
oleoabundans

Carbohydrate,
protein, and lipids

68% carbohydrate,
59% protein, and
56% lipids

400–600 μm bead
diameter

Nitrogen depletion can enhance the
cost-effectiveness of microalgal
biomass processing by
bead milling.

[67]

Saccharomyces
cerevisiae

glucose 6-phosphate
dehydrogenase

15 mg/mL protein 500 μm bead
diameter

The vertical bead mill at 2300 rpm
for 6 min was optimal conditions
for yeast disruption and glucose
6-phosphate dehydrogenase release
without heat denaturation.

[68]

Saccharomyces
cerevisiae

glucose 6-phosphate
dehydrogenase

37.3 mg/mL
protein

300 μm bead
diameter

In a horizontal bead mill operating
in continuous recycle mode, the
optimal total protein release was
achieved with a 24 h/L feeding rate
and a 50% (w/v) initial
biomass concentration.

[69]

2.4. Pulsed Electric Field

Pulsed electric field is an emerging and non-thermal method used for intracellular
compound extraction, primarily in the biotechnology, food, and pharmaceutical industries.
It disrupts cell walls or membranes by applying short and high-voltage electrical pulses
(10–80 kVcm−1), creating temporary or irreversible pores or gaps in the cell membrane,
allowing molecules, ions, or other substances to pass through that would normally be
restricted [74]. The electrical pulses alter the transmembrane potential, causing the for-
mation of nanopores in the cell membrane’s phospholipid layer. These nanopores arise
from the reorganization and destabilization of lipid molecules induced by the electric field.
This process, known as electroporation or electropermeabilization, is influenced by several
key electrical parameters, including the field strength, pulse shape and duration, number
of pulses, and specific energy used in treatment [75]. As shown in Figure 4, this electro-
poration can be reversible or irreversible based on the strength of the applied electrical
field. When the applied external electrical field (Ee) is higher than the critical electrical
field strength of the cell membrane (Ec), membrane permeabilization takes place but the
cell membrane can recover after the exposure is performed. When the Ee further increases,
the Ee is much higher than Ec to the certain point that the permeabilization is not able to
be recovered. The release of intracellular substance resulting from pulsed electric field
is a relatively gentle cell-disintegration process, typically performed at ambient tempera-
tures and without introducing additional impurities [76]. The mild treatment avoids heat
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degradation of the targeted intracellular materials while releasing them. Additionally, the
disruption process is rapid, occurring within a few seconds.

Figure 4. A schematic diagram illustrating the electroporation mechanism of pulsed electric fields.
This technique disrupts cell membranes by applying short or high-voltage electrical pulses, creating
temporary or irreversible pores in the cell membrane. These pores allow molecules, ions, or other
substances to pass through that would normally be restricted. Reproduced with permission [74].

The pulsed electric field made the cell membrane permeable, as demonstrated by the per-
centage propidium iodine fluorescent dye up taken by cells, which can only pass through the
non-intact membrane. Luengo et al. examined the impact of pulsed electric field treatments
on the permeabilization of Chlorella vulgaris and the extraction of pigments [77]. The study
found that after 150 μs of pulsed electric field treatment, it caused irreversible electroporation
resulting in 100% cell death of Chlorella vulgaris. The application of 20 kVcm−1 for 75 μs
increased pigment extraction yields by 1.2 to 2.1 times after 1 h incubation compared to
immediate extraction, which were 1100 μg carotenoids, 2500 μg chlorophylle a, and 1100 μg
chlorophylle b per g of culture. In another study, Lam et al. investigated the release of protein
from microalgae using two sets of pulsed electric field: (i) batch pulsed electric field with
electric field strength between 7.5 and 30 kV cm−1, and (ii) continuous flow pulsed electric
field treatment with electric field strength of 20 kV cm−1 with 13 mL min−1 flow rate [19].
They found that with increased pulsed electric field energy, the relative ion release increased,
indicating that the pulsed electric field made the microalgae membrane more permeable.
However, a low protein yield was obtained as intracellular proteins remained entrapped.
One study examined how the pulsed electric field treatment energy and electric filed strength
and biomass concentration affected cell disruption using the microalgae Auxenochlorella pro-
tothecoides [76]. It was observed that the disruption efficiency increased as specific treatment
energy increased, while the field strength had a minimal impact. For pigments and proteins
extraction from Parachlorella kessleri microalgae, high-voltage electrical discharges were found
effective for extracting ionic components and carbohydrates but less so for proteins and
pigments, achieving a maximum protein extraction of only 750 mg/L, which was about 15%
of the total protein content [26].

Coustets et al. developed a pulsed electric field-based process to extract cytoplasmic
proteins from three microalgae species: Nannochloropsis salina, Chlorella vulgaris, and Haemato-
coccus pluvialis [78]. The study examined various electric field strengths, pulse durations, and
incubation conditions, finding that optimal extraction conditions were species-dependent.
Nannochloropsis salina required a stronger electric field (6 kV cm−1) for effective release of
25 μg protein/mL culture. For Chlorella vulgaris and Haematococcus pluvialis, milder conditions
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(4.5 kV cm−1) sufficed to release 30 μg protein/mL culture due to their larger cell sizes. Nan-
nochloropsis salina, with higher field strength needed, had extraction improved significantly
after a second cycle of 15 bipolar pulses, while Chlorella vulgaris did not benefit from an addi-
tional cycle. The study also demonstrated a linear relationship between cell concentration
and extracted protein concentration, indicating that higher cell densities directly increased
the amount of protein extracted. Postma et al. observed a synergistic effect between pulsed
electric field and temperature treatments to disrupt microalgae Chlorella vulgaris [79]. They
demonstrated that applying pulsed electric field at temperatures between 25 ◦C and 65 ◦C
increased cell permeability and selectively enhanced the release of carbohydrates, achieving
up to 39% carbohydrate extraction while retaining over 95% of the proteins within the cells.
This synergistic effect was most pronounced at 55 ◦C, particularly for carbohydrate release.
The combined pulsed electric field and temperature treatment effectively released small,
water-soluble molecules but was less efficient for protein extraction compared to bead milling.
Luengo et al. compared the effects of millisecond- and microsecond-pulsed electric field
treatments on the permeabilization and extraction of pigments from microalgae Chlorella
vulgaris [80]. The study found that permanently electroporation occurred at 4 kV cm−1 with
millisecond pulses, while microsecond pulses required 10 kV cm−1. Electroporation effec-
tiveness was linked to pulse duration and frequency: millisecond pulses needed 20 pulses at
5 kV cm−1, whereas microsecond pulses required shorter treatment times but higher electric
field strengths (≥15 kV cm−1). To achieve a similar degree of permanent electroporation, a
reduction in pulse duration from milliseconds to microseconds required a three-fold increase
in electric field strength. For effective pigment extraction, microsecond pulses proved more
energy-efficient, consuming 30 kJ/L compared to 150 kJ/L for millisecond pulses. Addi-
tionally, microsecond pulses (15 kV cm−1, 25 pulses) yielded higher pigment extraction,
with concentrations of carotenoids and chlorophylls a and b at 1.09, 3.95, and 2.17 mg/L of
culture, respectively. In contrast, millisecond pulses (5 kV cm−1, 20 pulses) resulted in yields
of 1.06, 2.90, and 1.69 mg/L of culture for the same pigments. These findings indicate that
microsecond pulses offer a more energy-efficient and effective method for pigment extraction
from microalgae.

Studies were also conducted to apply pulsed electric field for extracting protein
from Saccharomyces cerevisiae, which is rich in intracellular proteins and other bioactive
compounds. Ganeva et al. assessed the effect of medium pH on the protein release from
yeast by pulsed electric field treatment [81]. The result indicated that the more alkalic
condition increased the intracellular protein release. Cell concentration also influenced
protein release efficiency—a higher cell concentration reduces optimal field strength. About
90% of the total soluble protein release occurred only after dilution and incubation of the
permeabilized cells in buffer with pH 8–9. Fincan et al. explored the efficacy of pulsed
electric field treatment in enhancing the extraction of red pigment from red beetroot [82].
By applying 270 rectangular pulses at 1 kV cm−1, the research achieved approximately
90% total red coloring and ionic content release after 1 h aqueous extraction. It offers a
low-energy alternative for the extraction of valuable compounds from plant tissues. The
pulsed electric field treatment significantly led to a higher release of pigment and ionic
species into the solution, compared to the traditional freezing and thawing method.

One of the major advantages of pulsed electric field is its gentle, non-invasive nature.
Unlike mechanical milling or HPH, pulsed electric field does not generate a large amount of
heat due to friction, making it ideal for extracting heat-sensitive compounds, such as pigments
enzymes, and functional proteins (Table 4). Another clear advantage of pulsed electric field
is its selectivity. It selectively disrupts the cell member without causing extensive damage to
other cellular components, thus enhancing the product purity and simplifying downstream
purification by reducing the co-extraction of undesirable cell debris. In addition, with operation
times ranging from microseconds to milliseconds, pulsed electric field is a rapid and efficient
method. Additionally, the process can be precisely controlled.

Pulsed electric field has some challenges to overcome. First, unlike mechanical milling,
which can be universally used with similar operations, the pulsed electric field technique
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depends heavily on the optimization of process parameters like electric field strength, pulse
duration, and the conductivity of the medium for each type of microbial cells and liquid
medium. Failing to optimize these parameters will likely cause incomplete extraction of
intracellular compounds or excessive cell damage. Second, although this technology is
highly scalable to the industrial level, it requires specialized equipment, which usually
leads to high capital investment to purchase and install the equipment and auxiliary
facility to initiate the process. Additionally, the viscosity of the suspension can impact the
uniformity of the electric field. In high-density broths or non-conductive media, cells may
not experience uniform field exposure, leading to incomplete disruption [74].

As an emerging technology, the pulsed electric field technology is still largely in the
research and pilot-scale stage for many applications, although there are some industrial
uses for the purpose of extending shelf-life of liquid foods (like fruit juices). The motioned
challenges, including the need for process optimization, specialized equipment, and lim-
itation with breaking down tough cell types like fungi, have slowed the wide industrial
adoption of this technique for intracellular extraction. However, there is a tremendous
interest in commercializing this technique for the recovering of high-value protein and
enzymes from microbial cells in the pharmaceutical and biotechnology industry, due to its
capability to preserve bioactivity and ensure purity of the target compounds.

Table 4. Summary of studies on pulsed electric field techniques extracting intracellular compound.

Microorganism Target Compounds Electrical Field
Strength

Key Finding Source

Chlorella vulgaris Carotenoids and
Chlorophylls a and b

20 kVcm−1 After 150 μs of pulsed electric field treatment,
it caused irreversible electroporation resulting
the Chlorella vulgaris cell 100% death.

[77]

Chlorella vulgaris and
Neochloris oleoabundans

Protein 20–30 kVcm−1 Increased pulsed electric field energy enhanced
membrane permeability in microalgae.
However, protein yield remained low, as
intracellular proteins were still trapped.

[19]

Auxenochlorella
protothecoides

Intracellular valuables 23–43 kVcm−1 The efficiency of disruption increased as
specific treatment energy increased, while the
field strength had minimal impact.

[76]

Parachlorella kessleri Protein and pigment 40 kVcm−1 High-voltage electrical discharge was found
effective for extracting ionic components.

[26]

Nannochloropsis salina,
Chlorella vulgaris, and
Haematococcus pluvialis

Protein 4.5 and 6 kVcm−1 A linear relationship between cell
concentration and extracted protein
concentration was found. Optimal extraction
conditions were species dependent.

[78]

Chlorella vulgaris Protein and
carbohydrates

17.1 kVcm−1 A synergistic effect between pulsed electric
field and temperature treatments increased
cell permeability and released small,
water-soluble molecules.

[79]

Chlorella vulgaris Pigments 5–15 kVcm−1 Microsecond pulses offer a more
energy-efficient and effective method than
millisecond pulses for pigment extraction
from microalgae.

[80]

Saccharomyces cerevisiae Protein 2.5–5.5 kVcm−1 More alkalic conditions increased the
intracellular protein release. A higher cell
concentration reduced optimal field strength.

[81]

Red beetroot Red pigment 1 kVcm−1 Pulsed electric field treatment significantly
led to a higher release of pigment and ionic
species into solution, compared to traditional
freezing and thawing method.

[82]
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Physical cell disruption methods include high-pressure homogenization, ultrasonica-
tion, milling, and pulsed electric fields. These methods can also be combined with chemical
and biological approaches. Each technique has its own advantages and disadvantages, and
their application depends on the target compounds and specific processing requirements
(Figure 5).

Figure 5. Physical methods for intracellular compound extraction with the advantages and limitations
of each technique.

3. Physical Assisted Methods

Combining physical techniques with chemical and biological methods enhances ex-
traction efficiency by reducing energy consumption, improving selectivity, and minimizing
damage to sensitive compounds. The use of enzymes or mild chemical solvents alongside
physical techniques allows physical forces to more easily complete the disruption, thus
reducing the energy required for physical techniques. Each method brings unique advan-
tages, and when combined, they create a synergistic effect that improves overall extraction
yields (Table 5).
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3.1. Combination of Physical with Chemical Methods

The combination of physical and chemical methods to extract intracellular compounds
offers a promising avenue for enhancing the efficiency and yield of biologically active
substances from various biological matrices. By integrating physical methods like ultrason-
ication or homogenization with chemical treatments such as solvent extraction, this hybrid
approach can effectively disrupt cell walls and membranes, facilitating deeper penetration
of chemicals that solubilize target compounds.

Zhang et al. investigated the efficacy of combining different physical treatments—pulsed
electric fields, high-voltage electrical discharge, and ultrasonication—with green solvent
extraction to extract water-soluble molecules (carbohydrates and proteins) and water-
insoluble molecules (chlorophyll a) from three different microalgal species [83]. The
research revealed that high-voltage electrical discharge-assisted solvent extraction was
most effective for extracting carbohydrates, while ultrasonication-assisted solvent extrac-
tion was more efficient for extracting proteins and chlorophyll a from microalgal species
(Nannochloropsis sp., P. tricornutum, and P. kessleri). Combining ultrasound with solvent
extraction has proven effective in enhancing the release of intracellular compounds. For
instance, a study led by Monks et al. explored methods of cell disruption to optimize the
extraction of carotenoids from fungi [84]. Their results demonstrated that ultrasound alone
showed relatively low carotenoids recovered while combining ultrasound with sodium
bicarbonate doubled the number of recovered carotenoids. Another study led by Zheng
et al. examined the use of ultrasonic-assisted deep eutectic solvent extraction to extract
phenolic compounds from foxtail millet bran [85]. They optimized a green extraction
method to maximize phenolic content. The optimized conditions involved a deep eutectic
solvent composed of betaine and glycerol in a 1:2 molar ratio and ultrasonic power at 247 W.
Under the optimal condition, a total phenolic content of 7.80 mg ferulic acid equivalent
per gram was achieved, yielding higher total phenolics, flavonoids, antioxidant activity,
and acetylcholinesterase inhibitory activity compared to conventional solvent extraction
methods. Scanning electron microscopy revealed significant microstructural disruption in
the millet bran, with more pores and cracks, after ultrasonic-assisted deep eutectic solvent
extraction. To evaluate the effects of ultrasound-assisted lipid extraction using solvents
from wet microalgal cells, a study by Keris-Sen et al. demonstrated that sonication at
0.4 kWh/L significantly enhanced cell disruption [17]. This process nearly doubled lipid
extraction efficiency compared to using solvents alone. However, more than 30% lipid
remained in the biomass. The effects of different types of ultrasound apparatuses (cup
horn, immersion horn, and cavitating tube) on the ultrasound-assisted solvent extraction
of soybean-germ oil were evaluated [86]. The study found that the highest oil yield was
achieved using a cavitating tube at 19 kHz, combined with double sonication using an
additional immersion horn at 25 kHz. This approach improved oil yields by up to 500%
compared to conventional methods and significantly enhanced extraction efficiency. The
maximum extraction rate of 25.9% was achieved with a power of 65 W at 45 ◦C for 30 min,
compared to a 4.8% extraction rate using conventional solvent extraction over 4 h. The study
conducted by Martinez-Guerra et al. showed that ultrasound and microwave-assisted
extraction enhanced extractive transesterification of algal lipids from Chlorella sp. using
ethanol, improving yields over the conventional bench-top Bligh and Dyer method, which
involves chloroform and methanol for isolating lipids [87]. They optimized the process con-
ditions, finding that microwaves operating at 350 W for 5–6 min with a 1:12 algae to ethanol
ratio achieved an 18.8% lipid yield and 96.2% fatty acid ethyl ester conversion. Ultrasonica-
tion at 490 W for 6 min with a 1:6 algae to ethanol ratio achieved a lipid extraction rate of
18.5% and fatty acid ethyl ester conversion rate of 95%, compared to the Bligh and Dyer
method, which had a 13.9% yield and 78.1% conversion. In addition, ultrasound offered not
only lipids extraction from algal Chlorella sp. but also transesterification in a short reaction
time period. Both methods surpassed the Bligh and Dyer method in yield and conversion
efficiency, indicating their potential for more efficient biodiesel production. Parniakov et al.
examined ultrasound-assisted green solvent extraction of bioactive compounds from the
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microalgae Nannochloropsis spp. The study evaluated different solvents (water, ethanol,
and dimethyl sulfoxide) for extracting phenolic compounds and chlorophylls [88]. When
using individual solvents, the efficiency of recovery was highest with dimethyl sulfoxide,
followed by ethanol and water. The yield of total phenolic compounds increased over time
and reached saturation after 5 min, irrespective of the solvent employed. However, the
extraction kinetics of total chlorophylls varied depending on the solvent used. In ethanol
and water, the extraction yield plateaued after 7.5 min of ultrasound-assisted extraction. In
contrast, in dimethyl sulfoxide, the yield peaked at 5 min and subsequently declined after
7.5 min. The decline in yield could be attributed to the increase in sample temperature due
to prolonged ultrasound energy, leading to heat degradation of the chlorophyll.

Besides ultrasonication, pulsed electric field technology has also been integrated
with solvent extraction to enhance intracellular compound extraction. A study demon-
strated pulsed electric field pretreatment to enhance lipid recovery from the microalga
Scenedesmus [89]. The study found that combining pulsed electric field with solvent extrac-
tion markedly increased the yield of crude lipids and fatty acid methyl esters compared
to direct solvent extraction of untreated samples. Pulsed electric field pretreated biomass,
when extracted with solvents, yielded up to 3.1 times more fatty acid methyl esters than
untreated biomass and required fewer solvents than using solvent extraction from un-
pretreated biomass. Under the optimal combination of pulsed electric field pretreatment
and solvent extraction, a 12-fold reduction in solvent use while maintaining high lipid
recovery efficiency was achieved. This suggests that pulsed electric field pretreatment is
an effective method for enhancing lipid extraction from microalgae and reducing solvent
consumption. Parniakov et al. investigated the pulsed electric field-assisted solvent ex-
traction of valuable compounds from Nannochloropsis sp. using binary mixtures of organic
solvents (dimethyl sulfoxide and ethanol) and water [90]. They compared a one-stage
solvent extraction to a two-stage process involving initial pulsed electric field treatment
followed by solvent extraction. The study found that pulsed electric field pretreatment
significantly improved extraction efficiency, particularly for chlorophylls and carotenoids,
and reduced the required solvent concentration. The two-stage process was more effective
at extracting pigments and non-degraded proteins while minimizing solvent use. This ap-
proach demonstrated the potential of pulsed electric field to enhance extraction processes in
a more sustainable manner by reducing solvent consumption and improving yield. Pulsed
electric field technology has been proven effective as a pretreatment for enhancing lipid
extraction from the green microalga Ankistrodesmus falcatus using the green solvent ethyl
acetate [91]. The study showed that pulsed electric field pretreatment improved lipid recov-
ery efficiency significantly compared to untreated samples. Pulsed electric field disrupted
up to 90% of the cells, thereby reducing the required solvent contact time and accelerating
lipid recovery. As a result, lipid yield increased to 6100 μg/L with pulsed electric field
pretreatment, compared to 2600 μg/L without pretreatment. Pulsed electric fields were also
used as pretreatment to assist solid–liquid extraction of aromatic and bioactive compounds
from various plant sources including orange peels, vanilla pods, and cocoa bean shells [92].
The results demonstrated that pulsed electric field pretreatment with intensity of 3–5 kV
cm−1 and energy input as low as 15–40 kJ/kg enhanced the extraction yields significantly,
demonstrating that pulsed electric field enhanced tissue permeabilization for extraction
ability without degrading phenolic compounds.

Microwave-assisted extraction is an emerging technique for extracting lipids from
wet microalgae, providing several advantages over traditional methods. Operating at a
frequency of about 2.45 GHz, the microwave utilizes dielectric heating by absorbing energy
in polar compounds present in the wet sample. This process causes polar molecules within
the wet biomass to vibrate, increasing the temperature of the intracellular liquid. The
resulting evaporation generates pressure on the cell walls, leading to their rupture and the
release of lipids [93].

A number of studies have shown that microwave-assisted solvent extraction can
enhance lipid yield and reduce extraction time from microalgae [94–109]. Cheng et al. devel-
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oped a chloroform-free process for lipid extraction from wet microalgae Chlorella pyrenoidosa,
employing microwave technology followed by hexane extraction [110]. The study identi-
fied 90 ◦C as the optimal temperature for this microwave-assisted solvent extraction process.
This method efficiently converts triglycerides in wet microalgae into methyl esters, which
are lower in molecular weight and, thus, dissolve more readily in hexane. As a result, the
process enhanced the fatty acid methyl ester content in crude biodiesel to 86.7%. in addi-
tion, undesired polar pigments present in microalgae are not extracted during this process.
Furthermore, pulsed microwave technology is considered an energy-saving pretreatment
for microalgae. In a study by Zhang et al. using fresh Auxenochlorella protothecoides, the
effects of pulse duration, repetition rate, and pulse power on cell permeabilization and
lipid yield were assessed [111]. The results showed that pulsed microwaves at 2.8 kW peak
power with 200 μs pulses significantly enhanced lipid yield up to 90% of the total lipid
content through solvent extraction. Efficiency was primarily influenced by the total energy
input rather than specific pulse properties, demonstrating a positive correlation between
energy input and lipid yield. Additionally, pulsed microwaves consumed less energy
(2.53 MJ/kg dry weight) compared to traditional hexane extraction methods, highlighting
their potential for energy-efficient and scalable microalgae processing.

3.2. Combination of Physical and Biological Methods

Combining physical and biological extraction methods using enzymes to extract in-
tracellular compounds provides an efficient technique to increase the yield and purity of
targeted compounds. Physical methods like ultrasonication physically disrupt cell struc-
tures, enhancing the accessibility of enzymes to the intracellular components. Subsequently,
specific enzymes can be employed to selectively break down complex molecules.

Integrating a physical method with enzyme digestion has shown effective extraction
of protein from Chlorella species with a 72.4% extraction efficiency [41]. The study combined
ethanol soaking, enzymatic digestion, ultrasonication, and homogenization techniques.
This multifaceted approach significantly improved protein yield compared to traditional
solvent extraction methods, providing a reference for efficient bioactive compound extrac-
tion from microalgal cells. Ultrasonic assisted enzymatic hydrolysis was also employed
on the extraction of protein from excess sludge. Ultrasonic pretreatment combined with
enzymatic hydrolysis significantly enhances protein extraction rates and improves sludge
dewatering performance [112]. By optimizing conditions such as ultrasonic power den-
sity, hydrolysis time, enzyme dose, and pH, protein extraction rates of 55.9% and 52.3%
for two types of sludge were achieved. Ultrasound-assisted enzyme extraction was also
applied to extract carotenoids from yeast from a fermentation broth [113]. Another study
demonstrated that ultrasound-assisted aqueous enzymatic extraction could be used to
extract oil from gardenia fruits [114]. Two enzymes, Cellic CTec3 and Alcalase 2.4 L, were
used with ultrasonic pretreatment. The optimal conditions achieved up to 18.7% extraction
efficiency. The research discussed ultrasonic pretreatment led to more efficient cell wall
disruption and higher oil yields. The physicochemical properties of the extracted oil were
better using ultrasound-assisted aqueous enzymatic extraction, indicated by the lowest
acid value and peroxide value. Further expanding on techniques, a study by Hu et al.
investigated the extraction of oil from cherry seeds using an ultrasonic microwave-assisted
aqueous enzymatic extraction process, achieving an oil recovery of 83.9%. The oil extracted
under these conditions showed no significant difference in fatty acid compositions when
compared to traditional methods but displayed better physicochemical properties and a
higher content of bioactive constituents [115].
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Table 5. Summary of studies on physical assisting techniques extracting intracellular compound.

Microorganism Target Compounds Key Finding Source

Nannochloropsis sp.,
P. tricornutum and P. kessleri

Proteins and
chlorophyll a

High-voltage electrical discharge-assisted solvent extraction
was most effective for extracting carbohydrates, while
ultrasonication-assisted solvent extraction was more efficient
for extracting proteins and chlorophyll a from microalgae.

[83]

Fungi Carotenoids Ultrasound with sodium bicarbonate doubled the number of
recovered carotenoids.

[84]

Foxtail millet bran Phenolic compounds Ultrasonic-assisted deep eutectic solvent extraction method
produced higher total phenolics, total flavonoids, in vitro
antioxidant activity, and acetylcholinesterase inhibitory
activity than the conventional solvent extraction.

[85]

Wet microalgae Lipid Coupling sonication significantly enhanced cell disruption
and doubled lipid extraction efficiency compared to using
solvents alone.

[17]

Soybean germ Lipids The highest oil yield was achieved by ultrasound-assisted
extraction using a cavitating tube at 19 kHz, combined with
double sonication using an additional immersion horn at 25 kHz.

[86]

Chlorella sp. Lipids Ultrasound not only improved yields over conventional
bench-top Bligh and Dyer method but also shortened the
transesterification of algal lipids.

[87]

Nannochloropsis sp. Phenolic compounds Ultrasound extraction doubled the yield of total phenolic
compounds compared to extraction without ultrasonication.

[88]

Scenedesmus Lipids Under the optimal combination of pulsed electric field
pretreatment and solvent extraction, solvent use was reduced
12-fold while maintaining high lipid recovery efficiency.

[89]

Nannochloropsis sp. Chlorophylls and
carotenoids

Pulsed electric field pretreatment significantly improved
extraction efficiency, particularly for chlorophylls and
carotenoids, and reduced the required solvent concentration.

[90]

Ankistrodesmus falcatus Lipids Pulsed electric field pretreatment improved lipid recovery
efficiency significantly compared to untreated samples
extracted with green solvent ethyl acetate.

[91]

Plant Aromatic and
bioactive compounds

Pulsed electric field pretreatment with intensity of
3–5 kV cm−1 and energy input as low as 15–40 kJ/kg
enhanced the solid–liquid extraction yields significantly.

[92]

Chlorella pyrenoidosa Lipids Microwave-assisted hexane extraction can replace the
traditional chloroform method.

[110]

Auxenochlorella protothecoides Lipids Pulsed microwaves consume less energy compared to
traditional extraction methods.

[111]

microalgae Chlorella Protein A multifaceted approach combining ethanol soaking,
enzymatic digestion, ultrasonication, and homogenization
techniques significantly improved protein yield compared to
traditional methods.

[41]

Excess sludge Protein Ultrasonic pretreatment combined with enzymatic hydrolysis
significantly enhances protein extraction rates and improves
sludge dewatering performance.

[112]

Gardenia fruits Oil Physicochemical properties of the extracted oil were better
using ultrasound-assisted aqueous enzymatic extraction,
indicated by the lowest acid value and peroxide value.

[114]

Cherry seeds Oil An ultrasonic microwave-assisted aqueous enzymatic
extraction process displayed better physicochemical
properties and a higher content of bioactive constituents.

[115]

38



Processes 2024, 12, 2059

4. Challenges and Future Perspectives

While physical disruption techniques have shown considerable promise, they come
with their own set of limitations of challenges. One of the key limitations of physical
methods is their lack of selectivity compared to the well-established chemical methods.
Chemical methods, particularly solvent-based extractions, offer great selectivity by using
tailored solvent to selectively extract targeted compounds without dissolving unwanted
cellular contents, resulting in high-purity final products, and simplifying the downstream
purification process. In contrast, physical methods, like HPH and mechanical milling, rely
on mechanical forces to indiscriminately disrupt the cells, leading to the non-specific release
of all intracellular components, including cell debris and other unwanted intracellular
organelles. Thus, the extracted compounds by using physical methods usually have a
lower purity compared to those extracted by using solvent extraction, thereby complexing
the downstream process as additional filtration or clarification are often needed to remove
those unwanted byproducts. Although advanced techniques, such as ultrasound and
pulsed electric field, offer relatively higher selectivity to HPH and mechanical milling, they
still fall short in product purity and selectivity compared to chemical methods.

Second, while physical methods avoid the use of toxic and environmentally unsus-
tainable organic solvents, they often come at the expense of higher energy consumption,
particularly of electrical energy [116]. Mechanical milling, for instance, consumes inten-
sive electricity to constantly agitation beads and rotate large drums, and both HPH and
ultrasounds also need significant electricity to maintain the high pressure or ultrasonic
waves in liquid medium for cell disruption. When developing these technologies at a
lab-scale, the energy consumption is often overlooked due to the small-scale operation;
however, the energy requirement is enormous in continuous industrial processes and can
significantly increase operating costs. Therefore, the economics and environmental aspects
of the commercialization of these methods should be considered at the early stages.

Third, some physical methods, such as mechanical milling and HPH, can generate
large amounts of heat as a byproduct of the mechanical forces applied to break the cells
walls. The heat can increase the liquid-medium temperature and potentially cause thermal
damage to heat-sensitive bioactive compounds, such as therapeutic proteins, enzymes, and
certain bioactive compounds [117]. Although some cooling systems, such as water cooling
and air cooling, can be integrated into these physical disruption methods, it increases the
equipment cost and operating complexity of the system.

To address these challenges, further research and development are needed to im-
prove the efficiency, selectivity, and sustainability of physical cell disruption methods
for intracellular compound recovery. Although most physical methods, like HPH and
high-pressure homogenization, experience low-selectivity challenges, techniques such as
pulsed electric field and ultrasound offer comparatively better selectivity among physical
methods, making them promising candidates for further development. Currently, while
these two techniques still do not match the precision level of organic solvent extraction,
we can precisely optimize the key processing parameters, such as ultrasound frequency,
duration, electric field strength, medium conductivity, to specific cell types and intracellular
compounds for increasing the selectivity and purity of targeted compounds. In addition,
beyond individual physical methods, combining physical and chemical approaches could
significantly improve selectivity. For instance, the integration of membrane filtration sys-
tems with physical methods could facilitate the simultaneous removal of cell debris and
impurities during the disruption process.

Reducing energy consumption of the physical methods is critical for improving the
technology adoption and economics. In addition to the traditional ways to reduce energy
through the improvements of equipment design (e.g., bead size in mechanical milling)
and optimization of operating conditions (e.g., HPH pressure, electric field strength), the
latest machine learning techniques, especially the new concept of the digital twin system,
offer grand opportunities to control the entire processes and optimize energy use. A
digital twin is a virtual model of a physical system that can be used to simulate the entire
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bioprocess, allowing real-time data to be analyzed and used for predictive process control.
By integrating digital twins with machine learning algorithms, engineers can dynamically
optimize parameters like pressure, pulse frequency, and power consumption, ensuring that
energy use is minimized while enhancing the product quality and process efficiency.

Lastly, it is important to incorporate techno-economic analysis (TEA) and life cycle
assessment (LCA) into the early stage of the development of the methods, to endure that
newly developed physical disruption methods are both economically viable and environ-
mentally sustainable. By integrating TEA and LCA, engineers can not only assess the
overall economic and environmental metrics of a process, but also identify the bottlenecks
regarding the cost and energy consumption before the technology reaches the pilot or
commercial stage. This allows for more informed decision making to select appropriate
technical routes, such as whether to increase the HPH pressure to enhance product recovery
or maintain the pressure to reduce the capital and operating (energy) cost to make the
whole process economically feasible and environmentally sustainable.

5. Conclusions

In summary, the use of physical disruption techniques marks a crucial step forward in
extracting intracellular compounds, potentially offering a more environmentally sustainable
and effective option compared to traditional chemical and biological methods. Through
the application of high-pressure homogenization, ultrasonication, milling, and pulsed
electric fields, high yields of intracellular compounds can be achieved with fewer negative
impacts on the environment. These methods not only address the environmental concerns
associated with conventional chemical extraction but also simplify the processing steps.
Physical disruption technology has great potential in intracellular compound extraction. As
bioprocessing continues to be focused on sustainability, these physical methods will gain
more applications. Continued improvements in the equipment and processing parameters,
as well as developments of novel physical destruction techniques, are expected to unlock
possibilities for physical extracting valuable compounds independently from a variety of
biological sources. Looking forward, the significance of physical disruption techniques
in extracting intracellular compounds is expected to increase, driven by the need for
cleaner, more efficient, and more environmentally friendly processes. Continued research
and innovation in this field are likely to broaden our understanding and enhance our
bioprocessing capabilities.
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Abstract: Modeling is a crucial tool in the biomanufacturing industry, namely in fermentation pro-
cesses. This work discusses both mechanistic and data-driven models, each with unique benefits and
application potential. It discusses semi-parametric hybrid modeling, a growing field that combines
these two types of models for more accurate and easy result extrapolation. The characteristics and
structure of such hybrid models will be examined. Moreover, its versatility will be highlighted,
showing its usefulness in various stages of process development, including real-time monitoring
and optimization. Scale-up remains one of the most relevant topics in fermentation processes, as
it is important to have reproducible critical quality attributes, such as titer and yield, on larger
scales. Furthermore, the process still relies on empirical correlations and iterative optimization. For
these reasons, it is important to improve scale-up predictions, through e.g., the use of digital tools.
Perspectives will be presented on the potential that hybrid modeling has by predicting performance
across different process scales. This could provide more efficient and reliable biomanufacturing
processes that require less resource consumption through experimentation.

Keywords: scale-up; hybrid modeling; industrial fermentation; mechanistic modeling; data-driven
modeling

1. Introduction

Industrial fermentation processes for producing different compounds, such as pharma-
ceuticals and food ingredients, have long been used in the biotechnology industry. Various
microorganisms can be used for these processes, from different species of bacteria to yeast
and fungi [1]. Furthermore, cell culture processes with mammalian cells are relevant in the
biopharmaceutical context, particularly for the production of monoclonal antibodies. Work-
ing with each organism has advantages and challenges, but some challenges are common to
all upstream bioprocesses. Essentially, these organisms are extremely complex biologically,
as different metabolic networks are present in each cell, which are differentially activated
under different circumstances. Furthermore, the interaction with the external environment
affects the biological phenomena at the cellular level [2]. For example, one of the major
challenges when implementing/deploying a new fermentation process is its scale-up, since
changes in geometry and physical conditions on a large scale can affect process performance
through the formation of gradients (e.g., of substrate concentration) [3,4].

Models are essential tools in the field of bioprocesses [5]. They can be used to transform
process knowledge and data into relevant predicted variables. Ultimately, they can be
used in real-time for monitoring and process optimization [6,7]. Regarding the topic of this
review article, fermentation processes, models can also be useful tools to predict differences
in performance once the scale changes [8]. In this way, the scaling process can be made more
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seamlessly, thus reducing the time spent deploying a new process to full-scale production.
These models can essentially be divided into two categories: mechanistic and data-driven.

Mechanistic models, also commonly referred to as “white-box” models, are mathemat-
ical representations of the knowledge of the process. They are described by first-principles
equations, whose parameters have physical meaning [9,10]. On the other hand, data-driven
models (“black box”) do not require any previous knowledge of the process but rather
predict process outputs solely based on available process data [11,12].

Both of these modeling approaches have their strengths and weaknesses, and because
of that, their application also differs. This will be further discussed in specific sections
in this article, Sections 2 and 3, for mechanistic and data-driven modeling, respectively.
Combining both approaches is a strategy to overcome their limitations [11]. This is broadly
defined as hybrid or gray-box modeling [12]; this is the terminology adopted in this work.
Hybrid modeling creates the possibility of taking advantage of the process knowledge
available to build a model that can be easily adapted to different cases (within a specific
range) [13,14] and simultaneously use data-driven approaches to explain parts of the
process for which there is no mechanistic knowledge available [15,16].

This review aims to describe each of the above-mentioned types of models, their
advantages and disadvantages, how they have been applied in the context of fermentation
processes in the past, as well as up-to-date examples. Furthermore, we will discuss how
their combination—hybrid modeling—has been used and the opportunities it opens in
topics that can be aided by modeling. Finally, we will present perspectives on how such
models can enhance scale-up, a topic of broad interest in this research area.

The article is divided into six sections, the first being the Introduction section.
Sections 2 and 3 refer to mechanistic and data-driven models, respectively. The following
Section 4 focuses on hybrid modeling, its structure, and potential applications in fermenta-
tion processes. Section 5 highlights some of the issues concerning scale-up and the role that
models can play in solving them. Finally, Section 6 presents the conclusion of the review,
summarizing the main take-home messages and future perspectives.

2. Mechanistic Modeling

Mechanistic models are based on the fundamental laws of natural science and aim
to describe systems and their mechanisms using mathematical equations derived from
process knowledge. Equation parameters can have a biological, chemical, or physical
meaning. They can be based on mass, heat, and momentum balances as well as kinetic
rate equations. Figure 1 illustrates the process of developing such models. In fermentation
processes, the most critical aspects to predict are biomass growth, substrate consumption,
and product formation [10]. These models can have different levels of complexity regarding
the assumptions made about cell heterogeneity (segregated vs. unsegregated models)
and the detail considered when calculating cell growth (structured vs. unstructured mod-
els) [10]. Segregated models focus on studying heterogeneity in cell populations. For the
purpose of bioprocess optimization, their high complexity makes them challenging and
time-consuming, and therefore, an average description of the cell is more commonly ap-
plied [17]. Thus, the focus is on unsegregated models, and so there is no further discussion
on the differences between segregated and unsegregated models. A review of the methods
utilized for cell population modeling and its applications can be found in the publication
of Waldherr [18]. Table 1 highlights the differences between structured and unstructured
mechanistic models and their advantages and disadvantages.

Unstructured kinetic models are widespread because they usually do not contain
many parameters, and as a consequence, they are not computationally expensive. They
consider biomass as a black box that converts a substrate into the product of interest and
do not detail the chemical reactions occurring inside the cells. Therefore, this type of model
focuses on studying the impact that external parameters, such as temperature and pH, have
on the biological component of the process or others, such as agitation power and aeration,
have on the physical component of the system. The lower resolution of the biological
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component allows for more detail on the physical characterization of the process [10]. Some
successful applications of these types of models are (a) modeling of overflow metabolism in
Escherichia coli [19]; (b) modeling of enzyme production in Aspergillus oryzae under different
aeration and agitation conditions [20]; and, (c) kinetic modeling of glucose and xylose
co-fermentation for the production of lignocellulosic ethanol [21].

Figure 1. Schematic of mechanistic model development.

Table 1. Summary of mechanistic model characteristics.

Type of Model Characteristics Advantages Disadvantages

Unstructured

Biomass as black-box
Balanced growth approximation Description of the physical aspects

of the process
Potential over-simplification of

biomass-product dynamicsMass balances and kinetic
equations

Structured

Biomass as a multi-component
organism

Cell growth calculated based on
interaction of intracellular

components

Suitable to model complex systems
(e.g., metabolic networks)

Extensive parameter identification
(e.g metabolomics analysis)

Metabolic flux equations

On the other hand, structured models consider biomass as multi-component organisms
with internal structure [22]. They can be useful, for example, for improving the metabolic
efficiency (yield) of a target product. For example, Tang et al. [23] used a pooled metabolic
model to predict the metabolic impact in P. chrysogenum of a feast–famine cycle, both
on the hour and minute time scales, making it relevant for studying the influence of
large-scale mixing. Jahan et al. [24] developed a model to estimate specific growth rates
based on reaction kinetics for wild-type and genetic mutants of Escherichia coli. In another
study, Çelik et al. [25] developed a structured kinetic model for Pichia pastoris growth and
recombinant protein production for optimizing feeding strategy.

Unstructured models are simpler but can still provide a useful description of the
process and, therefore, can be easily used for design purposes [10]. Special attention
must be paid since they cannot be easily extrapolated. On the other hand, dynamic
metabolic modeling provides a more accurate description of growth metabolism, increasing
extrapolating capabilities [26]. However, it requires many equations, and a significant
number of parameters must be experimentally identified. Ultimately, what defines a good
model depends on the desired application context, and thus, model complexity should be
decided according to the question to be answered.

In Table 2, more examples are summarized, both for structured and unstructured
approaches. Most applications concern the prediction of growth or product formation
under different process conditions. Nevertheless, these models have also been used to
determine optimal process parameters or to understand the cell’s metabolic responses.
In summary, mechanistic models are based on process understanding, which means that
they can be extrapolated, to some extent, outside the specific context in which they are
developed by tuning some of the model parameters [10]. On the downside, they require
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intensive study/knowledge of the process and thus are time- and resource-consuming to
develop and maintain [9].

Table 2. Examples of applications of mechanistic models of fermentation processes.

Microorganism Type of Model Studied Parameter Main Findings Reference

Aspergillus oryzae Unstructured Different agitation and
aeration conditions

Prediction of several
fermentation parameters,
e.g., rheological behavior

at different process
conditions

[20]

Bacillus subtilis Unstructured Oxygen supply
Optimize aeration rate for
higher protein production,
using low-cost substrates

[27]

CHO cell Unstructured Temperature shift

Optimization of
temperature profiles for
optimal cell growth and

productivity

[28]

Escherichia coli

Unstructured Overflow metabolism Prediction of growth and
acetate-induced dynamics [19]

Structured kinetic Specific growth rate

Prediction of growth rate
based on reaction kinetics
for wild-type and genetic

mutants

[24]

Penicillium chrysogenum

Pooled metabolic model Dynamic feeding
conditions

Prediction of metabolic
response induced by

feast-famine feeding cycles
[23]

Structured kinetic On- and off-line process
measurements

Prediction of process
measurements including

e.g., off-gas analysis
[29]

Pichia pastoris
Unstructured Protein production

Strategy to improve
product formation based

on growth kinetics
[30]

Structured kinetic Growth and recombinant
protein production

Prediction of optimal feed
strategy [25]

Saccharomyces cerevisiae Unstructured Ethanol production

Prediction of ethanol
production under

non-sterile conditions in
biofilm reactor

[31]

Zymomonas mobilis Unstructured Glucose and xylose
co-fermentation

Prediction of ethanol yield
across a wide range of

initial process conditions
[21]

Not disclosed Unstructured On-line monitoring On-line prediction of
product concentration [32]

3. Data-Driven Modeling

Unlike mechanistic models, data-driven approaches ignore relationships that originate
from process knowledge, and the parameters of the mathematical equations will not
have a physical meaning. Figure 2 illustrates how historical process data are used to
develop these models. In a fermentation context, these models aim to predict critical
quality attributes (CQA), such as titer, productivity, and carbon efficiency, based on critical
process parameters, without accounting for the mechanistic causalities that describe the
relationships [11].
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Figure 2. Schematic of data-driven model development.

Machine learning is a widely used data-driven modeling method and can be divided
into two categories: supervised and unsupervised learning. Some authors also introduce
the classification of reinforcement learning, though others defend that it should not be
considered a specific class of learning methods but rather as a paradigm where an agent
learns how to behave in an environment based on a reward signal [33,34]. Nonetheless,
the three types (supervised, unsupervised, and reinforcement) of learning will be discussed
and examples will be given on their application in the modeling of fermentation processes
(Table 3).

In supervised learning, the data are labeled, which means that in addition to inputs,
there are also predetermined output attributes that are considered in the modeling pro-
cess [33]. In the case of fermentation processes, the output attributes would be, e.g., biomass
and product concentration, and the input attributes, online process data. Therefore, the al-
gorithm will identify the relationship between input and output variables and use it to
predict the target values based on new input values. Supervised learning includes the
use of artificial neural networks (ANN). These have been successfully implemented for
fermentation processes. For example, Tavasoli et al. [35] used neural networks to develop
a μ-stat approach to control methanol feeding in an E. coli fermentation for recombinant
protein production. The results showed significant improvements compared to previ-
ously used approaches for methanol feeding. Furthermore, Nagy [36] has used dynamic
neural networks to develop a model predictive controller of temperature for continuous
yeast fermentation.

On the other hand, unsupervised learning focuses on identifying hidden patterns in
the data without considering a target attribute. All variables in the dataset are used as
inputs. Thus, these methods are suitable for clustering and association techniques [33].
Some examples are PCA (principal component analysis) and PLS (partial least squares)
regressions. Andersen et al. [37] applied a partitioned PLS model to predict the yield of a
batch fermentation based on selected process variables. Another example is the use of a
data-driven Gaussian process regression model by Barton et al. [38] on a batch fermentation
model. The model was used to increase productivity from batch to batch by manipulating
process variables, e.g., batch cycle time. Nucci et al. [39] used a PCA algorithm to detect when
the process is not progressing as planned, providing decision-making support. A sub-category
for unsupervised learning methods recurs to maximum-likelihood properties. These methods
take into account the measurement error variance information, making them suitable for
processes with limited and noisy data, such as fermentation or cell culture. In the works of
Dewasme et al. [40] and Pimentel et al. [41], they are applied to PCA and nonnegative matrix
decomposition (NMD), respectively, to reduce data dimensionality and identify relevant
process models in hybridoma cell culture for the production of monoclonal antibodies.

Classified between supervised and unsupervised learning, reinforcement learning
is a type of algorithm in which the agent (in this case, the model) learns how to behave
in a dynamic environment through trial and error interactions, and the only feedback
is a scalar reward signal [34,42]. Two main strategies are used for solving this type of
problem: (a) search the space of behaviors for one that performs well in the environment;
this is achieved, for example, using genetic algorithms; (b) use statistical and dynamic
programming methods for estimating the effect that taking different actions has on the
different states of the system [42]. These types of models find applications in fermentation
processes, particularly in the development of feed control strategies. Treloar et al. [43]
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applied a deep reinforcement learning method to control substrate feeding rates to maintain
the desired population levels (in a co-culture) to optimize product formation. In another
example, Kim et al. [44] used model-based reinforcement learning to develop a feed
rate control that led to an increase in yield and productivity in an in silico penicillin
production plant.

Table 3 summarizes the examples given in the text above, in addition to more relevant
examples of the application of data-driven models. It highlights the capabilities of these
approaches. To conclude, the main advantage of data-driven models is the automatic
assembly of the models and the low computational burden, which makes them suitable
for real-time monitoring and control [11]. However, unlike mechanistic modeling, its
predictive capabilities are limited to the space where they were validated, restricting its use
for bioprocess control and optimization to very specific cases [12].

Table 3. Examples of applications of data-driven modeling of fermentation processes.

Microorganism Type of Model Studied Parameter Main Findings Reference

Bacillus megaterium PCA Fault detection On-line fault detection providing
decision-making support [39]

Escherichia coli

Neural networks μ-stat feeding control Increased cell growth and target
protein production [35]

Reinforcement learning Feed rate control
Product formation optimization in a

simulated chemostat with
co-cultures

[43]

Hybridoma cells

Maximum-likelihood
PCA Macroscopic reactions

Determine minimum number of
reactions and parameters for

process model
[40]

Maximum-likelihood
NMD

Prediction of relevant
parameters

Identified model with good
prediction results [41]

Penicillium chrysogenum

Reinforcement learning Feed rate control Optimized yield and productivity of
in silico penicillin production plant [44]

Reinforcement learning Feed rate control
Overperformed other feed control
strategies for a digital industrial

penicillin plant
[45]

Saccharomyces cerevisiae

Neural networks Temperature model
predictive controller

More robust temperature control,
compared to linear model predictive

controller
[36]

Neural networks Monitoring of relevant
parameters

Prediction results with on-line
fluorescence spectroscopy and a

process model were equivalent to
those of the model where offline

calibration data were used

[46]

Gaussian process
regression

Manipulation of cycle
time

Increased productivity from each
batch to the following one [38]

Streptomycetes sp. PLS API production
Identification of process variables
responsible for variation in API

production
[47]

Not disclosed PLS Yield prediction Similar performance to more
complex genetic algorithm [37]

4. Hybrid Modeling

As stated in the preceding sections, despite their advantages, both mechanistic and
data-driven models have their shortcomings, as summarized in Table 4. Semi-parametric
hybrid modeling, here named hybrid modeling, has the possibility of combining these
approaches. It results in a more accurate mechanistic model by incorporating historical
process data or a data-driven model that can be extrapolated outside the specific context in
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which it has been trained [48]. This is particularly relevant for modeling complex systems
where only partial process understanding exists. An example would be a fermentation
process in which the mass and energy balances are well defined, but the parameters of
the kinetic rate equations are complicated to determine [49]. Process data are used by
data-driven models to fill in knowledge gaps. An advantage of this type of model is
that it integrates existing knowledge into a structured data-driven framework, allowing
predictions to be improved as more experimental data on the process are collected and
added to the model [50]. For monitoring purposes, the models should predict the relevant
parameters, based on online measurements. When it comes to fermentation processes, this
can be achieved, e.g., for biomass concentration (from oxygen and carbon evolution rates,
for example) [51], straightforwardly through data-driven techniques; however, this is more
challenging for product concentration, due to, for example, relatively low product titers [52].
By integrating the two types of knowledge, mechanistic and data-driven, the limitations
presented in Table 4 can be reduced [52]. Hybrid modeling is a relevant approach for
model predictive control since the model needs to remain robust in untested regions of the
process [50]. Hybrid models are characterized by their extrapolation capabilities, making
them suitable for process control outside the tested process conditions [53]. For this appli-
cation, the extrapolation capabilities of mechanistic models are an important complement
to data-driven approaches. Furthermore, the underlying mechanistic structure of these
models makes them more transparent and easier to scrutinize than their purely data-driven
counterparts [53].

Table 4. Advantages and limitations of mechanistic and data-driven models.

Type of Model Advantages Limitations

Mechanistic

Increased process understanding Time-consuming development

Process control and optimization Extensive experimental work
for validation

Model-based DOE Intensive process knowledge required

Data-driven

Automatic model assembly Poor extrapolation capabilities
Real-time monitoring and fault

detection
Requires representative and reliable

data
Low computational burden Limited for control and optimization

The work of Narayanan et al. [13] highlights the benefits of hybrid modeling by com-
paring the performance metrics of a process model with varying degrees of hybridization.
This study evaluates seven process models in which 0% (equal to a fully data-driven
model) to 100% (a fully mechanistic model) of process knowledge is included. The fully
data-driven model utilized was PLS since it was the best performing among other tested
structures (e.g., NN); when incorporating process knowledge, NN were chosen as the
data-driven components. As for the mechanistic component, the added knowledge to each
of the five hybrid models was (1) the rate of accumulation, (2) mass balances, (3) specific
rate, (4) specific growth and death rate, and (5) kinetic terms. The fully mechanistic model
further included Monod equations for the metabolites.

Table 5 summarizes the results obtained. Essentially, the models were tested in two
contexts: interpolation and extrapolation, i.e., within process conditions present in the
training dataset and conditions not observed in the training data, namely the feed pro-
files. For both cases, hybrid approaches showed superior performance. Most interestingly,
the data requirements for each level of knowledge incorporation differed. In the interpo-
lation scenario, it is possible to observe that, by adding an equation for the accumulation
rates, the same performance as the data-driven model was achieved with 20 fewer training
runs. Hybrid Model 3, which contained a variable for the specific formation/consumption
rate of each variable, was the best performer, having the lowest MSE (mean squared error)
and the least training data. As more knowledge was added to the model, more training
data were necessary to achieve equal performance. In these cases, the additional knowl-
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edge of the process means that a larger number of outputs need to be predicted using
the NN, thus having more parameters and requiring a larger quantity of data. As for the
mechanistic model, the MSE obtained is the highest observed; however, only 10 runs are
necessary. With the same number of runs, the data-driven model exhibits significantly
worse performance (MSE of 0.15).

Table 5. Model performance across hybridization levels [13].

Interpolation Extrapolation
Degree of

Hybridization
Optimal Run

Number 1 Best MSE 2 Optimal Run
Number

Best RMSE

Data-driven 50 0.039 50 0.32
Hybrid 1-rAcc 3 30 0.039 50 0.20
Hybrid 2-MB 4 30 0.030 50 0.10
Hybrid 3-rSp 5 30 0.025 30 0.05
Hybrid 4-rXv 6 50 0.025 50 0.05
Hybrid 5-kin 7 50 0.025 50 0.05

Mechanistic 10 0.060 30 0.10
1 Number of training runs necessary to achieve the lowest MSE. 2 Lowest mean squared error. 3 Rate of
accumulation. 4 Mass balance. 5 Specific rates. 6 Specific growth and death rates. 7 Kinetic terms.

The differences became more striking in the extrapolation test scenario. The data-driven
model performed poorly even with 50 training runs. By adding some knowledge, the per-
formance of hybrid model 1 improved significantly, although its performance was still not
satisfactory. Similarly to the interpolation case, hybrid model 3 was the best performer. It
exhibited the lowest MSE while also requiring the least training data. The models with a larger
mechanistic component once again required more training data and had an equally low MSE.
Finally, the fully mechanistic model presented an MSE higher than that of the best hybrid
models, although it needed the least amount of data. Considering only 30 training runs, it was
only outperformed by hybrid model 3. Furthermore, when comparing the two extremes, data-
driven and mechanistic, it is clear that the latter is superior when extrapolation is necessary.
Overall, with an adequate selection of the mechanistic component, hybrid models present
several advantages, resulting in more accurate models with good extrapolation properties
and with lower data requirements than data-driven counterparts.

Depending on how the different types of models are combined, two hybrid model
structures can be defined, parallel and serial (Figure 3). The parallel structure (Figure 3a) is
suitable when the parametric (mechanistic) model exists independently, but its prediction
capabilities are limited due to, e.g., unmodeled effects and nonlinearities [12]. As such,
the parametric model can be used by itself, and the non-parametric component only improves
the quality of the predictions [48]. The downside of this approach is that the model’s prediction
will remain poor for the input space in which the data-driven model has not been trained. As
for the serial structure (Figure 3b,c), the “white-box” model will be composed of first-principles
equations, such as mass and energy balances, for example, and the “black-box” model
component will be used to represent, for example, kinetic terms, since these are harder to
validate [12]. The serial structure is particularly suitable when there is insufficient knowledge
of the underlying process mechanisms to build a fully mechanistic model, but sufficient
process data are available to calibrate the data-driven component. On the other hand, a serial
structure can also be applied in the case where the predictions of the mechanistic model
are used as input to the data-driven model, establishing relationships between the process
parameters or the inputs [12].

The main determinant of the best structure to adopt is the structure of the mecha-
nistic model, as the assumptions made in that model constrain the solution space [54].
As such, when the mechanistic model cannot correctly represent some aspects of the pro-
cess, e.g., complex nonlinear kinetics, a parallel structure is preferred. It can perform better
than the serial arrangement since the data-driven model can partially compensate for the
structural weakness in the mechanistic model. When the structure of the mechanistic

53



Processes 2024, 12, 1635

model is accurate, the serial model gives better predictions compared to the parallel model.
In addition, the extrapolation properties will be significantly better.

Figure 3. Schematic of the three ways to combine the two types of models. (a) Parallel configuration.
(b,c) Serial configurations.

Hybrid modeling is a relatively recent field. Despite significant efforts in this area,
as evidenced by applications in fermentation processes (refer to Table 6), there are still
challenges to overcome. These challenges should be addressed to allow their widespread
application in the field of biochemical engineering. A detailed discussion of current chal-
lenges can be found in the review of Schweidtmann et al. [48]. Some examples that are
found particularly relevant for fermentation processes are: (a) the complexity in parameter
estimation in dynamic hybrid models since this could lead to an increase in computa-
tional demand [55,56]; (b) the lack of well-documented methods for incremental learning,
i.e., being able to train the model on new data without requiring access to the original data,
which could be essential to improve the model’s predictions as more experimental data
are collected. This is relevant since the most common approach at the moment is batch
incremental learning, which requires the model to be re-trained using the whole dataset
(original data and new data) and that can become computationally expensive for increasing
quantities of data [57]; and (c) the use in adaptive and evolving systems, since this can
be the case in fermentation processes, such as processes with distinct phases for growth
and product synthesis [58]. This results in a metabolic shift, which can be represented
by keeping the same structure (e.g., the equation used to describe the growth rate) and
changing the value of certain parameters—adaptive—or by constructing a different model
for each phase (e.g., choosing a new equation that better describes the growth rate in the
new conditions)—evolving.

Table 6. Applications of hybrid models of fermentation processes.

Microorganism Type of Model Application Studied Parameter Main Findings Reference

Aspergillus niger
Unstructured

mechanistic model +
LBGM

Prediction Glucose, glycerol and
biomass concentration

Soft-sensor for glucose
concentration coupled with a
kinetic model for glycerol and

biomass prediction

[59]

Bordetella pertussis
Unstructured

mechanistic model +
PLS

Monitoring
Biomass, glutamate,

and lactate
concentration

Real-time monitoring of the
fermentation with improved

prediction compared to the PLS
model on its own

[60]

Candida rugosa
Unstructured

mechanistic model +
NN

Monitoring Lypolitic activity
Decreased prediction error of

lipase activity with on-line
implementation

[61]

Cunninghamella
echinulata

Unstructured
mechanistic model +

NN
Prediction Kinetic parameter

estimation

The data-driven model is
directly built as the kinetic
parameters are estimated

[58]

Escherichia coli

Unstructured
mechanistic model +

NN
Optimization Induction conditions

Significant reduction in required
DOE to determine optimal

parameters
[49]

Unstructured
mechanistic model +

NN
Control Feed rate

Improved batch-to-batch
reproducibility by introducing a

model-based feed rate control
[62]
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Table 6. Cont.

Microorganism Type of Model Application Studied Parameter Main Findings Reference

Mammalian cell culture

Unstructured
mechanistic model + NN Control Harvesting point

Real-time monitoring of the
fermentation and model
predictive feed control

[63]

Unstructured
mechanistic model + NN Prediction Degree of hybridization

Determination of the ideal level
of mechanistic knowledge to be

included for optimal
performance

[13]

Pichia pastoris

Unstructured
mechanistic model + NN Prediction Prediction of dynamic

variables

Increased depth of the neural
network led to a decrease in

prediction errors
[64]

Carbon balance +
Multiple linear

regression
Monitoring Biomass concentration

Prediction of biomass
concentration, based on online

data of three different
fermentation phases

[51]

Saccharomyces cerevisiae

Unstructured
mechanistic model +

Neural ODEs
Prediction Unknown kinetic

dynamics

Improved model accuracy from
the incorporation of neural

ODEs
[16]

Unstructured
mechanistic model +

PLS
Monitoring Substrate uptake and

ethanol production

Real-time monitoring of the
fermentation using advanced

spectroscopy data
[65]

Xanthophyllomyces
dendrorhous

Unstructured
mechanistic model +

Gaussian process model
Prediction

Kinetic parameter
estimation in

mixed-sugar conditions

Embedding of the Gaussian
process model reduces model

uncertainty and prediction error
[56]

Non disclosed Unstructured
mechanistic model + NN Prediction

Uncertain parameters,
e.g., biomass, product

and substrate

Superior performance versus the
kinetic model [15]

Applications in Fermentation Processes

This section will focus on applications of hybrid modeling in the field of fermentation.
Hybrid modeling can be used as a prediction tool in the process development stage [16,49],
and its applications extend to monitoring, control, and optimization. Table 6 summarizes
some examples of the application of this type of model.

As an early development stage example, von Stosch et al. [49] applied a hybrid model
for a reduced DOE for an E. coli fermentation process. The selected structure for the
model was a serial structure (Figure 3c), where the data-driven component (ANN) is used
to predict the rates and correlation parameters included in the mechanistic component
(material balances). Essentially, the mechanistic model uses ODEs to describe the variation
over time of volume, biomass, and product concentrations, by establishing the relationships
between these variables and rates (biomass and product formation) and the added base
and feed solution. The data-driven model is an artificial neural network with three layers.
The inputs for this model are the process parameters X (biomass concentration), P/X
(specific productivity), T (temperature), pH, and the carbon feed rate. The structure of the
neural network (number of nodes and hidden layers) as well as the most relevant process
parameters to include were decided on the basis of the performance of the model on the
validation set. The hybrid model could predict the impact of different induction conditions
(e.g., temperature and pH) on biomass growth and recombinant protein formation, allowing
for better process understanding without added experiments.

For monitoring purposes, the models can be used as a soft sensor where online mea-
surements are taken by the model and turned into relevant predictions. For example,
Brunner et al. [51] use the online data of CO2, measured in the off-gas for real-time predic-
tion of biomass concentration throughout the different stages of a fermentation process
(batch, transition phase, and fed-batch), recurring to a simple carbon balance model coupled
with multiple linear regression. In this case, a serial structure is adopted as well; however,
unlike the previous example, the mechanistic model’s predictions are fed into the data-
driven component (Figure 3b). The rate of carbon production is calculated mechanistically
based on mass balances. This value, along with the volume of the base solution that has
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been fed into the reactor, is input into the multiple linear regression model. This model
will calculate the biomass concentration. Furthermore, a phase detection algorithm is used
to determine the current process stage, and automatically adapt the values of the model’s
parameters, based on the concentration of CO2 measured online in the off-gas.

In another approach, Boareto et al. [61] used NNs to improve a previously developed
mechanistic model of the produced lipolytic enzyme titer. The model utilized CO2 and sub-
strate feed rate measurements to predict, in real-time, the enzyme titer, as well as substrate
and biomass concentrations. In this approach, a parallel structure is adopted to combat
the structural mismatch in the original mechanistic model. The mechanistic component
of the model was adapted from the literature and reduced so that it would include ODEs
only for the biomass and substrate concentration, using the well-known Monod equation
to predict the growth rate. The equations describing the evolution in enzyme activity were
removed due to their inaccurate predictions. The data-driven component of the model
(ANN) is used to calculate the enzyme’s titer based on the carbon evolution rate, substrate
feed rate (online measurements), and biomass concentration (calculated by the mechanistic
component). The selected neural network model had three layers and its structure was
determined by cross-validation. The final model significantly improved the accuracy of
the enzyme titer predictions while maintaining the same performance for the prediction of
biomass concentration.

Cabaneros Lopez et al. [65] uses mid-infrared spectroscopy data to feed a PLS model.
Combined with a kinetic model, they can predict glucose, biomass, and ethanol concen-
tration in a lignocellulosic fermentation. The model presents a parallel structure, and the
predictions of both components are fused by a continuous-discrete extended Kalman filter
(CD-EKF). The mechanistic component is a kinetic model composed of eight ODEs de-
scribing all the variables of interest, and the parameter estimation was performed by the
non-linear least-squares method. For the data-driven component, PLS models were used to
predict glucose, xylose, and ethanol concentrations from the spectral data. The predictions
of the hybrid model were compared to the predictions of the mechanistic and data-driven
models on their own. In all but one case, the hybrid model presented lower RMSE values
than the other models. In one of the test fermentations, the RMSE for the prediction of
ethanol concentration was lower for the mechanistic model than for the hybrid model.

For control purposes, robust models with high extrapolation possibilities are re-
quired [52]—characteristic of hybrid models—however, not many applications are reported.
However, there are some examples such as the work of Dors et al. [63] and Jenzsch et al. [62],
in which the predictions of the hybrid model are used as input to control the fermentation
feed profile, leading to a more stable process and improved batch-to-batch reproducibility,
respectively. In the first case, a parallel structure is adopted. The mechanistic component
consists of ODEs that describe the mass balances for all relevant process variables and uses
Monod relationships to describe the kinetics of the process. The data-driven component
(ANN) is used to partially calculate the consumption and production rates. The predictions
of both components are weighted according to the process data available to train the neural
network in the region corresponding to the current process state; i.e., if sufficient historical
data for the current state exist, the prediction of the neural network will have a superior
weight to the one of the mechanistic components. Finally, the hybrid model is used to
calculate an optimal feed rate. The use of hybrid modeling for online applications, namely
monitoring, is already significant. Real-time predictions of key process variables open
the possibility of detecting if the process is running as expected and can aid the decision-
making of operators. This would push the industry towards a more digital operation, being
less dependent on variations influenced by human interaction.

5. Model Aided Scale-Up

The topic of scale-up has been central in the research activities concerning fermentation
for years. This entails taking a newly developed process from lab to full production scale.
The aim is to produce large product quantities while maintaining the CQAs observed at the
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small scale. The challenge is that as the reactor size increases, the conditions for favorable
growth may be harder to attain, e.g., due to less efficient mixing. This, in turn, can lead
to lower process reproducibility, yields, and product quality [66]. Process scale-up is still,
to this day, a major challenge in the fermentation industry, as it is usually not based on
mathematical process models but on empirical correlations.

The ideal way to tackle the challenges found on large scales would be to perform
experiments on the actual production site. However, this is not economically feasible, not
only due to the large amount of resources consumed but also due to the loss of production
capacity [67]. The alternative is the use of scale-down approaches, in which a laboratory or
pilot scale reactor is used to replicate the conditions experienced at an industrial scale, so the
results are relevant for production process optimization. Achieving a successful scale-down
is also a challenge since some conditions might be difficult to replicate at smaller scales,
such as oxygen transfer, shear rate, and flow patterns. Several platforms can be used for
it, including pilot scale reactors, microtiter plates [68], shake flasks, microbioreactors or
milliliter scale stirred reactors [69]. Another interesting approach is the use of two connected
STRs or a STR and a PFR [70]. This approach allows a potential study of gradients by having
each small-scale reactor represent a specific zone of the large-scale reactor, for example,
of substrate or oxygen depletion.

5.1. Use of CFD-Coupled Kinetic Models

A relevant problem in industrial-scale reactors that should be taken into account
when planning a scale-up is the formation of gradients. There are significant gradients
that may impact fermentation process performance of, e.g., substrate or dissolved oxygen
concentration. These gradients will occur when the local rate of consumption is higher
than the rate of transport [3]. The consequence will be the occurrence of different zones
inside the bioreactor with a surplus or a deficiency of nutrients or oxygen. For example,
if the substrate is dosed at the top, then the cells located there will experience high nutrient
concentrations which can lead to, for example, overflow metabolism in E. coli with the
production of inhibitory by-products like acetate as a consequence.

A useful tool to study gradients is the combination of computational fluid dynamics
(CFD) simulations and biological models. By combining the fluid flow information gained
from the CFD model, with the cell metabolism information from the biological model, it is
possible to predict the cell response to environmental factors and ultimately the impact this
has on CQAs [71].

Several studies have been conducted, with the biological model’s complexity rang-
ing from simpler unstructured approaches to complex structured metabolic models. Al-
though unstructured approaches are useful for a better understanding of gradients, they
cannot capture the response of the organisms to the different conditions, as metabolic
models can. Table 7 summarizes examples of models developed. To highlight a few, Pigou
and Morchain [4] were able to predict the areas of the bioreactor where acetate would
be consumed or produced by E. coli due to the formation of a glucose gradient. They
used a population balance model in combination with a compartment model, reducing the
computational burden compared to a CFD simulation. In the work of Sibler et al. [72], they
could predict the impact of the CO gradient on the cell population. Through their work,
the scale-up of this syngas fermentation can be performed by taking into account the need
to improve CO mass transfer or engineering strains that better cope with this limitation.

Table 7. Applications of CFD-coupled kinetic models of fermentation processes.

Microorganism Approach Main Findings Reference

Clostridium ljungdahlii Unstructured kinetic model Need to improve CO mass transfer and/or to engineer
strains that cope with the conditions [72]

Escherichia coli Metabolic model Glucose gradients induce production/consumption of
acetate in different parts of the reactor [4]
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Table 7. Cont.

Microorganism Approach Main Findings Reference

Penicillium chrysogenum
Dynamic gene regulation model

Statistical assessment of the substrate fluctuations
experienced by organisms in industrial-scale

fermentation
[73]

Pooled metabolic model Identified targets for metabolic and reactor
optimization of large-scale fermentation [26]

Pseudomonas putida Cell cycle model Insights into the intracellular mechanisms that
determine growth phenotypes [74]

Saccharomyces cerevisiae Unstructured kinetic model
The approach provides a simulation strategy for the

design and operation of bioreactors, particularly when
single cell behavior is relevant

[75]

5.2. Use of Hybrid Modelling in Scale-Up

So far, this section has illustrated how modeling can be used to predict a challenge
that can be encountered when scaling up the formation of gradients. However, models that
can predict the fermentation performance to some extent on a large scale, namely what
the CQAs would look like under different conditions, would be extremely beneficial when
planning the scale transition. Although there are numerous instances of hybrid models
being applied to fermentation processes, their utilization for scale-up is not commonly
mentioned. We believe that this modeling approach offers a significant opportunity to
accelerate the scale-up stage of fermentation process development.

As mentioned in Section 4, hybrid models can have good extrapolation properties
(which are determined by the mechanistic component of the model) while being less time-
consuming to develop than purely mechanistic models. This highlights their suitability as
an approach for scale-up since the model could be developed and calibrated at a smaller
scale and then extrapolated to a larger scale. One strategy is to develop a mechanistic
model on a small scale and complement it with data-driven approaches to represent
scale-specific parts of the model. The data-driven component will account for scale-up
factors and other assumptions made in the mechanistic model that are not valid on larger
scales [12,76]. Another option is to use mainly small-scale experimental data to develop
the model but include a few validation experiments at a larger scale. This will be sufficient
to significantly improve the model’s prediction capabilities on a large scale, while at the
same time not requiring a big increase in resource consumption [50].

Here, two examples are described where a hybrid model is used to predict larger-scale
performance. In the work of Bayer et al. [50], a hybrid model was developed from a DOE
with 300 mL shake flasks and re-calibrated with only three batches at the 15 L lab-scale
reactor. These few experimental runs on a larger scale were sufficient for the model to
accurately describe cell behavior and product formation on the 15 L scale under different
process conditions. These included shifts in temperature and substrate concentration in the
feed, throughout the fermentation time, while the model had only been trained in static
conditions. Regarding the work of Rogers et al. [14], three hybrid models are developed on
the 1 L scale, where each model has a different quantity of kinetic knowledge incorporated,
i.e., number of parameters. The models are then used to predict the performance of
fermentations in 5 L reactors under a temperature change that was not present in the
training data. They found that the model with intermediate knowledge incorporation
performed the best in this case and is suitable for model-based bioreactor optimization
and scale-up. Although the model with the largest kinetic information had more confident
predictions, it showed lower accuracy. This highlights that incorporating information
that is not fully understood can lead to incorrect bias and poorer model performance,
i.e., overfitting the model.
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No examples of applications of similar strategies to industrial scales have been found
in the literature. However, an adaptation of the described strategies to larger scales could
be of interest.

6. Conclusions

The development and application of process models continue to be crucial research
areas in biotechnology. These models can be utilized at various stages of process develop-
ment, from initial design to optimization, for scale-up, and ultimately as a more detailed
way of monitoring and controlling processes. The main takeaways of this review are:

• Both mechanistic and data-driven models continue to be relevant strategies in the
development of fermentation processes, both with different specific use cases. Data-
driven models are particularly relevant for online process models and are frequently
used in the development of soft-sensors. On the other hand, the interpretability
and extrapolation capabilities of mechanistic models make them suitable for process
optimization and understanding the impact of different parameters on the cell’s
metabolic responses.

• Hybrid modeling is a rapidly evolving field and offers substantial benefits in the
context of fermentation processes. It enables the exploitation of the strengths of both
types of aforementioned models while combatting their weaknesses, ideally leading
to a more agile development process.

• The level of mechanistic knowledge included in hybrid models must be carefully
selected to avoid overparametrizing or biasing the model. If performed adequately,
the result will be a more accurate and extrapolative model, with lower data require-
ments than a data-driven counterpart.

• Most use cases still focus on the prediction and monitoring of relevant process vari-
ables, but they present great potential for model predictive control applications. Fur-
thermore, it appears to be an interesting tool for aiding in process upscaling due to
good extrapolation capabilities across scales.

• The technology readiness level of hybrid modeling is still considered low. Some chal-
lenges, like the expansion of models as more data becomes available or the complexity
in parameter estimation, need to be overcome for their successful implementation as
relevant tools for industrial bioprocesses.
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The following abbreviations are used in this manuscript:

ANN artificial neural networks
API active pharmaceutical ingredient
CFD computational fluid dynamics
CHO Chinese hamster ovary
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CQA critical quality attribute
DOE design of experiments
NN neural networks
ODE ordinary differential equation
PCA principal component analysis
PFR plug flow reactor
PLS partial least squares
STR stirred tank reactor
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Abstract: Utilizing syngas components CO, CO2, and H2 to produce fatty acids and alcohols offers a
sustainable approach for biofuels and chemicals, reducing the global carbon footprint. The develop-
ment of robust strains, especially for higher alcohol titers in C4 and C6 compounds, and the creation
of cost-effective media are crucial. This study compared syngas fermentation capabilities of three
novel strains (Clostridium carboxidivorans P20, C. ljungdahlii P14, and C. muellerianum P21) with existing
strains (C. ragsdalei P11 and C. carboxidivorans P7) in three medium formulations. Fermentations in
250-mL bottles were conducted at 37 ◦C using H2:CO2:CO (30:30:40) using P11, P7, and corn steep
liquor (CSL) media. Results showed that P11 and CSL media facilitated higher cell mass, alcohol titer,
and gas conversion compared to the P7 medium. Strains P7, P14, and P20 formed 1.4- to 4-fold more
total alcohols in the CSL medium in comparison with the P7 medium. Further, strain P21 produced
more butanol (0.9 g/L) and hexanol (0.7 g/L) in the medium with CSL, offering cost advantages over
P7 and P11 media containing yeast extract. Enhancing strain activity and selectivity in converting
syngas into C4 and C6 alcohols requires further development, medium formulation improvements,
and characterization, particularly for the new strain P21.

Keywords: syngas; novel acetogens; ethanol; butanol; hexanol

1. Introduction

Biofuel production gained significant attention due to its advantages in reducing
dependence on fossil fuels and greenhouse gas emissions (GHG) [1–3]. The United States is
the leading biofuel producer in the world, producing 17 billion gallons per year from corn
ethanol in 275 biorefineries [4]. Second-generation biofuel production from lignocellulosic
biomass is estimated to range from 30 to 60 billion gallons per year in the U.S.A. by 2050 [5].
In addition to ethanol, there has been a growing interest in making renewable butanol
and hexanol [6,7]. Butanol is more compatible with the existing infrastructure and well-
suited for the production of jet fuels [7–10]. Similarly, hexanol was used as a co-solvent
in making biodiesel to improve the cold flow properties, making it more effective in cold
temperatures [2].

The production of biofuels derived from crops like corn and sugarcane has raised
concerns about potential impacts on food availability [11,12]. As an alternative, syngas
fermentation is gaining attention for producing biofuels and biobased products. Syngas
fermentation converts CO, CO2, and H2, which can be generated from non-edible feedstocks
such as industrial waste gases and the gasification of agricultural residues and municipal
solid wastes into biofuels [1,3,13]. Syngas fermentation can be integrated into existing
industries like gasification, carbon capture, steel mills, and biogas production, which can
help reduce GHG and generate revenues from waste streams [9,14–17]. Syngas fermentation
has been used to produce two- to six-carbon (C2–C6) alcohols and acids, 2,3 butanediol,
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and other products [7,13,18]. The balanced equations for making C2–C6 alcohols and acids
from CO are listed below [3,13].

6CO + 3H2O → C2H5OH + 4CO2 ΔG◦ = −217 (kJ/mol) (1)

12CO + 5H2O → C4H9OH + 8CO2 ΔG◦ = −486 (kJ/mol) (2)

18CO + 7H2O → C6H13OH + 12CO2 ΔG◦ = −759 (kJ/mol) (3)

4CO + 2H2O → CH3COOH + 2CO2 ΔG◦ = −154.6 (kJ/mol) (4)

10CO + 4H2O → C3H7COOH + 6CO2 ΔG◦ = −421 (kJ/mol) (5)

16CO + 6H2O → C5H11COOH + 10CO2 ΔG◦ = −663 (kJ/mol) (6)

Researchers investigated syngas fermentation, including the effect of minerals and
trace metals [15,19], the use of defined and complex media [20–22], supplementation of
media with biochar [8,9], genetic modification of strains [18,23], and the use of single or
multistage bioreactors [24–26]. Furthermore, C. ragsdalei, C. carboxidivorans, C. ljungdahlii
and C. autoethanogenum have been studied for syngas fermentation. C. ljungdahlii, C. carboxi-
divorans, and C. autoethanogenum have been genetically modified to produce higher alcohol
titers or specific alcohol from syngas [2,13,18]. C. ragsdalei and C. autoethanogenum have
already been studied at pilot and industrial scale to produce ethanol [27–29]. In addition,
C. carboxidivorans, C. ljungdahlii, and C. autoethanogenum were reported to make butanol
and hexanol from CO and CO2 [2,8,18].

However, there are limiting factors to produce higher alcohols, especially its toxicity,
which can negatively impact the strain’s growth and fermentation abilities. Research find-
ings have shown that hexanol, at around 1 g/L, reduced C. ljungdahlii activity, and a further
increase to 5 g/L completely inhibited C. ljungdahlii while also inhibiting C. carboxidivorans
at 1.2 g/L hexanol [30,31]. To tackle the toxicity issue, studies have employed extractive
fermentation to increase hexanol production with C. carboxidivorans, achieving 1 g/L [32]
and 5 g/L [2]. However, economic feasibility challenges remain to be addressed in syngas
fermentation technology, including the need for more robust strains for higher alcohol
titers, especially C4 and C6 compounds, and the development of low-cost media.

This study explores the potential of three new acetogens, namely C. ljungdahlii P14,
C. muellerianum P21, and C. carboxidivorans P20, to make C4–C6 alcohols and fatty acids
from syngas. It compares these new strains with two previously studied strains, C. ragsdalei
P11 and C. carboxidivorans P7, for gas fermentation. Additionally, the study evaluates the
activity of these acetogens in three syngas fermentation media. The characterization of
new acetogens, particularly for C4–C6 products, makes this investigation important in
advancing syngas fermentation.

2. Material and Methods

2.1. Microorganisms

The strains used in this study (C. carboxidivorans P7 and P20, C. ragsdalei P11,
C. ljungdahlii P14, and C. muellerianum P21) were isolated and enriched by R.S. Tanner
as previously described [33–36]. These microorganisms were preserved in the P11 medium,
as previously reported [8].

2.2. Inoculum Preparation

The inoculum of the five Clostridium strains was prepared using P11 medium [8]. P11
medium contains (per L) yeast extract (0.5 g), mineral solution (25 mL), 4-morpholineethane
sulfonic acid (MES, 10 g), trace metal solution (10 mL), cysteine sulfide reducing agent
(10 mL), vitamin solution (10 mL), and 0.1% resazurin (1 mL) [37]. The medium’s initial pH
was modified to 6.0 with KOH (5N), falling within the optimum pH range for the growth
of the five strains [33–35]. Table 1 provides the composition details of all stock solutions.
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Table 1. Compositions of solutions for media (P7, P11, and CSL).

Components
P7

(g/L)
P11 and CSL

(g/L)

Minerals solution

NH4Cl 100 100
KH2PO4 10 10

KCl 10 10
CaCl2·2H2O 4 4

MgSO4·7H2O 20 20

Vitamin solution

Pyridoxine - 0.010
Riboflavin - 0.005
Thiamine - 0.005

Thioctic acid - 0.005
Nicotinic acid - 0.005
Vitamin B12 - 0.005

2-Mercaptoethanesulfonic acid sodium salt
(MESNA) - 0.010

Calcium pantothenate 0.005 0.005
p-(4)-Aminobenzoic Acid 0.005 0.005

Biotin 0.002 0.002

Trace Metal Solution

Nitrilotriacetic acid 2.00 2.00
Fe(NH4)2(SO4)2·6H2O 0.80 0.80

ZnSO4·7H2O 0.20 1.00
MnSO4·H2O 1.00 1.00
NiCl2·6H2O 0.02 0.20

Na2SeO4 0.02 0.10
Na2WO4·2H2O 0.02 0.20

CoCl2·6H2O 0.20 0.20
Na2MoO4·2H2O 0.20 0.02

The inoculum of each strain (50 mL) was prepared in 250 mL bottles. P11 medium
(40 mL) was transferred into 250 mL bottles and sterilized for 30 min at 121 ◦C. After
sterilization, the P11 medium was cooled and then reduced with cysteine sulfide. Active
cells (10 mL) of each strain were inoculated into the 40 mL of P11 medium. Then, the bottles
were pressurized with H2:CO2:CO:N2 (5:15:20:60) to 142.6 kPa and horizontally incubated
at 37 ◦C for 68 h. The headspace in each bottle was replenished with H2:CO2:CO (30:30:40)
to 101.3 kPa. Then, the same syngas was fed at 90 h to 142.6 kPa and at 114 h and 138 h
to 170.2 kPa. The optical density (OD) of the inoculum was determined at 138 h. The OD
for the P7, P14, P20, and P21 strains was measured at 600 nm, and for the P11 strain, it
was measured at 660 nm. The culture pH was monitored, and if it dropped below 5, it was
adjusted to 5.1 using 10% NH4OH to minimize acid stress. Each strain inoculum was ready
for syngas fermentation after 162 h with an OD of 0.6–0.7.

2.3. Syngas Fermentation Medium Preparation

For testing the five Clostridium strains, three fermentation media were used: corn
steep liquor (CSL, Sigma-Aldrich, MO, USA), P7, and P11 media. Table 2 summarizes the
composition of each medium used in the study. The P7 medium was previously formulated
for alcohol production from syngas by strain P7 [7], while the CSL and P11 media were
developed for the conversion of syngas to alcohol using strain P11 [9,20]. MES was added
to the inoculum and fermentation media to prevent a rapid pH drop caused by acid
production, which stresses cell activity. This choice was made due to the use of three new
strains (P14, P20, and P21) and their performance in different medium formulations being
unknown. In addition, CSL was selected as a cost-effective medium component, which
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costs 2% of the industrial price of yeast extract [20]. For the CSL medium, the CSL was
initially centrifuged at 13,000 rpm for 10 min to remove the solids, which was about 50% of
CSL stock. The liquid portion was prepared to an initial concentration of 20 g/L CSL, which
resulted in the best performance as previously reported [20,22]. After the addition of all
components to deionized water (DI), the initial pH of the medium was modified to 6 using
5N KOH. The medium was then boiled for 2 min to remove dissolved O2. Afterward, N2
was purged through the medium to eliminate dissolved O2. Further, 40 mL of the purged
medium was placed into 250 mL bottles and autoclaved for 30 min at 121 ◦C. Following
sterilization, each bottle containing medium was purged with H2:CO2:CO (30:30:40) for
2 min and reduced with cysteine sulfide. Syngas fermentation in triplicate was initiated
with an inoculum of 20% (v/v). Bottles were fed with H2:CO2:CO (30:30:40) to 170.2 kPa
and incubated at 125 rpm and 37 ◦C, with syngas replenished every 24 h for 360 h to ensure
substate gases were not limiting. During fermentation, the culture pH was monitored and
adjusted to 5.1 if it fell below 5, using 10% NH4OH to lessen acid stress on cells.

Table 2. Media composition.

Media P7 P11 CSL

Concentration mL/L

Mineral solution a 20 25 25
Trace metal solution a 10 10 10

Vitamin solution a 10 10 10
Resazurin 1 1 1

Cysteine-sulfide 5 10 10

Others g/L

Yeast extract 0.5 0.5 0.0
MES monohydrate b 10 10 10

CSL b 0 0 20
a Composition of solutions in Table 1. b CSL: corn steep liquor; MES: 4-morpholineethanesulfonic acid.

2.4. Analytical Procedures
2.4.1. Cell Mass

A 1.5 mL of culture sample was taken daily to determine the pH and cell mass
concentration. The OD was measured at 660 nm and 600 nm, optimal for Clostridium
bacteria due to clear cell visibility and compatibility with the redox indicator, oxidized
resazurin, which doesn’t absorb in this wavelength range. Although there’s little prac-
tical difference between 600 and 660 nm, measuring at the reported literature wave-
lengths for strains P7 and P11 would facilitate comparison. To ensure accurate OD
measurement, each sample was diluted with DI water so that the OD was below 0.4
(i.e., within the calibration curve liner range) [21]. Calibration equations were devel-
oped to estimate the cell mass (Xcell) in g/L: P7 (Xcell = 0.337 × OD600 − 0.004), P11
(Xcell = 0.377 × OD660 − 0.003), P14 (Xcell = 0.359 × OD600 − 0.001), P20 (Xcell = 0.364 ×
OD600 − 0.002) and P21 (Xcell = 0.343 × OD600 − 0.002).

2.4.2. Solvent and Gas Analysis

After measuring the OD of the culture, the liquid samples were centrifuged (Microfuge
20R, Beckman Coulter, Brea, CA, USA) for 10 min at 13,000 rpm to remove the cells before
product analysis. A gas-chromatograph (Agilent 6890N, Agilent Technologies, Wilmington,
DE, USA) with an FID and DB-FFAP capillary column was used to determine C2 to C6
product titers, following the method described previously [7]. In addition, 100 μL gas
samples every 24 h were analyzed on a Supelco PLOT 1010 column (Supelco, Bellefonte,
PA, USA) using an Agilent 6890N GC a with a TCD as described previously [38].
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2.4.3. Statistical Analysis and Product Yields

Tukey’s multiple comparisons of means with a 95% confidence were conducted with
JMP Pro 16.0 (SAS Institute Inc., Cary, NC, USA). The aim was to identify pairwise statistical
variances in various parameters, such as cell mass concentration and yield (g/L and g/mol
CO), utilization of H2, CO, and CO2 (%), total alcohol and total acid concentrations, and
alcohol-to-acid ratios. These comparisons were made between each strain in the same
medium and for the same strain among the three different media. The following equations
were used to estimate the yields of cell mass, ethanol, butanol, and hexanol from CO and
utilization of H2 and CO. The yield of the specific C2–C6 alcohol was estimated based on
the total experimentally measured CO consumed minus the estimated CO consumed to
make other C2–C6 alcohols and acids measured in the culture over 360 h, divided by the
theoretical yield according to equations 1 to 3. These equations evaluate the efficiency and
selectivity of the production of a desired alcohol.

Cell mass yield
( g

mol

)
=

Maximum cell mass − initial cell mass
moles of CO consumed

(7)

% EtOH yield =

Total moles of ethanol produced
total moles of CO consumed−moles of CO consumed for other C2–C6 products

1 mol of ethanol produced
6 mol of CO consumed

× 100% (8)

% BuOH yield =

Total moles of butanol produced
total moles of CO consumed−moles of CO consumed for other C2–C6 products

1 mol of butanol produced
12 mol of CO consumed

× 100% (9)

% HeOH yield =

Total moles of hexanol produced
total moles of CO consumed−moles of CO consumed for other C2–C6 products

1 mol of hexanol produced
18 mol of COconsumed

× 100% (10)

% H2 utilization =
Total moles of H2 consumed
Total moles of H2 supplied

× 100% (11)

% CO utilization =
Total moles of CO consumed
Total moles of CO supplied

× 100% (12)

3. Results and Discussion

3.1. Syngas Fermentation in P7 Medium

Syngas fermentation profiles for the five Clostridium strains in the P7 medium are
displayed in Figure 1. The culture’s initial pH was about 5.7 for all strains (Figure 1A).
Strains P7, P11, P14, and P20 exhibited similar pH drop trends, reaching a pH of 4.6 after
72 and 96 h. The pH remained above 5 after 120 h. However, the pH was adjusted to 5.1
using NH4OH (10%) whenever it dropped below 5. All strains grew on syngas in the P7
medium, with similar growth patterns observed for the P7, P11, and P20 strains. However,
strain P21 showed the highest cell mass production (0.5 g/L), while the lowest cell mass
concentration was observed for strain P14 (Figure 1B).

All strains exhibited growth-associated acetic acid production. Strain P11 had the
highest acetic acid production of 4.7 g/L at 120 h, while strain P21 produced only 2.7 g/L
at 196 h (Figure 1C). Ethanol production began after 48 h in P7 medium, with strain P21
showing significantly higher (p < 0.05) ethanol titers (8.9 g/L) compared to other strains:
2.6 g/L for strain P11, 3.5 g/L for strain P7, 1.4 g/L for strain P14 and 4.4 g/L for strain
P20 (Figure 1D). Strain P7 produced the highest quantity of butyric acid of 0.24 g/L, while
strain P11 did not produce C4 products (Figure 1E,F). The highest butanol titer (0.2 g/L)
was produced by strain P21, while strains P11 and P14 did not produce butanol in the P7
medium. In comparison with the other strains, strain P21 also exhibited a significantly
higher (p < 0.05) ethanol yield (91.6%), butanol yield (16.6%), ethanol to the acetic acid
ratio (9.4 mmol/mmol), and butanol to butyric acid ratio (1.0 mmol/mmol) in P7 medium
(Table 3). In addition, strain P21 produced 9.1 g/L total alcohol in the P7 medium, which
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was 2- to 6-fold higher compared to other strains. On the other hand, total acid production
in the P7 medium was highest with strain P7, at 3.5 g/L, which was 3 to 39% higher than
for the other strains. The cumulative uptake of H2 and CO for all strains in the P7 medium
is illustrated in Figure 1G,H. Strain P21 in the P7 medium demonstrated the highest gas
uptake (22 mmol H2 and 34.5 mmol CO) of all strains. Moreover, strain P21 in the P7
medium converted significantly more (p < 0.05) H2 (42%) and CO (44%) compared to the
other strains (Table 3). However, none of the strains formed C6 products in the P7 medium,
possibly due to nutrient limitation in this medium.

Figure 1. Profiles of syngas fermentation in P7 medium by strains P7 [�], P11 [ ], P14 [�], P20 [♦],
and P21 [�]. (A) pH; (B) cell mass; (C) acetic acid; (D) ethanol; (E) butyric acid; (F) butanol;
(G) cumulative H2 uptake; (H) cumulative CO uptake.
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Table 3. Syngas fermentation parameters in P7, P11, and CSL media (n = 3).

Fermentation Parameters/Strains P7 P11 P14 P20 P21

P7 Medium

Cell mass yield (g/mol) i 0.9 ± 0.1 A,b 0.8 ± 0.0 B,c 0.7 ± 0.0 E,c 0.7 ± 0.1 C,c 0.7 ± 0.1 D,c

Ethanol yield (%) ii 54.8 ± 2.3 C,c 43.6 ± 0.8 D,c 25.6 ± 0.8 E,c 61.2 ± 6.4 B,c 91.6 ± 7.2 A,b

Butanol yield (%) ii 16.7 ± 2.6 A,c 0.0 ± 0.0 D,b 0.0 ± 0.0 D,c 14.5 ± 3.1 B,c 10.5 ± 1.2 C,c

Hexanol yield (%) ii 0.0 ± 0.0 A,c 0.0 ± 0.0 A,b 0.0 ± 0.0 A,c 0.0 ± 0.0 A,c 0.0 ± 0.0 A,c

EtOH/HAc (mol/mol) iii 1.4 ± 0.1 C,c 1.0 ± 0.0 D,c 0.6 ± 0.0 E,c 2.1 ± 0.3 B,a 9.4 ± 1.5 A,a

BuOH/HBua (mol/mol) iii 0.7 ± 0.1 B,c 0.0 ± 0.0 D,b 0.0 ± 0.0 D,c 0.7 ± 0.1 C,c 1.0 ± 0.1 A,b

HeOH/Hhex (mol/mol) iii 0.0 ± 0.0 A,b 0.0 ± 0.0 A,b 0.0 ± 0.0 A,c 0.0 ± 0.0 A,c 0.0 ± 0.0 A,c

Total alcohols (g/L) 3.7 ± 0.0 C,c 2.7 ± 0.1 D,c 1.4 ± 0.0 E,c 4.5 ± 0.4 B,b 9.1 ± 0.1 A,a

Total acids (g/L) 3.5 ± 0.3 A,c 3.3 ± 0.0 C,c 3.4 ± 0.1 B,b 2.9 ± 0.2 D,c 1.5 ± 0.2 E,c

Sp. alcohol yield (galcol/gx) 10.4 ± 0.4 C,c 7.0 ± 0.1 D,c 4.9 ± 0.1 E,c 12.5 ± 1.3 B,a 18.6 ± 0.1 A,a

Sp. acid yield (gacid/gx) 9.9 ± 0.5 B,c 8.9 ± 0.1 C,b 12.1 ± 0.3 A,b 8.0 ± 0.4 D,c 3.0 ± 0.4 E,c

CO consumption (%) 37.6 ± 1.3 C,c 35.1 ± 0.9 D,c 31.3 ± 0.7 E,c 39.0 ± 0.7 B,c 44.2 ± 1.0 A,b

H2 consumption (%) 19.4 ± 1.3 E,c 30.0 ± 1.0 C,c 20.1 ± 0.7 D,c 34.6 ± 1.2 B,a 42.4 ± 0.8 A,a

P11 Medium

Cell mass yield (g/mol) i 0.9 ± 0.0 A,b 0.9 ± 0.0 B,b 0.8 ± 0.0 C,b 0.9 ± 0.0 AB,b 0.9 ± 0.1 A,b

Ethanol yield (%) ii 92.2 ± 1.8 C,b 97.4 ± 0.8 A,a 90.5 ± 1.8 D,a 63.4 ± 1.7 E,b 93.7 ± 1.6 B,a

Butanol yield (%) ii 23.1 ± 0.6 A,b 0.0 ± 0.0 E,b 16.5 ± 0.2 C,a 15.1 ± 1.4 D,b 17.2 ± 0.5 B,b

Hexanol yield (%) ii 8.7 ± 1.0 B,b 0.0 ± 0.0 E,b 5.8 ± 0.1 C,b 2.8 ± 0.2 D,b 11.6 ± 0.4 A,b

EtOH/HAc (mol/mol) iii 1.6 ± 0.0 D,a 3.0 ± 0.1 B,a 3.5 ± 0.1 A,a 1.3 ± 0.0 E,b 2.5 ± 0.0 C,b

BuOH/HBua (mol/mol) iii 2.3 ± 0.0 B,a 0.0 ± 0.0 E,b 2.4 ± 0.1 A,a 1.9 ± 0.2 C,a 0.9 ± 0.0 D,c

HeOH/Hhex (mol/mol) iii 1.1 ± 0.1 B,a 0.0 ± 0.0 D,b 1.7 ± 0.1 A,a 1.1 ± 0.1 B,a 0.8 ± 0.0 C,b

Total alcohols (g/L) 6.1 ± 0.0 C,b 8.1 ± 0.0 A,b 6.8 ± 0.1 B,a 4.4 ± 0.1 D,c 8.1 ± 0.1 A,b

Total acids (g/L) 4.7 ± 0.0 B,b 3.5 ± 0.2 D,b 2.7 ± 0.1 E,c 4.5 ± 0.1 C,b 5.0 ± 0.1 A,b

Sp. alcohol yield (galcol/gx) 17.0 ± 0.6 C,a 21.4 ± 0.1 B,a 24.3 ± 0.5 A,a 12.3 ± 0.3 E,a 16.5 ± 0.1 D,b

Sp. acid yield (gacid/gx) 13.1 ± 0.4 A,a 9.4 ± 0.4 D,b 9.6 ± 0.3 D,c 12.6 ± 0.3 B,a 10.3 ± 0.0 C,b

CO consumption (%) 42.5 ± 0.9 B,a 47.6 ± 0.9 A,b 41.8 ± 0.6 C,a 40.6 ± 0.9 D,b 47.4 ± 0.8 A,a

H2 consumption (%) 23.1 ± 1.4 E,b 47.2 ± 1.0 A,a 28.4 ± 0.8 C,a 25.6 ± 1.2 D,b 40.8 ± 1.2 B,b

CSL Medium

Cell mass yield (g/mol) i 1.3 ± 0.0 C,a 1.5 ± 0.1 A,a 1.2 ± 0.0 D,a 1.4 ± 0.1 B,a 1.1 ± 0.1 E,a

Ethanol yield (%) ii 98.1 ± 0.9 A,a 96.8 ± 0.7 B,b 85.8 ± 0.8 E,b 89.7 ± 1.4 C,a 86.5 ± 1.0 D,c

Butanol yield (%) ii 25.7 ± 1.1 B,a 17.1 ± 0.9 D,a 15.8 ± 0.3 E,b 18.4 ± 0.3 C,a 30.7 ± 1.4 A,a

Hexanol yield (%) ii 12.3 ± 1.7 B,a 3.7 ± 0.2 E,a 8.2 ± 0.4 C,a 3.9 ± 0.2 D,a 25.6 ± 0.9 A,a

EtOH/HAc (mol/mol) iii 1.5 ± 0.0 A,b 1.3 ± 0.0 C,b 1.0 ± 0.0 E,b 1.3 ± 0.0 B,b 1.20± 0.0 D,c

BuOH/HBua (mol/mol) iii 1.5 ± 0.0 B,b 1.2 ± 0.0 C,a 0.6 ± 0.0 E,b 1.6 ± 0.1 A,b 1.1 ± 0.1 D,a

HeOH/Hhex (mol/mol) iii 1.2 ± 0.1 A,a 0.8 ± 0.0 C,a 0.5 ± 0.0 D,b 0.5 ± 0.0 D,b 1.1 ± 0.0 B,a

Total alcohols (g/L) 7.9 ± 0.0 B,a 8.7 ± 0.1 A,a 5.0 ± 0.0 E,b 6.5 ± 0.0 C,a 6.2 ± 0.1 D,c

Total acids (g/L) 7.0 ± 0.1 B,a 9.0 ± 0.2 A,a 6.8 ± 0.0 D,a 6.7 ± 0.1 E,a 6.8 ± 0.1 C,a

Sp. alcohol yield (galcol/gx) 14.0 ± 0.3 B,b 14.4 ± 0.2 B,b 13.2 ± 0.1 C,b 11.0 ± 0.1 D,b 16.3 ± 0.8 A,b

Sp. acid yield (gacid/gx) 12.3 ± 0.4 C,b 14.9 ± 0.4 B,a 17.7 ± 0.2 A,a 11.3 ± 0.2 D,b 17.8 ± 0.9 A,a

CO consumption (%) 41.2 ± 1.0 B,b 48.0 ± 0.9 A,a 36.3 ± 0.6 C,b 42.8 ± 0.8 B,a 35.2 ± 0.8 D,c

H2 consumption (%) 32.9 ± 1.0 C,a 45.6 ± 0.9 A,b 22.0 ± 1.0 E,b 34.8 ± 0.8 B,a 25.3 ± 1.1 D,c

No significant differences (p > 0.05) between strains in the same medium share the same capital letter in each row,
while no significant differences (p > 0.05) for the same strain between three media are indicated by the same small
letter in each row. i Estimated at highest cell mass concentration. For P7 medium → strains P11 and P7 at 120 h,
strains P14, P20 at 144 h, strain P21 at 196 h. For P11 medium → all strains at 120 h. For CSL medium → strains
P11, P7, P20 and P21 at 96 h, strain P14 at 120 h. ii CO consumed and calculated over 360 h. iii EtOH/HAc
(ethanol/acetic acid); BuOH/HBua (butanol/butyric acid); HeOH/Hhex (hexanol/hexanoic acid).

3.2. Syngas Fermentation in P11 Medium

All strains grew on syngas in the P11 medium and produced C2–C6 products except
strain P11, which produced only C2 products (Figure 2). P11 medium contains higher
levels of vitamins, Zn, Ni, Se, and W in comparison with P7 medium (Table 1). The initial
pH of the cultures was 5.8 (Figure 2A). The pH changes in the P11 medium for all strains
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were nearly identical. When the pH in the P11 medium with all strains was below 5, it was
adjusted back to 5.1 using NH4OH (10%). The growth patterns observed in the P7 medium
(Figure 1B) and the P11 medium (Figure 2B) were similar, with more growth observed
in the P11 medium (Table 3). The highest cell mass in the P11 medium was achieved by
strains P11 and P21.

Figure 2. Profiles of syngas fermentation in P11 medium by strains P7 [�], P11 [ ], P14 [�], P20 [♦],
and P21 [�]. (A) pH; (B) cell mass; (C) acetic acid; (D) ethanol; (E) butyric acid; (F) butanol;
(G) hexanoic acid; (H) hexanol; (I) cumulative H2 uptake; (J) cumulative CO uptake.

71



Processes 2024, 12, 142

Strain P11 demonstrated a peak acetic acid concentration (6.6 g/L) at 144 h in the P11
medium, significantly (p < 0.05) more than with other strains (Figure 2C). After 144 h, all
strains exhibited a gradual decrease in acetic acid concentration, likely due to its conversion
into ethanol. Strain P11 also exhibited the highest ethanol production (8.0 g/L) in the P11
medium, which was 1.2- to 2-fold more (p < 0.05) than that of the other strains (Figure 2D).
Table 3 further shows that strain P11 had a higher (p < 0.05) ethanol yield at about 97%, with
an ethanol to acetic acid ratio of 3.0 mmol/mmol compared to the other strains. Strain P11
only produced C2 compounds in the P11 medium, whereas the other four strains produced
C2–C6 products. Among these strains, strain P7 exhibited the highest butanol production
(Figure 2F). However, strain P21 had the highest concentrations of butyric acid (0.8 g/L),
hexanoic acid (0.5 g/L), and hexanol (0.4 g/L) in the P11 medium. Strain P20 produced the
lowest amounts of C4 and C6 compounds (Figure 2E–H).

Strains P11 and P21 produced similar amounts of total alcohol (p > 0.05) in P11 medium
(Table 3). However, strain P11 produced only ethanol, while strain P21 produced ethanol,
butanol and hexanol. Furthermore, strain P21 in the P11 medium exhibited significantly
more (p < 0.05) total acid formation than with other strains. In terms of gas uptake, strain
P11 had higher (p < 0.05) cumulative H2 uptake (26.7 mmol) than other strains in the P11
medium, while strain P7 had the lowest H2 uptake (13.1 mmol), as shown in Figure 2I.
Similarly, strain P11 had the highest CO uptake (37.7 mmol), while strain P20 had the
lowest CO uptake (31.7 mmol) (Figure 2J). Additionally, strain P11 in the P11 medium
showed higher (p < 0.05) CO and H2 conversion efficiencies in comparison to other strains
(Table 3).

3.3. Syngas Fermentation in CSL Medium

Figure 3 shows the fermentation profiles during syngas consumption in a CSL medium.
The initial pH in the CSL medium for all strains was 5.8 (Figure 3A). The pH remained
relatively stable until 24 h, after which strains P11, P20, and P7 exhibited a rapid decrease
in pH from 5.7 to 4.6 between 48 and 96 h. Except for strain P21, the pH of the cultures
with the other strains dropped below pH 5 between 48 and 144 h and was subsequently
adjusted to 5.1 using 10% NH4OH. The profiles of cell mass concentration for strains P11,
P7, and P20 in the CSL medium were similar (Figure 3B), with higher cell mass measured
compared to strains P14 and P21 (Table 3).

Unlike P7 or P11 media (Figures 1 and 2), all strains formed C2–C6 acids and alcohols
in the CSL medium (Figure 3C–H). Strain P11 in the CSL medium produced more (p < 0.05)
acetic acid (8.6 g/L) than other strains (Figure 3C). Furthermore, strain P11 produced
significantly more (p < 0.05) ethanol (8.1 g/L) than strain P7 (7.0 g/L), strain P14, P21
(4.6 g/L), and strain P20 (6.1 g/L). Ethanol yields (>95%) were the highest for strains P7
and P11 in the CSL medium (Table 3).

Among the tested strains, P21 produced more (p < 0.05) butanol (0.9 g/L), butyric acid
(1.0 g/L), hexanol (0.7 g/L), and hexanoic acid (0.7 g/L), indicating its superior production
ability of C4–C6 products. Conversely, strain P11, known for its ethanol production,
produced butanol (0.5 g/L) and hexanol (0.1 g/L) in the CSL medium. Previous reports
have highlighted strain P11’s potential to produce C4 and C6 alcohols using CSL as a
medium [20]. Additionally, strain P11 exhibited higher H2 and CO uptakes (25.8 mmol
and 38.15 mmol, respectively) (p < 0.05) in the CSL medium (Figure 3I,J), along with H2
and CO conversion efficiencies of 46% and 48%, respectively, surpassing the other strains
(Table 3). The 20 g/L CSL medium initially contained 4.3 g/L of sugar. In the first 72 h,
85% of the sugars were consumed by all strains, with minimal consumption observed
in subsequent measurements (data not presented). Assuming 85% sugar utilization for
ethanol production, the strains can yield a maximum of 1.8 g/L, representing about 12%
of the total products generated. This emphasizes that syngas resulted in most product
formation. Furthermore, distinguishing the extent to which growth and products originate
from the consumption of sugars or syngas is challenging. The availability of amino acids
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and other essential nutrients in CSL, including some sugars, further enhanced Clostridium
strains’ ability to form higher alcohols [19,20,24].

Figure 3. Profiles of syngas fermentation in CSL medium by strains P7 [�], P11 [ ], P14 [�],
P20 [♦], and P21 [�]. (A) pH; (B) cell mass; (C) acetic acid; (D) ethanol; (E) butyric acid; (F) butanol;
(G) hexanoic acid; (H) hexanol; (I) cumulative H2 uptake; (J) cumulative CO uptake.
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All strains successfully converted syngas into C2, C4, and C6 alcohols and acids
using mainly P11 and CSL media. However, the concentrations of these compounds varied
among the strains and type of medium. CSL medium provided the highest growth potential
for all strains (Table 3). P11 medium exhibited the second highest growth, while P7 medium
supported the least growth among the tested strains. Strain P11 exhibited robust ethanol
production, especially in P11 and CSL media, with ethanol yield above 95% (Table 3).
However, ethanol concentration with strain P11 in the P7 medium was significantly lower
(p < 0.05), about 3-fold lower than in P11 or CSL media, likely due to the lack of certain
vitamins and other nutrients.

P7 medium contained lower concentrations of Se (5X), W (10X), Ni (10X), and Zn (5X)
compared to P11 medium [19]. For example, the increase in Se, W, Ni, and Zn concentration
in the P11 medium was reported to increase ethanol production by strain P11 by 2- to 5-fold
compared to a base medium [19]. Details on the effect of these elements on the growth and
solvent production of acetogens, like strains P7 and P11, were reported previously [7,20].
As shown in Table 3, all strains except strain P21 exhibited higher total alcohol formation
in the CSL medium than in either the P7 or P11 medium. However, ethanol remained the
dominant alcohol produced by all strains in all three media. P11 and CSL media, with
more nutrients, facilitated higher butanol and hexanol production compared to the P7
medium [19,20]. Strain P21 demonstrated specific total alcohol yields from 16 to 19 g/g dry
cell weight, surpassing other strains, especially in P7 and CSL media (Table 3). Strain P21
demonstrated the highest specific total acid yield (17.8 g/g dry cell) in the CSL medium.
Strain P14 in the P11 medium showed the highest specific total alcohol yield (24.3 g/g dry
cells), followed by strain P11. Strain P20 exhibited a specific total alcohol yield of 11–13 g/g
dry cells, performing similarly in all media. All strains except P14 and P21 produced total
alcohols in the CSL medium, with generally lower alcohol production in the P7 medium.
In both CSL and P11 media, all strains achieved 2- to 4.5-fold greater specific total alcohol
production than previously reported for strain P11 [20]. Additionally, the specific total
alcohol yields of the five strains in the present study were 1- to 4-fold higher than reported
previously in the P7 medium [8]. Total acids made by all strains were consistently higher in
the CSL medium (Table 3). While strain P11 in the CSL medium yielded the highest total
acid concentration, the maximum specific total acid production (17.8 g acid/g dry mass)
was measured in the CSL medium with strains P14 and P21 (Table 3).

There was a net CO2 production during syngas fermentation by all strains in the three
media (Figure 4). CO2 was formed from CO and H2 utilization, where CO is used as a
carbon and energy source. Acetogens prefer utilizing CO and H2 over CO2 and H2 due
to thermodynamic favorability [3]. Their gas preference is influenced by their metabolic
capabilities, environmental conditions such as gas partial pressure and pH, and the presence
of specific enzymes for gas utilization [3,39]. The lower H2 consumption compared to CO
(Figure 1G,H, Figure 2I,J and Figure 3I,J) can be due to hydrogenase inhibition by CO and
the thermodynamic disadvantage of H2 utilization with the presence of CO [39]. The CO2
production profiles in Figure 4 align with the observed CO uptake profiles for all strains in
the three media.

Figure 5 shows the maximum product titers and cumulative gas uptake. Strain P11 in
P11 and CSL media demonstrated the highest ethanol production, which was 3-fold more
than in the P7 medium. The top butanol producers were strains P7 and P21, each producing
about 0.9 g/L butanol. In the P11 medium, strain P7 produced 6-fold more butanol than
in the P7 medium and 1.3-fold more than in the CSL medium. The highest butanol titers
were formed by strain P21 in the CSL medium. Moreover, strain P21 produced the highest
amounts of butyric acid, hexanol, and hexanoic acid in the CSL medium (Figure 5). None of
the strains produced C6 products in the P7 medium. Strains P14 and P20 produced C2–C6
alcohols in P11 and CSL media. Strain P14 produced 1.3-fold more ethanol, 2-fold more
butanol, and 1.5-fold more hexanol in the P11 medium than in the CSL medium (Figure 5).
Strain P20 in the CSL medium produced 1.4-fold more ethanol than in the P11 medium.
However, butanol and hexanol production by strain P20 were almost identical in P11 and
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CSL media. Strain P11 uptake of CO and H2 was higher (p < 0.05) in P11 and CSL media
than in P7 medium (Figure 5). Strain P21 demonstrated similar gas uptake in P7 and P11
media, which were slightly higher than in the CSL medium.

Figure 4. Profiles of cumulative CO2 formation during syngas fermentation in P7, P11, and CSL
media by strains P7 [�], P11 [ ], P14 [�], P20 [♦], and P21 [�].

Strain P11 is known as one of the best ethanol producers in gas fermentations, achiev-
ing high yield in various media: 9.6 g/L ethanol in CSL medium in a 3-L CSTR [20], 13 g/L
ethanol in P11 medium with biochar [26] and 20 g/L ethanol in P11 medium supplemented
with activated carbon [6]. Ethanol production in the bottles by strain P11 (8.1 g/L) in the
present study was 1.7- to 4-fold higher than previously reported [9,20]. In addition, ethanol
production by strain P11 in the bottles in the present study was 6-fold and 3.5-fold higher
than produced by Alkalibaculum bacchi strain CP15 in yeast extract and CSL media [40] and
1.5-fold higher than by strain P11 in a trickle bed reactor with yeast extract medium [41].
Similar to the findings in the present study, the CSL medium enabled strain P11 to produce
0.5 g/L butanol and 0.1 g/L hexanol from syngas [20].

Similarly, strain P7 is known for its ability to produce butanol from syngas, in addition
to ethanol. In P11 and CSL media, strain P7 achieved higher ethanol titers (5 g/L and 7 g/L,
respectively) than in P7 medium. In this study, ethanol formed by strain P7 in P11 and CSL
media was 1.5- to 2-fold higher than the previous reports in the P7 medium [7] and in the
P7 medium supplemented with biochar [8,9]. Additionally, strain P7 showed a remarkable
9-fold increase in butanol production compared to A. bacchi CP15 in CSL medium [40] and
a 1.4-fold increase compared to P7 medium supplemented with biochar [9]. The butanol
titer (0.9 g/L) formed by strain P7 in the P7 medium in the present study was consistent
with a previous report [7].
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Figure 5. Maximum product concentrations and cumulative gas uptake during syngas fermentation

in P7 medium ( ), P11 medium ( ), and CSL medium ( ).

The new C. ljungdahlii P14 and C. carboxidivorans P20 strains showed abilities to make
C2–C6 products (Figure 5). While both strains produced similar amounts of C2 products
in each medium, strain P14 produced more C4 and C6 products than strain P20. The
maximum ethanol synthesized by strain P14 (6 g/L) in the P11 medium in this study was

76



Processes 2024, 12, 142

comparable to strain P11 reported by [41], 3-fold more than strain P7 in the P7 medium [23]
and 6-fold higher than C. autoethanogenum in the modified mineral medium reported by [42].
Further, strain P14’s highest butanol titer (0.7 g/L) in the P11 medium was 1.1-fold more
than strain P7 in a P7 medium supplemented by biochar [9], 1.4-fold higher than genetically
modified strain P7 [23] and 4- to 6-fold higher than genetically modified C. ljungdahlii in
complex yeast extract, tryptone, fructose medium [43]. With further development, the
new C. ljungdahlii strain P14 can potentially compete with strains P7, P11, and genetically
modified C. ljungdahlii strains in producing C2 and C4 products from syngas. This is
achieved through medium modification, biochar supplementation, and genetic engineering
to increase selectivity for specific alcohols and improve titer.

C. carboxidivorans P20 produced 2- to 3-fold more ethanol from syngas than previous
studies with strain P11 in CSL medium [20] and cotton seed extract medium [44]. However,
strain P20 butanol and hexanol production abilities were 2- to 3-fold and 2.4- to 7-fold lower,
respectively, compared to strains P7, P14 and P21 (Figure 5). Additional improvements,
such as adding sugars and biochar to the medium or increasing headspace pressure, could
enhance strain P20’s ability to produce C4 and C6 alcohols. C. muellerianum P21 showed
great promise for the production of C4 and C6 alcohols. In the CSL medium, it achieved the
highest butanol (0.9 g/L) and hexanol (0.7 g/L) titers from syngas. Moreover, strain P21
produced 1.4-fold more butanol from syngas than strain P7 in a P7 medium supplemented
with biochar [9]. Strain P21 also produced similar amounts of hexanol from syngas reported
in a previous study using strain P7 with temperature variance [45]. However, strain P21
showed slightly lower hexanol production from syngas compared to strain P7 in previous
studies, particularly those utilizing extractive syngas fermentation [32,46–48].

In contrast to CO2 fermentation in P7, P11, and CSL media using a gas mixture
(H2:CO2:N2 60:20:20) [36], the five strains in the present study produced 2-fold more
ethanol and comparable amounts of butanol and hexanol from syngas. Furthermore, the
CSL medium yielded the highest total alcohol and acid titers with syngas in the current
study and previously reported CO2 fermentation [36].

The results highlighted the influence of medium composition on Clostridium strains’
growth and syngas fermentation capabilities, especially for making higher-chain fatty acids
and alcohols via the acetyl-CoA pathway. The new P14, P20, and P21 strains demonstrated
the potential to produce C4 and C6 alcohols. Differences in vitamin and nutrient content in
the P7 medium might have limited C6 product formation (Table 1). P11 medium, with more
vitamins and specific trace metals, enhanced C2, C4, and C6 product titers, particularly
with the new strains. Utilizing CSL as a nutrient-rich source instead of yeast extract
improved cell mass and alcohol titers while reducing cost. Further development, medium
formulation improvements, and characterization of the new strains, especially P21, are
needed to enhance the strain’s activity and selectivity in converting syngas into C4 and
C6 alcohols.

4. Conclusions

Clostridium muellerianum P21 was the best butanol and hexanol producer from syngas,
particularly in CSL medium, while C. ragsdalei P11 showed the highest ethanol production.
C. carboxidivorans P7, C. ljungdahlii P14, C. carboxidivorans P20, and C. muellerianum P21
demonstrated potential in generating C4 and C6 products in P11 and CSL media. CSL
medium supported higher cell mass, alcohol titers, and gas conversion compared to the
P7 medium. The highest ethanol (8.0 g/L) was produced by strain P11 in P11 and CSL
media, which was 3-fold more than in P7 medium. Strain P21 achieved ethanol, butanol,
and hexanol yields of 87%, 31%, and 26%, respectively, in the CSL medium. These results
confirm the viability of the novel strains, particularly strain P21, and the efficacy of CSL
medium for C4 and C6 alcohol synthesis from syngas.
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Abstract: Four wild “red” yeast strains (Rhodosporidium kratochvilovae FMCC Y70, R. toruloides NRRL
Y-27013, R. toruloides NRRL Y-17902 and R. toruloides NRRL Y-6985) were cultured in shake flasks
on industrial glycerol at an initial substrate (Gly0) concentration ≈ 50 g/L under nitrogen limitation.
Strains NRRL Y-27013, NRRL Y-17902 and NRRL Y-6985 presented appreciable dry cell weight (DCW)
and lipid synthesis (DCW up to 18–19 g/L containing lipids in quantities ≈ 47%, w/w). Strains NRRL
Y-27013 and NRRL Y-6985 were further tested in higher Gly0 concentrations (≈90 g/L and ≈110 g/L)
with the same initial nitrogen quantity as in the first (“screening”) experiment. Both strains, despite
the high Gly0 concentrations and C/N ratios (up to 120 moles/moles) imposed, presented significant
DCW production (up to c. 29.0–29.5 g/L). Yeast biomass contained significant lipid (42–43%, w/w)
and endopolysaccharide (up to 42%, w/w) quantities. Both lipids and endopolysaccharide quantities
(in % w/w) noticeably increased as a response to the imposed nitrogen limitation. Lipids containing
mainly oleic and palmitic acids constituted ideal candidates for biodiesel synthesis. Thereafter, the
wastewaters derived from the lipid production process (lipid fermentation wastewaters—LFWs)
were used as maceration waters in cultivations of edible and medicinal fungi, where novel (non-
conventional) substrates were used in the performed cultures. CW (coffee residue + wheat straw),
CB (coffee residue + beech wood shavings), OW (olive crop + wheat straw), OB (olive crop + beech
wood shavings), RW (rice husk + wheat straw) and RB (rice husk + beech wood shavings) were
soaked/sprayed with LFWs or tap water and utilized in the cultivation of Pleurotus, Ganoderma
and Lentinula mushrooms. The impact of LFWs on the mycelial growth rate (mm/d) and biomass
production was evaluated. The results show that regardless of the wetting method, the highest growth
rates (6.2–6.6 mm/d) were noticed on RW and RB for Pleurotus eryngii and Ganoderma resinaceum, on
OW, OB and RW for Ganoderma applanatum and on RW, OW and OB for Lentinula edodes. Nevertheless,
high biomass production was obtained on substrates soaked with LFWs for Pleurotus ostreatus (RW:
443 mg/g d.w.), L. edodes (RB: 238 mg/g d.w.) and Ganoderma lucidum (RW: 450 mg/g d.w.). Overall,
this study demonstrates the possibility of the industrial conversion of low-value agro-waste to
mycelial mass and eventually to important food products.

Keywords: glycerol; intra-cellular lipids; intra-cellular polysaccharides; glucosamine; biomass;
oleaginous yeasts; Rhodosporidium toruloides; Pleurotus; Ganoderma; Lentinula

1. Introduction

One of the most important priorities in the utilization of microorganisms as sources
of lipids is focused upon their ability to convert several by-products into microbial lipids
(“single-cell oils” (SCOs), viz. oils produced by microorganisms) [1–3]. Although the
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cost of these lipids was higher than that of traditional animal fats or vegetable oils, SCOs
were initially used to replace expensive fatty materials; however, currently, due to the
global increase in food cost, SCOs (mainly yeast lipids) can be used as substitutes for
common plant oils for the fabrication of biodiesel [1–7]. Furthermore, the huge expansion
of biodiesel (viz. FA alkyl-esters) has resulted in a significant rise in the production of
glycerol, which is the main side-product of the trans-esterification reaction process. As a
result, an important decrease in the price of glycerol occurred last year, and the topic of its
valorization has become crucial for biotechnological industries [2,5,7,8]. The utilization of
oleaginous yeasts in the conversion of crude glycerol closes the loop of biodiesel production
since the principal residue of this industrial activity (viz. crude glycerol) is transformed into
triacylglycerols that subsequently will be converted into “second-generation” biodiesel, a
process with obvious economic and ecological interest [2,5–8].

In the current study, biodiesel-derived glycerol was utilized as a substrate in “red”
non-conventional and non-extensively studied yeast strains (belonging to the genus Rho-
dosporidium), in culture conditions enabling the production of SCOs (viz. fermentations
carried out under conditions of limited nitrogen). Under the biorefinery concept, the zero-
waste release approach and the water-saving optic recently adopted by various authorities
and funding bodies, the wastewaters deriving from the lipid production process (viz. lipid
fermentation wastewaters-LFWs) were utilized as maceration waters in innovative solid-
state fermentation (SSF) processes performed using edible and pharmaceutical mushrooms.
The treatment of LFWs may increase the whole SCO bioprocess cost given that in several
cases, these waters can potentially contain non-assimilated and non-used fixed carbon
sources (specifically if increased initial sugar quantities are used for the SCO synthesis to
be performed). Moreover, LFWs certainly contain (potentially important) quantities of
salts [2,4]. These salt-containing wastewaters can be used as maceration waters for the
cultivation of edible and pharmaceutical fungi since several of them can present significant
growth with or without salts in the culture media [9–13].

Mushrooms may produce several non-specific lignocellulosic enzymes that affect their
growth and development [9,14,15]. Pleurotus, Lentinula and Ganoderma species, widely
cultivated worldwide, are effective lignocellulosic residue bio-converters, resulting in
mushrooms with unique biological and pharmacological properties [9,16–22]. During
fermentation and substrate colonization, mushrooms obtain the nutrients required for their
growth, mainly carbon and nitrogen sources, minerals and vitamins (these are possibly
contained in LFW) [23–25] that along with substrate composition (amount of cellulose,
lignin, etc.) may affect both the mycelial growth and mushroom production, and therefore,
their evaluation is needed prior to cultivation [26–28].

Additionally, the process of mushroom cultivation has many advantages, as through
the recycling or degradation of several agro-industrial wastes (e.g., olive mill waste, coffee
residues, rice husk), an alternative way to reduce these impacts is generated and by
turning these wastes into valuable products and food, environmental balance and economic
prosperity are provided in the frame of a zero-waste economy [26,29–31]. On the other
hand, very often, new methods and techniques in mushroom cultivation are proposed,
including innovations in substrate preparation and cultivation conditions, to improve
their productivity and quality [9,11,32,33]. For example, Dedousi et al. [11], with the
addition of oils, nitrogen and calcium salts, achieved a shorter incubation period, higher
biological efficiency and high-quality mushrooms. Moreover, the ability of various wastes
to serve as substrates is often examined by utilizing large glass tubes and measuring
the fungal growth rate (mm/day, Kr), as cultivating mushrooms in “bag-logs” is time-
consuming. This technique has been successfully used by many researchers to determine
the mycelial growth and fructification in a variety of fungal species, including Agrocybe
aegerita, Volvariella volvacea, Pleurotus spp. and L. edodes [26,34]. Also, the mycelial mass can
be estimated indirectly at the end of the colonization period using the glucosamine content
of the fungal cell wall [11,27,35,36]. Chitin is a structural polysaccharide of the fungal cell
wall and is composed of β(1,4)-linked units of N-acetyl-D-glucosamine. Because of their
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antibacterial and antioxidant qualities, chitin and chitosan are useful compounds with
diverse uses, for food and medicinal purposes [37]. Chitin synthesized through fungal SSFs
has been proposed, therefore, as an alternate source, as glucosamine may be obtained under
controlled conditions utilizing a simple extraction process [38,39]. Apart from that, the
determination of both Kr and biomass is necessary for the evaluation of various residues
and wastes as potential substrates for high-yield mushroom cultivation.

Therefore, in the present study, four “red” not previously extensively studied yeast
strains were used as cell factories amenable to turning biodiesel-derived glycerol into
SCOs. The synthesis of other intra-cellular metabolites (i.e., polysaccharides) was also
evaluated. Then, LFWs constituted the wetting agents in the SSF of several strains of edible
and pharmaceutical fungi with agricultural residues, non-conventional in mushroom
cultivation. The purpose of this study was first to estimate the possibility of using the
lipid fermentation wastewater from Rhodosporidium toruloides instead of tap water during
the SSFs of mushrooms. Then, to simplify the procedure and gain time, spraying was
used as a wetting technique for residues prior to substrate preparation. For this purpose,
three agro-industrial residues not extensively studied (e.g., olive crop residues, rice husk
and coffee residue) along with various species of the higher fungi with dietary and/or
medicinal properties, such as Pleurotus, Ganoderma and Lentinula, were evaluated for their
bioconversion efficacy during small scale SSF (in glass tubes). In this work, the main growth
parameters (viz. colonization rates, mycelial mass production) were noted, and the effect of
substrate components and cultivation handling on them was considered. Finally, further
investigation of the impact of LFW on selected substrates and mushroom strains regarding
carposome production and metabolic compound synthesis (e.g., polysaccharides, proteins,
antioxidants and lipids) is currently taking place.

2. Materials and Methods

2.1. Submerged Cultures of Yeasts for Lipid Production

In the present study, the “red” yeast strains Rhodosporidium kratochvilovae FMCC
Y-70, R. toruloides NRRL Y-27013, R. toruloides NRRL Y-17902 and R. toruloides NRRL Y-
6985 were used. The strain coded FMCC was a new strain deriving from the Laboratory
of Food Microbiology and Biotechnology (Agricultural University of Athens, Athens,
Greece), isolated from gilt-head sea bream (Sparus aurata) and characterized [40]. Strains
coded NRRL Y were purchased by the ARS Culture Collection (Peoria, IL, USA). All
four mentioned strains have been scarcely employed in works related to their growth
opportunity on substrates containing glycerol and their potential for producing microbial
lipids. According to Abeln and Chuck [2], the most frequently studied strains of the species
R. toruloides in relation to their lipid production properties are the strains DSM 4444 (14% of
the published papers on the topic of SCO production by R. toruloides strains), AS 2.1389 (12%
of the published papers) and ATCC 10788 (7% of the published papers), while concerning
the strains deriving from the ARS Culture Collection, only the strain NRRL Y-1091 has
been studied in some cases in relation to its SCO potential (7% of the published papers) [2].
Therefore, the present study is indeed one of the first in the literature demonstrating the
potential of lipid production by the mentioned wild-type yeast strains.

All strains were maintained on yeast peptone dextrose agar (YPDA) supplemented
with malt extract, at T = 4.0 ± 0.5 ◦C, and were sub-cultured every 2 months to maintain
their viability. Experiments regarding the production of SCOs were carried out in sub-
merged cultures in media with the following salt composition (in g/L) [41]: KH2PO4, 7.0;
Na2HPO4, 2.5; MgSO4·7H2O, 1.5; CaCl2·2H2O 0.15; FeCl3·6H2O, 0.15; ZnSO4·7H2O, 0.02;
MnSO4·H2O, 0.06. Peptone and yeast extract were used as nitrogen sources in concen-
trations of 2.0 and 1.0 g/L, respectively. Peptone contained c. 18%, w/w nitrogen and
c. 30%, w/w carbon, whereas yeast extract contained c. 7%, w/w nitrogen and c. 12%,
w/w carbon. The initial pH for all media before and after sterilization (performed at
T = 115 ◦C, 20 min) was 6.0 ± 0.1. In all performed trials, crude glycerol was employed
as a microbial substrate. The feedstock was provided by the Hellenic biodiesel-producing
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industry “ELIN VERD SA” (Velestino, Magnissia Prefecture, Greece). The purity of crude
glycerol was as follows: glycerol content ≈88%, w/w, salts of potassium and sodium
≈6%, w/w, non-glycerol organic compounds (mostly free fatty acids) ≈1%, w/w and water
(5%, w/w). In the first part (“screening” experiment), all strains were cultivated in shake-
flask fermentations in media in which initial glycerol (Gly0) concentration was adjusted to
≈50 g/L. The culture was performed under the limitation of nitrogen (initial C/N molar
ratio ≈55 moles/moles) to direct the metabolic activity in favor of SCO production [2,5,6].
Two of the strains that presented better performances (namely the strains NRRL Y-27013
and NRRL Y-6985) were cultured at higher Gly0 amounts (≈90 and ≈110 g/L), while the
initial nitrogen quantity remained as before (therefore, peptone and yeast extract con-
centrations were 2.0 and 1.0 g/L, respectively); thus, in the second set of experiments,
besides the increasing Gly0 concentrations, the initial molar ratio C/N also increased (at
Gly0 ≈ 90 g/L, the initial molar ratio C/N was ≈100 moles/moles, while at Gly0 ≈ 110 g/L,
the initial molar ratio C/N was ≈120 moles/moles). The calculations took into considera-
tion the purity of the industrial feedstock to yield the above-mentioned Gly0 concentrations
of the media.

Most of the submerged fermentations were conducted in non-baffled Erlenmeyer
flasks of 250 mL filled at 20%, v/v of previously sterilized culture medium. The pre-
cultures were prepared in similar 250 mL Erlenmeyer flasks, equally filled at 20%, v/v
with previously sterilized YPD medium (glucose, peptone and yeast extract at 10 g/L
of each), which were aseptically inoculated from a fresh slant that contained the strain.
Pre-cultures were incubated in an orbital shaker (Zhicheng ZHWY 211C; PR of China) for
48 ± 4 h at 180 ± 5 rpm, T = 28 ± 1 ◦C. The concentration of yeast dry biomass of the pre-
culture at 48 ± 4 h was 5.0 ± 0.5 g/L. Flasks of the principal cultures were inoculated with
1.0 mL of pre-culture and were incubated in the same shaker at the same conditions as the
pre-cultures.

To assess the kinetics of the “red” yeasts on glycerol-based media, the contents of
flask samples were periodically subjected to centrifugation (9000× g/15 min at T = 10 ◦C)
in a Hettich Universal 320R (Vlotho, Germany) centrifuge. Recovered wet cells were
extensively washed with distilled water and were re-centrifuged. Yeast dry biomass (X,
g/L) was determined by means of its DCW wet biomass, which was put in a pre-weighed
McCartney glass bottle and placed at T = 85 ± 2 ◦C until constant weight (in most cases for
c. 30 ± 4 h). The pH of the culture medium was measured off-line using a Jenway 3020
(Cole-Parmer, Eaton Socon, UK) pH meter. In all the fermentations and irrespective of the
strain or the Gly0 concentrations, pH in the medium ranged between 5.1 and 5.9 and there
was no need to perform correction. The dissolved oxygen tension (DOT) was measured
off-line using a selective electrode (Bante Instruments Inc., Shanghai, China) according
to Filippousi et al. [42]. The DOT was always ≥10% v/v during all growth phases for all
shake-flask fermentations, providing evidence that all trials were performed under fully
aerobic conditions [42].

Residual glycerol in the growth medium was quantitatively determined through
HPLC analysis [40]. The free amino nitrogen (FAN) concentration in the liquid samples
was determined according to Kachrimanidou et al. [43]. Total cellular lipids (L, g/L)
were extracted from the microbial DCW with the modified protocol of Folch (placement
of mixture of chloroform/methanol 2:1 v/v into the McCartney bottle containing the
yeast DCW for at least 5 days, cell debris removal through filtration and solvent mixture
evaporation), as presented in detail in the work of Sarantou et al. [44]. Cellular lipids
were converted to their respective fatty acid (FA) methyl-esters that were subsequently
analyzed in a gas chromatograph (GC-FID) apparatus (Fisons 8060, Markham, ON, Canada),
equipped with a Chrompack (São Paulo, Brazil) column (60 m × 0.32 mm) and a flame
ionization detector using helium as a carrier gas (2.0 mL/min), according to Giannakis
et al. [45]. Finally, intra-cellular polysaccharides (IPS, g/L) were quantitatively determined
according to the modified protocol adapted by Argyropoulos et al. [46].
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To collect LFWs obtained from the microbial lipid fermentation processes, trials on
glycerol (Gly0 ≈ 50 g/L) were conducted in shake flasks of a total volume of 2.5 L, filled with
450 mL of previously sterilized culture medium and inoculated with 50 mL of exponential
pre-culture. These 2.5 L flasks were incubated in the same orbital shaker as before for
320 ± 10 h at 250 ± 10 rpm and T = 28 ± 1 ◦C. LFWs were collected through centrifugation
(see above) of the cultures and stored in a freezer (T = 4 ± 1 ◦C). These fermentation wastew-
aters contained glycerol at a final concentration of 2.5 ± 0.5 g/L and a FAN concentration
of 15 ± 5 mg/L. Phosphate and sulfate ions were also found in these LFWs.

2.2. Fungi

In this work, seven higher fungi (mushrooms) were used: Pleurotus ostreatus (AMRL
135), P. eryngii (AMRL 161), P. pulmonarius (AMRL 177), Ganoderma applanatum (AMRL
341), G. resinaceum (AMRL 325), G. lucidum (AMRL 330) and Lentinula edodes (AMRL 121),
deriving from the Laboratory of Edible Fungi of Institute of Technology of Agricultural
Products/Hellenic Agricultural Organization—Dimitra. The strains were maintained on
potato dextrose agar (PDA, Merck, Germany) at T = 4 ± 1 ◦C and regularly sub-cultured.
Prior to experiments, fresh mycelia were produced on PDA Petri dishes by incubation at
T = 26 ± 1 ◦C and relative humidity of 75%.

2.3. Substrates for Fungal Growth

Agro-residues, i.e., olive crop residues (leaves and branches) (OC), rice husk (RH),
beech wood shavings (BW), wheat straw (WS), wheat bran and poplar sawdust, originated
from Greek farms and industries and coffee residue (CR) was obtained from local coffee
shops. They were dried in a T = 60 ± 1 ◦C oven, until constant weight (Elvem, Athens,
Greece) and milled to size <0.2 mm in a Janke & Kunkel, IKA-WERK, analytical mill
(Staufen im Breisgau, Germany). Several physicochemical analyses were performed on
the raw residues and the final substrates before their inoculation with the mushroom
strains. Total nitrogen and organic matter were determined according to the Kjeldahl (Total
Kjeldahl, Nitrogen, TKN) method (APHA) [47] and Sparks et al. [48], respectively. Protein
content was determined through nitrogen concentration, with the use of the factor 6.25. The
FAN concentration of LFW was assayed by the ninhydrin colorimetric method according
to Lie [49]. Regarding the pH and electrical conductivity (EC) calculation, residue aliquots
of 10 g were suspended in 100 mL distilled water for 2 h and the above parameters were
measured using a Crison pH meter GLR 21 (Barcelona, Spain) and a Hanna Instruments HI
8733 (Padova, Italy) electrical conductivity instrument, respectively.

Prior to substrate preparation, dry WS, BW and OC residues were cut to ~2 cm using
a cutting machine (Novital, mod. Magnum-4V, Lonate Pozzolo VA, Italy) and then they
were (a) soaked in LFW from R. toruloides fungal culture or tap water for 5–8 h, with the
excess water being drained off after 2 h, and (b) sprayed with 20%, w/w LFW. Different sub-
strates were prepared by combining residues (dry substrate weight) as follows: (1) CR:80,
WS:18 (named CW); (2) CR:80, CB:18 (CB); (3) OC:70, WS:12 (OW); (4) OC:70, BW:12 (OB);
(5) RH:70, WS:12 (RW); and (6) RH:70, BW:12 (RB). Wheat bran and soybean flour were
used as supplements to obtain a final C/N ratio of 20–30, CW and CB at 1%, w/w each and
the other four substrates (OW, OB, RW and RB) at 13% and 5%, w/w, respectively. Calcium
carbonate was also added to the substrates (1% w/w, in terms of dry weight) to obtain a
pH = 6.0–7.5. Glass tubes (200 × 28 mm, five/substrate/strain) were uniformly filled with
80 mL of substrates and autoclaved at T = 121 ± 1 ◦C (1.1 atm) for 2 h. The water content
of the sterilized substrates was 60–75%. When room temperature was reached, tubes were
inoculated with one agar plug (of 6 mm diameter cut from the periphery of a fresh fungal
colony grown on PDA) and finally, they were incubated at T = 26 ± 1 ◦C (in an ENTERLAB,
mod. GROW-1300 HR, Terrassa, Spain) in the dark, until full colonization of the substrate.
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2.4. Growth Rate Measurement and Glucosamine Content Determination

During substrate colonization by the fungi, the measurements of colony diameter
were taken in two perpendicular directions of the tubes every two to three days and the
mycelial growth rate (Kr, expressed in mm/d) was determined in five tubes [50]. At 100% of
colonization, duplicate tube samples were used for biomass estimation. They were frozen
at T = −20 ± 1 ◦C for 48 h and then dried using a Heto LyoLab 3000 freeze-dryer (Heto-
Holten Als, Denmark), milled and sieved. The measurement of N-acetylglucosamine,
as derived from fungal chitin hydrolysis, was used for the indirect determination of
biomass production [51]. Specifically, 2 g of dry sample (substrate and biomass) was
mixed with 5 mL of 72% H2SO4 (Merck, Darmstadt, Germany) and agitated for 30 min
at 130 ± 2 rpm in a rotary shaker (ZHWY-211C, Shanghai, China). Following dilution
with 54 mL deionized water, the mixture was autoclaved for two hours at T = 121 ± 1 ◦C
to initiate hydrolysis. Using NaOH solution, the hydrolysate was neutralized. Equal
volumes of (3 mL) of 5% (w/v) NaNO2 and 5% KHSO4 were added to a 3 mL sample
from the previous step. The mixture was shaken for 15 min and then centrifuged at
1500× g (Micro 22R, Hettich, Germany), for 2 min at T = 2 ± 0.1 ◦C. Following that, a 3 mL
sample of the supernatant was mixed with 1 mL of 12.5% NH4SO3NH2 and shaken for
5 min. Next, 1 mL of 0.5% 3-methyl-2-benzothiazolonehydrazone hydrochloride (MBTH)
solution was added and heated for 3 min in a boiling water bath and then cooled, and
1 mL of 0.5% FeCl3 was added. After 30 min, the absorbance was measured. The glu-
cosamine was quantified spectrophotometrically at 650 nm using a Jasco V-530 UV/VIS
spectrophotometer (Tokyo, Japan) and the results were expressed as mg of fungal biomass/g
of dry substrate. Glucosamine standard curves were obtained using several concentrations
of N-acetylglucosamine (Sigma-Aldrich, Taufkirchen, Germany). The glucosamine content
of each fungus was determined through the mycelia produced in liquid cultures for 25 days,
in 100 mL Erlenmeyer flasks with glucose (Alpha Aesar, Karsruhe, Germany) 30 g/L, yeast
extract (Fluka, Steinheim, Germany) 3 g/L, peptone (Merck, Darmstadt, Germany) 3 g/L
and CaCO3 0.1 g/L, as growth medium, at T = 26 ± 1 ◦C under static conditions [26].
The equations correlating mycelial mass with glucosamine content, for each strain, were
obtained after fitting the linear model to the experimental data.

2.5. Data Analysis

For all submerged fermentation cultures performed, each experimental point of all
the kinetics presented in the tables and figures is the mean value of two independent
determinations, in which two lots of independent cultures were conducted using different
inocula. The standard error (SE) for most of the experimental points was ≤15%. Kinetics
concerning the submerged lipid-production cultures were plotted using Kaleidagraph 4.0
Version 2005 showing the mean values with the standard error mean.

2.6. Abbreviations and Units

X: biomass (dry cell weight (DCW)) (g/L); L: lipids (g/L); Gly: glycerol (g/L); IPS:
intra-cellular polysaccharides (g/L); rGly: glycerol consumption rate (g/L/h); YX/Gly: yield
of total biomass produced on glycerol consumed (g/g); YL/Gly: yield of lipids produced on
glycerol consumed (g/g); L/X: lipids in DCW (%, w/w); IPS/X: intra-cellular polysaccha-
rides in DCW (%, w/w); Kr: mycelial growth rate (mm/d).

3. Results and Discussion

3.1. Screening of “Red” Yeasts for Lipid Production

The four “red” yeast strains used in the present study (R. kratochvilovae FMCC Y-70,
R. toruloides NRRL Y-27013, R. toruloides NRRL Y-17902 and R. toruloides NRRL Y-6985)
were cultured in shake-flask experiments under nitrogen limitation (glycerol excess) with
Gly0 concentration ≈50 g/L (initial C/N molar ratio ≈55 moles/moles) and the obtained
results are presented in Table 1. All the tested strains presented important quantities of
consumed glycerol and varying concentrations of total yeast biomass, cellular lipids and
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cellular polysaccharide production. In all fermentations performed, after a given point (i.e.,
at t ≈ 50 h), media were under limited nitrogen conditions (initial FAN = 80 ± 10 mg/L,
FAN after t ≈ 50 h = 15 ± 5 mg/L). Three out of the four screened strains (namely NRRL
Y-27013, NRRL Y-17902 and NRRL Y-6985) presented almost equivalent kinetic and phys-
iological profiles; for these strains, the consumption rate of glycerol (rGly) as calculated

by the formula rGly = −ΔGly
Δt for the period, where glycerol was virtually found in non-

negligible concentrations in the growth medium (i.e., Gly ≥ 5.0 g/L), was unaffected
by the nitrogen-limited conditions in the medium and was almost similar for all these
trials (rGly = 0.20 ± 0.2 g/L/h), while at t = 240–270 h after inoculation, glycerol consump-
tion was almost complete (at that time, the consumed glycerol represented c. 94–99%,
w/w of the total initial substrate concentration). Moreover, for these strains, the values of
total yeast DCW, L, IPS, L/X and IPS/X constantly increased, reaching their maximum
values at the end of fermentation (viz. when almost all available glycerol quantity had
been assimilated). On the other hand, a different profile in which L/X and IPS/X values
presented a peak at the middle of fermentation and thereafter decreased, although the
quantity of non-assimilated glycerol was high, was demonstrated for strain FMCC Y-70.
The kinetics of the culture in one characteristic case (viz. the strain R. toruloides NRRL
Y-6985) are illustrated in Figure 1. It is interesting to indicate that, as previously mentioned,
the values of L/X and IPS/X increased simultaneously, suggesting that the microorganism
accumulated reserve lipid and reserve non-lipid compounds at the same time. This agrees
with the results presented for R. toruloides CBS 14 growing on glucose under nitrogen-
limited conditions [52,53]. On the contrary, for other strains (i.e., strains NRRL Y-27012 and
DSM 4444), the IPS/X values were high in the first culture phases, and in the presence of
assimilable nitrogen in the medium, they deceased as the fermentation proceeded, with a
simultaneous increase in the L/X values [13,54].

Table 1. Quantitative data of R. kratochvilovae FMCC Y-70, R. toruloides Y-17902, R. toruloides NRRL
Y-27013 and R. toruloides NRRL Y-6985 strains deriving from kinetics on crude glycerol, in nitrogen-
limited shake-flask cultures, with initial glycerol (Glyc0) concentration ≈ 50 g/L and initial ni-
trogenous compounds peptone and yeast extract added at 2.0 and 1.0 g/L (initial molar ratio
C/N ≈ 55 moles/moles). Four different points in the fermentations are represented: (1) when the
maximum quantity of total dry yeast biomass (X, g/L) was observed; (2) when the maximum quantity
of lipids per DCW (L/X, % w/w) was observed; (3) when the maximum quantity of intra-cellular
polysaccharides per DCW (IPS/X, % w/w) was observed; (4) when the maximum quantity of absolute
lipid value (L, g/L) was observed. Culture condition: initial glycerol concentration (Glyc0 ≈ 50 g/L),
growth on 250 mL conical flasks at 180 ± 5 rpm, initial pH= 6.0 ± 0.1, culture pH ranging between
5.1 and 5.9, incubation temperature T = 28 ± 1 ◦C. Each experimental point is the mean value of two
measurements (SE for most experimental points is ≤17%).

Strains
Time

(h)
Glyccons

(g/L)
X

(g/L)
YX/Gly

(g/g)
L

(g/L)
L/X

(%, w/w)
IPS/X

(%, w/w)

NRRL
Y-27013 1, 2, 3, 4 240 47.7 ± 1.9 19.0 ± 2.0 0.40 8.8 ± 0.9 46.3 31.2

NRRL
Y-6985 1, 2, 3, 4 270 49.4 ± 1.7 18.5 ± 1.6 0.37 8.8 ± 0.8 47.6 33.9

NRRL
Y-17902 1, 2, 3, 4 250 46.7 ± 1.9 19.0 ± 2.2 0.41 8.6 ± 1.0 45.2 33.1

FMCC Y-70 2, 3, 4 82 21.2 ± 2.2 9.1 ± 1.5 0.43 2.3 ± 0.5 25.4 39.9

1 245 43.7 ± 2.7 15.1 ± 1.3 0.35 1.8 ± 0.4 12.2 32.1

Fermentation time (h); yield of total yeast biomass produced on glycerol consumed (YX/Gly, g/g); and quantities
of total dry yeast biomass (X, g/L), total lipids (L, g/L) and glycerol consumed (Glyccons, g/L) are also depicted
for all the above-mentioned fermentation points.
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Figure 1. Changes in total biomass (X, g/L), glycerol (Gly, g/L) and cellular lipids (L, g/L) (a) and
cellular lipid per DCW (L/X, % w/w) and cellular polysaccharides per DCW (IPS/X, % w/w) (b) as a
function of fermentation time for R. toruloides NRRL Y-6985 grown on glycerol in shake-flask trials.
Representation of global conversion yield of lipids produced per unit of glucose consumed as shown
by linear regression of produced lipids as a function of consumed glycerol (c) for the same set of data.
Each point is the mean value of two independent measurements. SE ≤ 15%.
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The fatty acid (FA) composition of the cellular lipids synthesized in this set of cultures
is presented in Table 2 (concerning t from 120 to 160 h after inoculation). The principal
cellular FAs detected were mostly oleic acid (Δ9C18:1) and palmitic acid (C16:0). Cellular
lipids of the yeast R. toruloides NRRL Y-27013 contained increased concentrations of satu-
rated FAs (i.e., C16:0 = 39.9%, w/w and C18:0 = 13.5%, w/w, meaning that the concentration
of saturated FAs was = 53.4%, w/w of total cellular lipids produced). In fact, when the
concentration of saturated cellular FAs is ≥40%, w/w of total cellular lipids, as was the
case of the mentioned strain NRRL Y-27013, the yeast produces lipids of a similar compo-
sition to palm oil [55–57]. Palm oil has an important number of applications, including
food and biodiesel production, and its enormous utilization, specifically during the last
decade, is a leading contributor to tropical deforestation, the major result of which is the
constantly increasing CO2 emissions that have been noted [55]. Nevertheless, all yeast
lipids synthesized (see Table 2) contained high concentrations of oleic acid; therefore, these
yeast SCOs can be used for the synthesis of second-generation biodiesel [2,5,6,56]. Finally,
poly-unsaturated cellular FAs (specifically the ones with ≥3 double bonds) were detected
in low or negligible quantities in the cellular lipids of the tested yeasts, in accordance with
the literature [2,3,6,58,59].

Table 2. Fatty acid composition of the cellular lipids produced by yeast strains cultivated on crude
glycerol in shake-flask experiments (Glyc0 ≈ 50 g/L, C/N ≈ 55 moles/moles). Time of fermentation
for the determination of the fatty acid composition was between 120 and 160 h after inoculation.
Culture conditions were as in Table 1.

Strain/Fatty
Acid

C16:0
(%, w/w)

C18:0
(%, w/w)

C18:1
(%, w/w)

C18:2
(%, w/w)

C18:3
(%, w/w)

NRRL
Y-27013 39.9 13.5 42.8 1.6 n.d.

NRRL Y-6985 30.1 2.6 54.2 2.0 0.8
NRRL

Y-17902 31.2 2.7 54.0 1.3 0.7

FMCC Y-70 25.9 9.5 39.5 15.5 7.9
n.d.: <0.5%, w/w.

3.2. Trials in Higher Initial Glycerol Concentrations and C/N Molar Ratios

Two of the four previously tested “red” yeast strains (R. toruloides NRRL Y-27013 and
R. toruloides NRRL Y-6985) were cultured in shake-flask experiments under higher Gly0
concentrations (≈90 g/L and ≈110 g/L), while the initial nitrogen amount remained the
same as before (viz. peptone and yeast extract at 2.0 and 1.0 g/L, respectively). Therefore,
in the second set of experiments, besides the increasing Gly0 concentrations, the initial
molar ratio C/N significantly increased (at Gly0 ≈ 90 g/L, the initial C/N molar ratio was
≈100 moles/moles, while at Gly0 ≈ 110 g/L, it was ≈120 moles/moles). The obtained
results as regards R. toruloides NRRL Y-27013 and R. toruloides NRRL Y-6985 are shown in
Table 3. From the obtained results, it can be indicated that for both strains and despite both
the elevated Gly0 concentrations and initial molar ratios C/N imposed, high quantities of
glycerol had been assimilated. For all trials, as previously indicated, the rGly calculated

by the formula rGly = −ΔGly
Δt was ≈0.26–0.27 g/L/h, which was higher than that of the

previous experiment with the lower Gly0 concentration and initial molar ratio C/N imposed.
It is also interesting to indicate that the fermentation was stopped, however, the trend of the
kinetics for all experiments was that the available glycerol quantity would be finally grosso
modo consumed; therefore, even higher quantities of DCW and intra-cellular metabolites
could have been synthesized. For both studied strains (viz. NRRL Y-27013 and NRRL Y-
6985), lipid and polysaccharide quantities (in terms of L/X and IPS/X, in %, w/w) globally
increased. In absolute values, the significant lipid quantity of 12.6 g/L was recorded for
both strains in the cultures with the increased Gly0 concentration and initial molar ratio
C/N imposed. However, by comparing the L/X values for all the performed trials and
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for both the strains NRRL Y-27013 and NRRL Y-6985, it can be seen that the more the Gly0
concentration and the initial C/N molar ratio increased, the lower the recorded L/X values
were (see Tables 1 and 3). Therefore, although lipid quantities increased in absolute values,
lipids in DCW values decreased, presumably in favor of the biosynthesis and accumulation
of intra-cellular polysaccharides, the IPS/X values of which drastically increased (see
Tables 1 and 3). Once more, therefore, it can be suggested that the studied strains (NRRL Y-
27013 and NRRL Y-6985) presented a biochemical similarity with the strain CBS 14 growing
on glucose, where the values of IPS/X and L/X constantly increased in response to the
nitrogen-limited conditions imposed [52,53]. It is known that after nitrogen depletion in the
medium, a fast reduction of the concentration of cellular AMP occurs [1,2]. As a response,
there will subsequently be either a decrease in the activity of the Krebs cycle (decrease
in the activity of NAD+ or NADP+ isocitrate dehydrogenase, leading to the enhanced
synthesis of cellular fatty acids and triacylglycerols) or a decrease in the glycolysis rate
due to decreased activity of phospho-fructokinase (for reviews, see [1,2,53,59]). Apparently,
for the case of both strains NRRL Y-27013 and NRRL Y-6985 (and potentially for the
strain NRRL Y-17902), the response to the imposed nitrogen limitation seems to be the
accumulation of both lipids and storage polysaccharides. On the other hand, some substrate
inhibition was observed against both NRRL Y-27013 and NRRL Y-6985 strains, due to the
increased Gly0 concentration imposed, as calculated through the biomass conversion yield
YX/Gly obtained in all fermentations. Therefore, the yield YX/Gly calculated by the formula
YX/Gly = Xmax−X0

Glycons
was ≈ 0.40 g/g for the strain NRRL Y-27013 at Gly0 ≈ 50 g/L and

decreased to ≈0.32–0.33 g/g at the highest initial glycerol concentrations. Concerning
the strain NRRL Y-6985, at Gly0 ≈ 50 g/L, the yield value was ≈0.38 g/g, decreasing to
≈0.32 g/g at the highest Gly0 concentration. Representative results of DCW production
and lipids in DCW values for yeasts cultivated on glycerol and the comparisons with the
current study are demonstrated in Table 4.

Table 3. Quantitative data of R. toruloides NRRL Y-27013 and R. toruloides NRRL Y-6985 strains
deriving from kinetics on crude glycerol, in nitrogen-limited shake-flask cultures, with in-
creasing initial glycerol (Gly0) concentration (≈90 g/L, C/N ≈ 100 moles/moles; ≈110 g/L,
C/N ≈ 120 moles/moles) at constant initial nitrogen concentration in the medium (initial nitroge-
nous compounds were peptone and yeast extract added at 2.0 and 1.0 g/L, respectively). Four
different points in the fermentations are represented: (1) when the maximum quantity of total dry
yeast biomass (X, g/L) was observed; (2) when the maximum quantity of lipids per DCW (L/X, %
w/w) was observed; (3) when the maximum quantity of intra-cellular polysaccharides per DCW
(IPS/X, % w/w) was observed; (4) when the maximum quantity of absolute lipid value (Ls, g/L)
was observed. Fermentation time (h); quantities of yeast biomass (X, g/L), total lipids (Ls, g/L)
and glycerol consumed (Glyccons, g/L); and yield of total biomass produced per glycerol consumed
(YX/Gly, g/g) are also depicted for all the above-mentioned fermentation points. Culture conditions
as in Table 1.

Glyc0

(g/L)
Time

(h)
Glyccons

(g/L)
X

(g/L)
YX/S

(g/g)
L

(g/L)
L/X

(%, w/w)
IPS/X

(%, w/w)

R. toruloides NRRL Y-27013

≈90 1, 2, 3, 4 264 70.4 ± 3.1 23.4 ± 2.7 0.33 11.1 ± 1.6 47.4 34.9

≈110 1, 2, 3, 4 336 89.0 ± 2.9 29.3 ± 3.3 0.33 12.6 ± 1.9 43.0 41.3

R. toruloides NRRL Y-6985

Glyc0

(g/L)
Time

(h)
Glyccons

(g/L)
X

(g/L)
YX/S

(g/g)
L

(g/L)
L/X

(%, w/w)
IPS/X

(%, w/w)

≈90 1, 2, 3, 4 288 77.1 ± 2.1 24.4 ± 2.9 0.32 11.0 ± 1.9 45.1 36.2

≈110 1, 2, 3, 4 336 90.9 ± 3.3 29.1 ± 2.6 0.32 12.6 ± 2.7 43.2 42.1
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Table 4. Representative results concerning the production of total dry biomass and lipids in DCW
values by yeast species cultivated on glycerol under various fermentation modes.

Strain Cultivation Type X (g/L) L/X (%, w/w) Reference

Cryptococcus curvatus ATCC 20509 Fed-batch reactor 118.0 25.0 Meesters et al. [60]
C. curvatus ATCC 20509 Fed-batch reactor 32.9 52.9 Liang et al. [61]
C. curvatus ATCC 20509 Fed-batch reactor 22.0 49.0 Cui et al. [62]

Yarrowia lipolytica MUCL 28849 Fed-batch reactor 42.2 38.2 Fontanille et al. [63]
Rodosporidium toruloides AS2.1389 Batch reactor 26.7 69.5 Xu et al. [64]

R. toruloides Y4 Batch reactor 35.3 46.0 Uçkun Kiran et al. [65]
R. toruloides Y4 Batch flasks 24.9 48.9 Yang et al. [66]

Lipomyces starkeyi DSM 70296 Batch flasks 34.4 35.9 Tchakouteu et al. [67]
R. toruloides DSM 4444 Fed-batch reactor 37.4 51.3 Leiva-Candia et al. [68]
R. toruloides DSM 4444 Fed-batch reactor 41.0 60.0 Signori et al. [69]
R. toruloides DSM 4444 Batch flasks 37.0 37.0 Papanikolaou et al. [70]

R. toruloides ATCC 10788 Batch flasks 10.3 34.0 Uprety et al. [71]
R. toruloides AS 2.1389 Batch flasks 18.9 64.5 Kamal et al. [72]
R. toruloides DSM 4444 Batch flasks 28.9 43.3 Diamantopoulou et al. [13]
R. toruloides DSM 4444 Batch flasks 27.3 54.6 Sarantou et al. [44]

C. curvatus ATCC 20509 Batch flasks 12.6 48.4 Karayannis et al. [7]

R. toruloides NRRL Y-27013 Batch flasks 29.3 43.0 Present study
R. toruloides NRRL Y-6985 Batch flasks 29.1 43.2 Present study

The FA composition of the cellular lipids synthesized in this set of cultures is presented
in Table 5 (analysis performed at t ranging between 120 and 160 h after inoculation). As
in the previous set of experiments, the principal cellular FAs were mostly the C18:1 and
the C16:0. As compared to the trial performed at Gly0 ≈ 50 g/L, the cellular lipids of the
strain NRRL Y-27013 in the trials with higher FA Gly0 concentrations imposed seemed
less saturated (see Tables 2 and 5). In contrast, for the strain NRRL Y-6985, no significant
differences were recorded in the trials with the various Gly0 concentrations imposed. In all
cases, cellular C18:1 was the principal cellular FA, rendering the lipids of R. toruloides as
precursors for the production of second-generation biodiesel [2,5,6,56].

Table 5. Fatty acid composition of the cellular lipids produced by the selected yeast strains NRRL
Y-27013 and NRRL Y-6985 cultivated on crude glycerol in shake-flask experiments (Glyc0 ≈ 90 g/L
and Glyc0 ≈ 110 g/L). Time of fermentation for the determination of the fatty acid composition was
between 120 and 160 h after inoculation. Culture conditions were as in Table 1.

Gly0

(g/L)
Strain

C14:0
(%, w/w)

C16:0
(%, w/w)

C16:1
(%, w/w)

C18:0
(%, w/w)

C18:1
(%, w/w)

C18:2
(%, w/w)

C18:3
(%, w/w)

≈90

NRRL
Y-27013 2.1 25.3 n.d. * 11.1 51.5 6.7 3.3

NRRL
Y-6985 n.d. 28.8 11.9 2.1 54.8 2.1 0.3

≈110

NRRL
Y-27013 2.1 26.3 n.d. 11.0 49.8 5.4 5.4

NRRL
Y-6985 n.d. 27.0 10.9 3.1 55.2 3.1 0.7

* n.d.: <0.5%, w/w.

3.3. Substrate Analysis for Mushroom Cultivation

Primary analysis conducted on the residues used in the present study concerning their
pH, EC and N and C contents provided the basic information needed before their mixture
and final substrate synthesis (Table 6). The six substrate formulations prepared contained
different amounts of residues so that the appropriate conditions (e.g., C/N = 20–30) and the
necessary ingredients in adequate quantities for fungal growth were provided [9]. Parame-
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ters such as total C, N, C/N ratio, pH and EC of the final substrates (before inoculation) are
important for mycelium growth and mushroom fructification.

Table 6. Physicochemical profile of agro-industrial residues used in the study.

Residue
Moisture
Content

(%)

pH
EC Nitrogen Protein Carbon

(μS/cm) (% d.w.) (% d.w.) (% d.w.)

WS * 7.15 7.35 840 0.65 4.06 31.44
BW 7.89 5.57 285 0.23 1.44 33.07
CR 7.20 5.36 228 1.90 11.88 32.83
OC 6.15 5.24 516 1.24 7.75 39.00
RH 7.92 6.84 465 0.35 2.19 28.52
WB 10.86 6.21 894 3.37 21.06 31.79
SF 10.58 6.06 752 5.88 36.75 67.59

Data are presented as mean values from duplicated measurements. * WS: wheat straw, BW: beech wood shavings,
CR: coffee residue, OC: olive crop, RH: rice husk, WB: wheat bran, SF: soybean flour.

The results show (Table 7) that the C (%) concentration among the different substrates
presented no great differences, as values ranged from 31.25 to 38.70% (w/w). The C/N ratio
varied from 19.03 (CW) to 31.46 (RB), the desirable values for mushroom production [26,27].
The pH values ranged from 6.28 to 6.94, making Pleurotus cultivation feasible, as the fungal
mycelium obtains nutrients from the substrate at a particular range of pH, whereas rapid
mycelial growth occurs at pH 6.4–7.8 [73,74]. The EC values presented great variations
among substrates. The highest value was recorded in RB substrate treated with tap water
(987 μS/cm, 0.987 mS/cm), and the lowest values were recorded in CW (229 μS/cm,
0.229 mS/cm). In general, the optimal EC for mushroom cultivation is usually in the
range of 0.5 to 2.5 mS/cm. However, each species of mushrooms may have different
requirements, as the optimal EC for the cultivation of the oyster mushroom (P. ostreatus)
has been recorded at around 1.0 to 2.0 mS/cm, while for shiitake mushrooms (L. edodes), an
EC of 1.5 to 2.5 mS/cm has been recommended [16].

Table 7. Composition and physicochemical profile of substrates used in solid-state fermentation
experiments (final mixtures before inoculation).

Substrate C/N
Moisture

Content (%)
pH

EC
(μS/cm)

Protein
(% d.w.)

C
(% d.w.)

N
(% d.w.)

H2O

CW * 19.03 66.10 6.62 229 10.81 32.92 1.73
CB 20.08 60.88 6.75 714 10.31 33.21 1.65
OW 23.00 71.38 6.61 698 10.50 38.50 1.68
OB 23.96 69.45 6.48 795 10.19 38.70 1.63
RW 29.54 66.34 6.45 957 6.63 31.25 1.06
RB 31.46 68.14 6.81 987 6.25 31.44 1.00

LFW (so) **

CW 19.03 62.73 6.28 266 10.81 32.92 1.73
CB 20.08 58.97 6.87 721 10.31 33.21 1.65
OW 23.00 68.58 6.66 741 10.50 38.50 1.68
OB 23.96 70.12 6.48 658 10.19 38.70 1.63
RW 29.54 72.90 6.94 495 6.63 31.25 1.06
RB 31.46 74.45 6.57 321 6.25 31.44 1.00

LFW (sp)

CW 19.03 64.71 6.52 248 10.81 32.92 1.73
CB 20.08 57.74 6.41 787 10.31 33.21 1.65
OW 23.00 70.84 6.71 753 10.50 38.50 1.68
OB 23.96 69.84 6.47 823 10.19 38.70 1.63
RW 29.54 74.45 6.53 776 6.63 31.25 1.06
RB 31.46 71.14 6.54 793 6.25 31.44 1.00

* CW: coffee residue + wheat straw, CB: coffee residue + beech wood shavings, OW: olive crop + wheat straw, OB:
olive crop + beech wood shavings, RW: rice husk + wheat straw, RB: rice husk + beech wood shavings. ** LFW
(so): soaked in lipid fermentation wastewater, LFW (sp): sprayed with lipid fermentation wastewater.
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3.4. Mycelial Growth Rate

It is well known that mycelial growth and biomass production require the utilization
of competent species and effective substrates [34,35]. Also, the combination of different
residues leads to substrates with a more balanced chemical composition than the homoge-
neous ones, boosting quick development and high yields [75,76]. Thus, in our experiments,
CR, OC, RH, BS and WS residues were used in several quantities for each substrate to
achieve a C/N ratio of 20–30 and enhance their production [9] (see Table 7). In this study,
P. ostreatus, P. eryngii, P. pulmonarius, G. applanatum, G. resinaceum, G. lucidum and L. edodes
species were subjected to trials in which their ability to grow on the above wastes was
evaluated, and in the view of water economy, two wetting methods were used: soaking
and spaying substrates with LFWs.

The results of the mycelium linear growth (Kr, mm/d) for each substrate are shown in
Figure 2. The colonization rates were higher in most substrates treated with LFWs compared
to the control (tap water) (Figure 3), and they were affected by the substrate and the
mushroom genus, as has been already demonstrated by previous studies [11,26,27,77]. The
novel (non-conventional) substrates consisting of RH, OC and CR successfully supported
mycelial growth, and Kr values varied among mushroom strains. Several of the highest
growth rates (Kr > 6 mm/d) were recorded in RW (for P. eryngii, G. resinaceum and L. edodes)
and RB (for P. eryngii, G. resinaceum) and in some cases, OW and OB gave better results (e.g.,
P. pulmonarius Kr = 5.46 mm/d in OW, G. lucidum Kr = 5.07 mm/d in OW and G. applanatum
Kr = 6.36 mm/d in OB). Furthermore, Ganoderma species demonstrated fast colonization
on OW and OB substrates, as well as high growth rates on RW and RB, probably due to
the higher C/N ratio of these substrates and the relatively lower nitrogen content that
acts beneficially. It seems, therefore, that the C/N ratio of the substrates was positively
correlated with the growth rate. This positive correlation has been also previously reported
by D’Agostini et al. [78] for P. ostreatus and L. edodes. Melanouri et al. [27] and Philippoussis
et al. [9] observed higher growth rates (mean Kr = 9.58–6.92 mm/d) for Pleurotus spp. in
a variety of substrates with C/N = 20–30, whereas in the study of Economou et al. [51],
spent mushroom substrate of P. ostreatus (C/N = 30) favored the mycelial growth rate of
P. ostreatus and P. pulmonarius (7–8 mm/day). However, in this study, OW and OB were
unsuitable substrates for P. eryngii growth (Kr = 1.65 mm/d). Overall, as Kr data revealed
that the addition of LFW had a slightly positive effect or no effect on the colonization of the
various substrates tested by the several mushroom strains, it seems feasible to further use
this waste in mushroom cultivation.

3.5. Mycelial Mass Production

As stated before, the parameter Kr expresses the hyphal progression on a substrate [79],
but not the fungal ability to produce mycelial mass, so in the present study, the concen-
tration of the biomass produced at the end of the colonization stage was estimated by
glucosamine content measurement. The equations correlating mycelial mass with glu-
cosamine content for each strain are presented in Table 8. The results showed that the
highest biomass production was produced on substrates with the addition of LFW (soaked
or sprayed) (Figure 3), probably because excess nitrogen, lipids and several minerals in
the medium enhanced biomass production and RW and CR were the substrates where the
production of biomass showed a significant increase; e.g., among the coffee substrates, these
sprayed with LFW had a notable effect on P. eryngii. Particularly, LFW was beneficial to the
growth of Pleurotus species, as P. ostreatus produced a biomass of more than 240 mg/g d.w.
of substrate in all the treatments (maximum at RW: 443 mg/g d.w.; CW: 374 mg/g d.w.),
while biomass production of P. eryngii and P. pulmonarius ranged from 186 to 292 mg/g
d.w., with the highest values being recorded on OW and OB substrates. The addition of WS
to the main substrate was more beneficial for biomass production than the addition of BW,
as shown in P. ostreatus on CR and RH (soaked with LFW). Also, there was a significant
positive effect of spaying LFW in the case of L. edodes (maximum at RB: 238 mg/g d.w.).
In the current study, Ganoderma species presented lower biomass production in CW, CB,
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OW and OB than in RW and RB substrates. The data also showed that the spaying method
produced a higher biomass amount for G. resinaceum (182–292 mg/g, d.w.) compared to G.
lucidum and G. applanatum in these substrates. It is worth noting that the addition of BW in
CR resulted in higher values of biomass for G. lucidum. Contrariwise, in RW and RB, G.
resinaceum and G. lucidum achieved twofold biomass production values (443–636 mg/g
d.w.). Several studies in the past included data on mycelium mass concentration produced
on SSFs. For example, Melanouri et al. [27] demonstrated a higher biomass production
for P. eryngii and P. ostreatus grown in substrates containing CR (over 250 mg/g d.w.), but
in RH, the biomass production was lower. Dedousi et al. [11] also recorded lower values
of P. ostreatus biomass in RH substrate, in contrast with this study. However, the high
mycelial mass production on grape pomace residue by P. ostreatus AMRL 135 (420 mg/g
d.w.) shown by Papadaki et al. [35] was like the biomass produced by the same strain
on RW in this study. Economou et al. [51] found that with an increase in the C/N ratio,
biomass production decreased during SSF of waste mushroom substrate (spent WS), but in
our case, with an increase in the C/N ratio, biomass production was enhanced. Regarding
biomass production and mycelial growth rate, no correlation between these parameters
could be established by examining the present data, although in other studies it has been
reported that they are negatively related [27,51,80,81]. Finally, the addition of LWF was
shown to have a positive effect on the biomass production of the examined fungi and CR
and RH are better than OC in supporting the growth of Pleurotus spp., Ganoderma spp. and
L. edodes mushrooms.

 
(a) 

 
(b) 

Figure 2. Mycelial growth rates (Kr, mm/d) of P. ostreatus, P. eryngii, P. pulmonarius, G. applanatum,
G. resinaceum, G. lucidum and L. edodes mushrooms during solid-state fermentation (incubation—
colonization stage) in substrates CW (coffee residue + wheat straw), CB (coffee residue + beech wood
shavings), OW (olive crop + wheat straw), OB (olive crop + beech wood shavings), RW (rice husk +
wheat straw) and RB (rice husk + beech wood shavings) prepared after soaking in lipid fermentation
wastewater from R. toruloides (LFW) fungal culture or tap water or being sprayed with 20% w/w
of LFW at 26 ± 1 ◦C. Mean values with error bars indicate the standard deviations from duplicate
experiments of four replicates.
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(a) 

 
(b) 

Figure 3. Biomass production (mg/g d.w. substrate) of P. ostreatus, P. eryngii, P. pulmonarius, G.
applanatum, G. resinaceum, G. lucidum and L. edodes at the final stage of solid-state fermentation
(incubation—colonization stage) in substrates CW, CB, OW, OB, RW and RB prepared after soaking
in or being sprayed with LFW or tap water at 26 ± 1 ◦C. Mean values with error bars indicate the
standard deviations from duplicate experiments of four replicates.

Table 8. Linear regression equations of glucosamine (mg) and biomass (g) of Pleurotus, Ganoderma and
Lentinula species grown on liquid cultures with glucose as main carbon source under static conditions.

Fungi Equation of Glucosamine mg (x)/Biomass g (y) R2

P. ostreatus y = 0.0338x − 0.004 0.975
P. eryngii y = 0.0324x − 0.038 0.993

P. pulmonarius y = 0.0509x − 0.022 0.999
G. applanatum y = 0.0168x − 0.009 0.947

G. lucidum y = 0.0467x − 0.031 0.992
G. resinaceum y = 0.0338x − 0.004 0.994

L. edodes y = 0.0594x − 0.049 0.987

4. Conclusions

Crude glycerol, a by-product of the biodiesel production process, was revealed as a
competitive substrate used in the lipid production process by novel R. toruloides strains.
Cultures at high initial glycerol concentrations and C/N ratios were accompanied by
significant biomass and lipid production. Due to the imposed nitrogen limitation, values of
lipids and IPS (in DCW) increased with the fermentation time. Cellular lipids contained
high concentrations of oleic acid and constituted ideal precursors for the synthesis of
second-generation biodiesel. The use of LFWs, as replacements for tap water, in solid-state
mushroom cultures where non-conventional substrates were used, proved to be suitable
and beneficial for mushroom growth, especially when using the alternative spraying
method. These results are in line with the circular economy principles of waste and water
reuse, offering new options for environmental protection. Nevertheless, to complete the
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investigation, further experiments concerning the impact of these new substrates on the
quantity and quality of harvested mushrooms are taking place.
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Abstract: The microbial fermentation of plants is a promising approach for enhancing the yield of
polysaccharides with increased activity. In this study, ten microbial strains, Lactiplantibacillus plan-
tarum CCFM8661, Limosilactobacillus reuteri CCFM8631, Lactobacillus helveticus M10, Lacticaseibacillus
rhamnosus CCFM237, Lactilactobacillus sakei GD17-9, Lacticaseibacillus casei CCFM1073, Bacillus subtilis
CCFM1162, Bacteroides cellulosilyticus FTJSI-E-2, Bacteroides stercoris FNMHLBEIK-4, and Saccharomyces
cerevisiae HN7-A5, were used to ferment Dendrobium officinale. The skin care activity of the resulting
polysaccharides (F-DOP) was evaluated in cultured HaCaT and RAW 264.7 cells, and a mouse model.
The results indicated that D. officinale medium promoted strain proliferation, and fermentation sig-
nificantly enhanced polysaccharide yield (up to 1.42 g/L) compared to that without fermentation
(0.76 g/L). Moreover, F-DOPs, especially after CCFM8631 fermentation, exhibited an excellent ability
to attenuate sodium dodecyl sulfate-induced HaCaT cell injury (from 69.04 to 94.86%) and decrease
nitric oxide secretion (from 42.86 to 22.56 μM) in lipopolysaccharide-stimulated RAW 264.7 cells.
In vivo, CCFM8631-FDOP reduced the transdermal water loss rate, skin epidermal thickness, and
interleukin 6, and enhanced the expression of filaggrin, improving 2,4-dinitrofluorobenzene-induced
skin damage. Therefore, considering viable cell counts, polysaccharide yields, and skin care efficacy
in vitro and in vivo, CCFM8631 is the most suitable strain to enhance the skin care activity of DOPs
and possesses promising potential for applications in the cosmetics industry.

Keywords: Dendrobium officinale; fermentation; Limosilactobacillus reuteri CCFM8631; polysaccharides

1. Introduction

Dendrobium officinale, belonging to the family Orchidaceae, is widely distributed in sev-
eral countries worldwide, including China, Japan, and Australia [1]. In China, D. officinale
has been recognized as one of the most valuable traditional Chinese medicines (TCMs) for
thousands of years. TCM practitioners believe that D. officinale offers a wide range of health
benefits, such as fever reduction, stomach nourishment, and lifespan extension [2]. Modern
pharmaceutical studies have revealed multiple bioactivities associated with D. officinale,
such as immune-regulatory, antitumor, cardioprotective, and anti-aging bioactivities [3].
Owing to its exceptional nutritional value, D. officinale is considered a life-saving herb [4].

As a complex botanical matrix, D. officinale is rich in polysaccharides, flavonoids,
alkaloids, pigments, and other small-molecule components [3,5,6]. Among these con-
stituents, D. officinale polysaccharides (DOPs), such as glucomannan with 1,4-β-D-Manp
and 1,4-β-D-Glcp, the main active component with antioxidant, moisturizing, and hair
growth-promoting effects, have a great potential in functional foods and cosmetics [7].
However, studies investigating the structure–bioactivity relationship of polysaccharides
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have suggested that the original polysaccharide structures present in plants may not exhibit
optimal bioactivities [8]. Therefore, it is crucial to develop a suitable method to improve
the yield and biological activity of DOPs.

Microbial fermentation has emerged as a promising biomodification technology for
natural products and has garnered increasing attention. During fermentation, microor-
ganisms produce a large number of extracellular enzymes, such as proteases, cellulases,
glycosidases, and pectinases. These enzymes rupture plant cells and accelerate the dis-
solution of active ingredients, resulting in improved polysaccharide yield. Additionally,
during fermentation, microorganisms can transform the original polysaccharides into
novel fermented polysaccharides with enhanced bioactivity [9]. A previous study where
Panax ginseng was fermented with Saccharomyces cerevisiae GIW-1 reported that fermenta-
tion increased the yield of polysaccharides while also enhancing their in vitro antioxidant
capacity (by scavenging hydroxyl and superoxide anion free radicals) and in vivo anti-
inflammatory effects (by reducing tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and
IL-6 content) [10]. Bacillus sp. DU-106 fermentation altered the Mw and monosaccharide
composition of DOPs, which enhanced the immunoregulatory ability of DOPs [11].

The skin, the largest organ in the body, plays a critical role in protecting the internal
environment and maintaining homeostasis [12]. However, prolonged exposure to UV
radiation, air pollution, and harmful organisms can damage the skin structure, leading to
abnormalities in the skin barrier. Unfortunately, a compromised function of the skin barrier
is often accompanied by dysregulated dermal immune responses, which in turn exacerbate
damage to the skin barrier, creating a vicious cycle [13]. DOPs, which help maintain the
integrity of the skin barrier and normalize immune responses, have the potential to promote
skin health [14]. However, reports on the yields and bioactivities of polysaccharides derived
from strains fermenting D. officinale are limited and fragmented. Therefore, the objective
of this study was to obtain a strain that enhanced the skin care properties of DOPs. This
study aimed to facilitate the application of microbial fermentation in herbal medicine and
provide a theoretical foundation for the development of novel skin care products.

2. Materials and Methods

2.1. Chemicals and Reagents

The stems of D. officinale, provided by Nutri-Woods Bio-tech Co., Ltd. (Beijing, China),
were crushed (60 mesh). Yeast extract FM528 was purchased from Angel Yeast Co., Ltd.
(Yichang, China). Sodium dodecyl sulfate (SDS), methyl thiazolyl tetrazolium (MTT), and
dimethyl sulfoxide (DMSO) were purchased from Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China). Lipopolysaccharide (LPS) was obtained from Sigma-Aldrich
Co., Ltd. (St. Louis, MO, USA). The enzyme-linked immunosorbent assay (ELISA) kits
for nitric oxide (NO), filaggrin (FLG), and interleukin (IL)-6 were purchased from Jiangsu
Meibiao Biotechnology Co., Ltd. (Yancheng, China). The other chemicals used in this study
were of analytical grade and were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

2.2. Screening of Strains for Fermenting DOPs
2.2.1. Activation and Culture of Strains

The Lactobacillus (L. plantarum CCFM8661, L. helveticus M10, L. rhamnosus CCFM237,
L. reuteri CCFM8631, L. sakei GD17-9, L. casei CCFM1073), Bacillus (B. subtilis CCFM1162),
Bacteroides (B. cellulosilyticus FTJSI-E-2, B. stercoris FNMHLBEIK-4), and yeast (S. cerevisiae
HN7-A5) strains were obtained from Culture Collection of Food Microorganisms of Jiang-
nan University and cultured in specific media. Lactobacillus strains were cultured in
MRS medium containing 20 g/L glucose, 5 g/L yeast extract, 10 g/L tryptone, 10 g/L
beef extract, 2 g/L sodium acetate, 0.58 g/L MgSO4·7H2O, 0.25 g/L MnSO4·H2O, 2 g/L
ammonium citrate dibasic, 2.6 g/L K2HPO4·3H2O, and 1 mL/L Tween 80. Bacillus strains
were cultured in LB medium containing 10 g/L tryptone, 10 g/L yeast extract, and 10 g/L
NaCl. Bacteroides strains were cultured in BHI medium containing 38.5 g/L brain heart
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infusion, 1 g/L L-cysteine, 1 g/L hemin, and 1 g/L vitamin K. Saccharomyces cerevisiae
was cultured in YPD medium containing 10 g/L yeast extract, 10 g/L tryptone, and 20 g/L
glucose. Each strain was streaked onto its corresponding solid medium and incubated to
obtain single colonies. After incubation, a single colony was picked and inoculated twice
into liquid medium to obtain highly viable seed cultures for further experiments.

2.2.2. Fermentation of D. officinale

For the fermentation process, D. officinale (40 g/L) was used as the single carbon
source (replacing glucose) to prepare D. officinale-based MRS, LB, BHI, and YPD media. The
activated strains (107 CFU/mL) were inoculated into the corresponding D. officinale-based
medium. The Lactobacillus, Bacillus, and Bacteroides strains were cultured at 37 ◦C and
pH 6.0 for 16 h, and the yeast was cultured at 30 ◦C and pH 6.0 for 48 h. Sterile water was
used instead of the microorganisms in the unfermented group. At the end of fermentation,
the cell counts of the strains were determined using the plate dilution method [15], and the
fermentation solutions were collected for polysaccharide extraction.

2.2.3. Extraction of DOPs and F-DOP

Polysaccharides’ extraction was performed using an ultrasonic-assisted method, ac-
cording to a previous report [16]. The D. officinale fermentation solution was sonicated at a
power level of 500 W for 10 min. The resulting supernatant was collected by centrifugation
(8000× g for 15 min), deproteinated using Sevag reagent, precipitated by adding four
volumes of ethanol at 4 ◦C for 24 h, and lyophilized to obtain DOPs (polysaccharides
from non-fermented D. officinale) and F-DOPs (polysaccharides from fermented D. officinale
solution). The total carbohydrate content was determined using the anthrone–sulfuric
acid method [17].

2.3. Evaluation of F-DOPs Skin Care Effects In Vitro
2.3.1. Cell Culture

Human-immortalized keratinocytes (HaCaT cells) and mouse mononuclear macrophages
(RAW 264.7 cells) were purchased from China Center for Type Culture Collection (Wuhan,
China). The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), containing
10% fetal bovine serum (FBS) (Gibco, Billings, MT, USA) and incubated at 37 ◦C in a 5%
CO2 atmosphere. Prior to use, the polysaccharide samples were dissolved in the culture
medium and sterilized by passage through a 0.22 μm membrane filter.

2.3.2. Cytoprotection of SDS-Injured HaCaT Cell

SDS, the most-used anionic alkyl sulfate surfactant, was used to induce skin barrier
damage [18]. Log-phase HaCaT cells (5 × 103 cells/well) were collected, seeded in a
96-well plate, and divided into three groups: (1) control group (medium), (2) model group
(SDS), and (3) treated group (DOP/F-DOP + SDS). After incubating for 12 h, the cells were
pretreated with various polysaccharide samples (1000 μg/mL) for 24 h. Subsequently, the
cells were exposed to SDS (50 μg/mL) for 24 h. Cell survival was determined using the
CCK-8 assay.

2.3.3. Anti-Inflammation in LPS-Induced RAW 264.7 Cell

The anti-inflammatory properties of the polysaccharide samples were characterized
using an NO content assay in LPS-stimulated RAW 264.7 cells [19]. Logarithmic phase
cells (5 × 103 cells/well) were collected, seeded in a 96-well plate, and divided into
three groups: (1) control group (medium), (2) model group (LPS), and (3) treated group
(DOP/F-DOP + LPS). After incubation for 12 h, the RAW 264.7 cells were pretreated with
various polysaccharide samples (1000 μg/mL) for 24 h. The cells were then stimulated with
LPS (5 g/mL) for 24 h. The culture supernatants were collected, and the NO content was
measured using a commercial NO assay kit, according to the manufacturer’s instructions.
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2.4. Evaluation of F-DOPs Skin Care Effects In Vivo
2.4.1. Preparation of F-DOP-Based Ointment

The ingredients of the DOP/F-DOP ointments are listed in Table 1. Briefly, the oil
phase (shark squalene and emulsifier), aqueous phase I (DOP/F-DOP, glycerin, and water),
and aqueous phase II (nipagin ethyl ester and water at 90 ◦C) were prepared. Subsequently,
aqueous phases I and II were slowly added to the oil phase and stirred continuously to
obtain a DOP/F-DOP-based ointment [20].

Table 1. Dendrobium officinale polysaccharide (DOP)-based ointment composition and function of
each ingredient in the formulation.

Added Material Amount Added (g) Function

Unfermented/Fermented DOP 1.50 The main drug
Shark squalene 3.90 Oil phase

Emulsifier (Montanov S) 2.10 Surfactant
Glycerin 2.40 Water phase, humectant

Nipagin ethyl ester 0.03 Preservative
Distilled water Volume to 30.00 Solvent

2.4.2. Animals and Experimental Design

Specific pathogen-free BALB/c male mice (6–8 weeks old, 18–20 g) were purchased
from the Guangdong Medical Laboratory Animal Center (Foshan, China). The mice were
housed under standard conditions with ad libitum access to standard food and water.
The housing environment maintained a constant temperature of 25 ± 2 ◦C, humidity of
50 ± 10%, and a 12-h light/dark cycle. Following acclimation for one week, the mice were
prepared for experimentation. The dorsal skin of each mouse, measuring 4 cm × 2 cm,
was shaved. The mice were then randomly divided into five groups, each containing five
mice: (A) normal control group (NC), (B) model control group (MC), (3) unfermented DOP
cream treatment group (DOP), (C) CCFM8631-FDOP cream treatment group (CCFM8631),
and (D) prednisolone cream treatment group as a positive control (PC). The experimental
animal use license was approved by SYXK (Guangdong) 2018-0186.

2.4.3. Induction of Skin Damage Model

The 2,4-dinitrofluorobenzene (DNFB)-induced skin damage in vivo model was estab-
lished as previously described [21]. Briefly, 100 μL of 0.25% DNFB (w/v) dissolved in a 3:1
mixture of acetone/olive oil was painted onto the dorsal skin of each mouse on days 1 and 4.
Furthermore, the same skin area was exposed to 100 μL of 0.2% DNFB on days 7 and 10
to induce skin injury (MC group). The NC group was treated with acetone/olive oil only.
The DOP, CCFM8631, and PC groups were administered DOP/F-DOP-based ointment or
prednisolone cream in DNFB-injured mice twice a day from day 7 to day 15, respectively.

2.4.4. Macroscopic Observation and Transepidermal Water Loss (TEWL) Test

On day 16, all mice were transferred to a room with controlled temperature (23 ± 1 ◦C)
and humidity (50 ± 10%). The dorsal skin of each mouse was photographed to evaluate
the morphological changes in tissue appearance. Moreover, TEWL, an important indicator
reflecting the integrity of the skin barrier and tissue gas exchange with the environment,
was measured by the Tewameter® TM 300 (Courage & Khazaka, Cologne, Germany).

2.4.5. Hematoxylin and Eosin (H&E) Staining

At the end of the experiment, all mice were euthanized by cervical dislocation. Dorsal
skin samples were collected and divided into two sections. One portion was immediately
immersed in 4% paraformaldehyde for histological observation, and the other was stored at
−80 ◦C for further analysis. The fixed skin samples were embedded in paraffin, sliced into
6-μm-thick sections, and stained with hematoxylin and eosin for histopathological assess-
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ment, as described in a previous study [22]. The H&E-stained sections were observed under
an optical microscope, and the epidermal thickness was measured using ImageJ software.

2.4.6. Biochemical Assays

Skin tissue samples were weighed (0.1 g), homogenized in normal saline (1 mL),
and centrifuged at 12,000× g for 15 min at 4 ◦C to obtain the tissue supernatant. Protein
content was determined using the BCA method using bovine serum albumin (BSA) as a
standard [23]. The levels of FLG and IL-6 were measured using ELISA kits.

2.5. Statistical Analysis

All results of this study are expressed as means ± standard deviation (SD). Statistical
significance was determined using SPSS software (version 23.0) with one-way analysis of
variance followed by Tukey’s test. Origin 2023 software was employed for the preparation
of graphs. Different letters mean p < 0.05, which was considered statistically significant for
all analyses.

3. Results and Discussion

3.1. Determination of Viable Cell Counts and Polysaccharide Yields

The ten strains were cultivated in D. officinale-based medium, and the viable cell
counts after fermentation are shown in Table 2. Supplementation with D. officinale increased
the proliferation of various strains. The viable cell counts of B. cellulosilyticus FTJSI-E-2,
B. subtilis CCFM1162, L. casei CCFM1073, B. stercoris FNMHLBEIK-4, L. plantarum CCFM8661,
L. reuteri CCFM8631, and L. sakei GD17-9 were 130 × 107, 100 × 107, 45 × 107, 35 × 107,
19 × 107, 16 × 107, and 10 × 107 CFU/mL, respectively.

Table 2. Viable cell counts and polysaccharide yields from D. officinale fermented by different strains.

Strains Viable Cell Counts (×107)/(CFU/mL) Polysaccharides Yield (g/L)

L. plantarum CCFM8661 19.0 ± 1.41 cde 1.40 ± 0.04 a

L. helveticus M10 2.1 ± 0.42 e 1.41 ± 0.06 a

L. rhamnosus CCFM237 7.2 ± 0.14 e 1.36 ± 0.03 ab

L. reuteri CCFM8631 16.0 ± 1.41 de 1.30 ± 0.04 abc

L. sakei GD17-9 10.0 ± 1.41 de 1.36 ± 0.06 ab

L. casei CCFM1073 45.0 ± 5.66 c 1.23 ± 0.04 bc

B. subtilis CCFM1162 100.0 ± 14.14 b 0.32 ± 0.01 d

B. cellulosilyticus FTJSI-E-2 130 ± 14.14 a 1.24 ± 0.01 bc

B. stercoris FNMHLBEIK-4 35.0 ± 2.83 cd 1.20 ±0.01 c

S. cerevisiae HN7-A5 3.4 ± 0.14 e 1.42 ± 0.04 a

Statistical analysis with one-way analysis of variance (ANOVA) followed by post hoc multiple comparison
analysis with the Tukey test. Different letters indicate significant differences among different groups (p < 0.05).

Moreover, the F-DOP yield after fermentation was determined and is illustrated in
Table 2. Fermentation by the strains enhanced the F-DOP yield compared to that of DOPs.
Strains in descending order of F-DOP yield were as follows: S. cerevisiae HN7-A5 (1.42 g/L),
L. helveticus M10 (1.41 g/L), L. plantarum CCFM8661 (1.4 g/L), L. rhamnosus CCFM237
(1.36 g/L), L. sakei GD17-9 (1.36 g/L), and L. reuteri CCFM8631 (1.3 g/L). Based on the
viable cell count and F-DOP yield, L. plantarum CCFM8661, L. reuteri CCFM8631, L. casei
CCFM1073, B. subtilis CCFM1162, B. cellulosilyticus FTJSI-E-2, and S. cerevisiae HN7-A5
were considered suitable strains for fermenting D. officinale. These F-DOPs were selected to
evaluate their skin care effects in subsequent experiments. Our results indicated that the
ten strains could grow in medium containing D. officinale as the sole carbon source, albeit
with varying degrees of specificity among the strains. Additionally, the fermentation of
D. officinale by these strains resulted in an increased polysaccharide yield. Similarly, it was
reported that the polysaccharide yield from Astragalus membranaceus was 2.3-fold higher
with Lactobacillus plantarum fermentation than without it [24].
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3.2. Skin Care Effects of F-DOPs In Vitro

HaCaT cells maintain a normal keratinocyte shape and are commonly used to evaluate
the skin protection of cosmetics, medicines, and food products [25]. Moreover, RAW
264.7 cells have a stable and mature adherent macrophage phenotype and are frequently
employed to investigate the immune regulatory abilities and innate immune responses
of samples [26].

SDS is an anionic surfactant widely used in household cleaning, cosmetics, and
pharmaceutical products. However, prolonged exposure to SDS can disrupt cell membranes,
leading to barrier disruption and skin irritation [27,28]. As presented in Figure 1, after
treatment with 50 μg/mL SDS for 24 h, the percent survival of HaCaT cells was significantly
decreased (69.04%) compared to that of the control group, suggesting that the cell injury
model was successfully established. Both DOP and F-DOP treatments attenuated SDS-
induced cell injury and remarkably increased cell viability. F-DOPs exhibited superior
cyto-protection compared with DOPs. In particular, F-DOPs produced from L. reuteri
CCFM8631 fermentation resulted in the highest cell viability (94.86%) among all groups.

 

Figure 1. Effect of DOPs and fermented Dendrobium officinale polysaccharides (F-DOPs) on survival
in sodium dodecyl sulfate (SDS)-injured HaCaT cells. Statistical analysis with one-way analysis of
variance (ANOVA) followed by post hoc multiple comparison analysis with the Tukey test. Different
letters indicate significant differences among different groups (p < 0.05).

LPS is known to bind to Toll-like receptors and activate NF-κB through the MyD88-
dependent signaling pathway, leading to the secretion of inflammatory mediators, such as
TNF-α, IL-6, and NO [29]. As expected, after 24 h of LPS treatment in RAW264.7 cells, the
NO content in the model group was 42.86 μM, which was significantly higher than that of
the control group (13.42 μM) (Figure 2). However, this abnormal increase was inhibited
by F-DOP supplementation. Specifically, F-DOPs after L. reuteri CCFM8631, L. plantarum
CCFM8661, and L. casei CCFM1073 fermentation remarkably decreased the NO content
to 22.56, 22.00, and 18.40 μM, respectively, indicating the outstanding anti-inflammatory
activity of the F-DOPs. L. reuteri CCFM8631 was selected as the most suitable strain for the
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fermentation of D. officinale based on the number of living bacteria, polysaccharide yield,
and cell culture experiment results.

Figure 2. Effect of DOPs and F-DOPs on nitric oxide (NO) content in LPS-stimulated RAW
264.7 cells. Statistical analysis with one-way analysis of variance (ANOVA) followed by post hoc
multiple comparison analysis with the Tukey test. Different letters indicate significant differences
among different groups (p < 0.05).

Polysaccharides have attracted considerable attention owing to their low toxicity
and diverse pharmacological activities [30]. A previous review summarized that DOPs
decrease free radicals (2,2-diphenyl-1-picrylhydrazyl and hydroxyl), enhance antioxidant
systems (superoxide dismutase, catalase, and glutathione peroxidase), inhibit the NF-κB
pathway, and downregulate inflammatory responses, having potential applications in the
field of skin care and cosmetics [7]. Consistent with previous findings, our study also
demonstrated that pretreatment with DOPs protected HaCaT cells from SDS-induced
damage and decreased NO production in RAW 264.7 cells in LPS-induced inflammatory
model. Interestingly, fermentation increased the polysaccharide yield of D. officinale and
improved its antioxidant and anti-inflammatory activities. Yang et al. reported that
Polygonatum kingianum polysaccharides fermented by Lactobacillus casei resulted in superior
anti-aging effects on Caenorhabditis elegans, with a 10.09% increase in lifespan compared
with that resulting from the original polysaccharides. This improvement could be attributed
to a decrease in molecular weight distribution, a change in chemical and monosaccharide
composition, and the smoothness of the microtopography [8]. The beneficial effects on skin
health of DOPs and F-DOPs (fermented by L. reuteri CCFM8631) were investigated in a
DNFB-induced injury model in vivo, which is described in Section 3.3.

3.3. Skin Care Effects of F-DOPs In Vivo
3.3.1. Apparent Skin Changes and H&E Staining

Representative skin images of the different groups are shown in Figure 3A. Repeated
application of DNFB to the dorsal surface resulted in severe skin lesions characterized
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by redness, swelling, crust formation, dryness, and incrustation, indicating the successful
establishment of the skin damage model (MC group). However, these symptoms in the MC
group were relieved by pretreatment with the DOP and F-DOP ointments. Notably, the
CCFM8631 group showed better attenuation of skin damage than the DOP group, similar
to that of the PC group.

Figure 3. Effects of samples on (A) skin appearance and (B) hematoxylin and eosin staining in the
DNFB-damaged model in vivo.

H&E staining was performed to examine structural changes in the skin tissue of each
group. In the NC group, a distinct stratum corneum, thin stratified squamous epithe-
lium, and well-organized and tightly arranged cells in the epidermis, with no apparent
pathological alterations were observed (Figure 3B). After modeling with DNFB, the skin
tissue structure was disrupted and was characterized by a thickened stratified squamous
epithelium, disordered cell arrangement, and infiltration of inflammatory cells. Compared
with the MC group, treatment with CCFM8631-FDOP, like the PC group, mitigated dorsal
swelling and inflammatory infiltrating, which exhibited superior effects than the DOP
group. Moreover, the epidermal thickness of the mouse skin was measured to further
evaluate the skin protection of the samples. As shown in Figure 4, the epidermal thickness
was significantly increased from 20 μm in the NC group to 199 μm in the MC group. Both
DOP and CCFM8631-FDOP treatment decreased the epidermal thickness compared to
that in the control group. In the CCFM8631 group, the epidermal thickness was 47 μm,
which was better than that of the PC group (60 μm). These results indicate that the F-
DOPs produced by CCFM8631 fermentation have the potential to alleviate DNFB-induced
skin damage.

3.3.2. Change in TEWL

TEWL is an indirect measure of skin barrier integrity because it reflects the rate of
water evaporation from the skin surface. Normally, the skin maintains a constant range of
water loss. However, when its barrier function is compromised, water loss increases [31,32].
As shown in Figure 5, TEWL was significantly higher in the MC group (40.13%) than in
the NC group (14.60%), indicating skin barrier damage. In the DOP, CCFM8631, and PC
groups, TEWL values decreased to 28.63%, 27.68%, and 18.68%, respectively, suggesting
that the samples could help restore skin barrier function.
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Figure 4. Changes in epidermal thickness of skin tissue. Statistical analysis with one-way analysis of
variance (ANOVA) followed by post hoc multiple comparison analysis with the Tukey test. Different
letters indicate significant differences among different groups (p < 0.05).

Figure 5. Effects of samples on TEWL values in DNFB-damaged model in vivo. Statistical analysis
with one-way analysis of variance (ANOVA) followed by post hoc multiple comparison analysis with
the Tukey test. Different letters indicate significant differences among different groups (p < 0.05).

3.3.3. FLG Content

FLG is a protein synthesized by keratinocytes that plays a crucial role in maintaining
the integrity of the epidermal skin barrier. It aggregates keratin into filaments, which
contribute to the structural stability of the skin barrier [33]. Moreover, the degradation
products of FLG, known as natural moisturizing factors, regulate skin hydration [34]. As
shown in Figure 6, the FLG content was significantly lower in the MC group (96.08 pg/mg)
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than in the NC group (168.93 pg/mg), suggesting impairment of the skin barrier. However,
this decrease in FLG content was ameliorated by treatment with DOPs or CCFM8631-
FDOPs. The FLG level in the CCFM8631 group was 221.75 pg/mL, remarkably higher than
that in the PC group (102.08 pg/mL). This result indicates that CCFM8631-FDOPs could
improve the expression of FLG and repair DNFB-injured barrier function.

Figure 6. Effects of samples on FLG content in DNFB-damaged model in vivo. Statistical analysis
with one-way analysis of variance (ANOVA) followed by post hoc multiple comparison analysis with
the Tukey test. Different letters indicate significant differences among different groups (p < 0.05).

3.3.4. IL-6 Level

IL-6 is an important inflammatory cytokine produced by T cells and macrophages
in response to infection and tissue damage. However, excessive IL-6 promotes the activa-
tion and aggregation of neutrophils, thereby amplifying injury [35]. Figure 7 shows the
IL-6 levels in the skin tissue of the experimental mice. Compared to the NC group, DNFB
treatment stimulated a strong inflammatory response, as evidenced by a significant in-
crease in IL-6 levels. The administration of DOPs and CCFM8631-FDOP decreased the IL-6
content by 2.08% and 24.60%, respectively, compared to that in the MC group. Notably, the
IL-6 level in the CCFM8631 group was 5.82 pg/mL, which was not significantly different
from that in the PC group (5.59 pg/mL), suggesting an excellent anti-inflammatory effect.

DNFB is a hapten that interacts with various skin proteins to form covalent conjugates,
resulting in an enhanced immune response. Multiple applications of DNFB disrupt the skin
barrier and induce skin lesions [36]. Our results revealed that fermentation with L. reuteri
CCFM8631 improved the ability of DOPs to alleviate DNFB-induced skin damage. This
benefit is closely related to the combined effects of skin barrier repair and anti-inflammatory
properties. In another study, Punica granatum L. polysaccharides suppressed the secretion of
pro-inflammatory cytokines by inhibiting the NF-κB and STAT3 signaling pathways and en-
hanced skin barrier protection by increasing aquaporin-3 and FLG expression, which then
ameliorated imiquimod-elicited psoriasis [37]. Notably, the CCFM8631-FDOP was a mix-
ture, containing fermented DOPs and microbial exopolysaccharides. It is not clear whether
the increased activity of F-DOPs was caused by the structural change of DOPs during fer-
mentation or the synergistic action of DOPs and CCFM8631 polysaccharides. Thus, in the
future, our research will focus on the structure-activity relationship of CCFM8631-FDOP.
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Figure 7. Effects of samples on IL-6 levels in DNFB-damaged model in vivo. Statistical analysis with
one-way analysis of variance (ANOVA) followed by post hoc multiple comparison analysis with the
Tukey test. Different letters indicate significant differences among different groups (p < 0.05).

4. Conclusions

This study aimed to screen suitable strains for fermenting D. officinale to produce
polysaccharides with excellent skin care properties. Supplementation with D. officinale
increased the proliferation of all ten microbial strains. Moreover, fermentation with
S. cerevisiae HN7-A5, L. helveticus M10, L. plantarum CCFM8661, L. rhamnosus CCFM237,
L. sakei GD17-9, and L. reuteri CCFM8631 resulted in significantly increased F-DOP yields
compared with those of the unfermented group. Therefore, L. plantarum CCFM8661,
L. reuteri CCFM8631, L. casei CCFM1073, B. subtilis CCFM1162, B. cellulosilyticus FTJSI-
E-2, and S. cerevisiae HN7-A5 with high viable cell counts and polysaccharide yields
were selected to evaluate skin care effects in vitro and in vivo. The results indicated that
F-DOPs, especially after L. reuteri CCFM8631 fermentation, protected HaCaT cells from
SDS-induced injury, decreased LPS-induced NO secretion in RAW 264.7 cells, and alleviated
the DNFB-triggered skin damage in a mouse model with reduced inflammatory response
and epidermal thickness and improved TEWL and skin barrier integrity. Summarily, in this
study, CCFM8631 fermentation enhanced the yield of polysaccharides. More important,
CCFM8631-FDOP exhibited better skin care ability than DOPs both of in cells and animal
model in vitro and in vivo.
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Abstract: This study aimed to investigate the fermentation performance, sugar consumption, pH
changes, total phenolic compounds, and antioxidant activity produced using different tea extracts and
sugar concentrations and the kinetic characteristics of Kombucha fermentation. Three independent
sugar concentrations (10 g/L, 40 g/L, and 70 g/L) were used in the fermentation process. The results
showed that the Kombucha culture consumed all sugar in the fermentation medium when the sugar
concentration was below a certain threshold, but when the sugar concentration was high, not all
substrate was consumed. Sugar consumption values ranged from 48.39 to 55.40 g/L and affected
biomass formation, with higher sugar consumption resulting in increased biomass production. The
pH decreased during fermentation due to the production of organic acids and microbial by-products,
while total acidity increased. Total phenolic compounds increased during fermentation, with the
highest concentrations observed in herbal Kombucha teas. Antioxidant activity varied, with some
samples showing a decrease in DPPH scavenging ability. Kinetic characterization revealed the
relationship between substrate depletion, sugar consumption, total acidity, and phenolic compound
production. The results showed that sugar concentration influenced the fermentation kinetics and
end-product characteristics of Kombucha tea. Overall, this study provides valuable insights into the
fermentation process of Kombucha tea and its impact on various parameters, contributing to the
understanding of the factors affecting its quality and health benefits.

Keywords: Kombucha fermentation; bioactive component; proximate composition; kinetic parameters;
kinetic modeling

1. Introduction

Kombucha has been consumed all over the world but historically in China, Rus-
sia, and Eastern European countries. Kombucha is a fermented sugared black tea by
yeasts and Acetobacter species [1,2]. The various yeast species of Kombucha tea are
Brettanomyces bruxellensis [3], Candida stellata [3], Schizosaccharomyces pombe [3], Torulaspora
delbrueckii [3], Zygosaccharomyces bailii [3], Saccharomycodes ludwigii [4], Kloeckera apiculata [5],
Saccharomyces cerevisiae [4], Brettanomyces lambicus [6], Brettanomyces custersii [6], Candida
krusei [5], and Pichia species [7]. This means that Kombucha culture differs from place to
place and could easily be understood from different research about Kombucha cultures [2].
Namely, the kombucha culture is a symbiotic culture of bacteria and yeast (SCOBY) that is
essential for the fermentation process of Kombucha [2]. The role of yeasts in the Kombucha
fermentation is to hydrolyze sucrose from the cultivation medium to glucose and fructose
and metabolize these monosaccharides to ethanol, which is further oxidized to acetic acid
by acetic acid bacteria (AAB). AAB cannot uptake sucrose alone because of the lack of
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enzymes for the extracellular hydrolysis of sucrose or its transport into the cell. AAB uses
yeast-derived glucose to synthesize gluconic acid and bacterial cellulose in the form of a
pellicle, which is commonly described as the “fungus” [8–10]. Microbial community type
and composition play an important role in the biochemistry dynamics of Kombucha. These
associations help to decrease pH and reduce microbial growth of other microorganisms
with antimicrobial metabolites [11]. The time of Kombucha fermentation is between 7 and
60 days. During this time, biological activities increase. On the other hand, it was reported
that the best results were yielded in an average of 10 days [12]. According to the Food and
Drug Administration Model Food Code for Kombucha Brewing, more than 10 days of fer-
mentation are not suggested if produced for human consumption [13]. Therefore, 8–10 days
can be enough to obtain the best beverage specifications, and microorganisms use sugar to
produce value-added acids and antimicrobial metabolites [14]. The kombucha tea yielded
after fermentation consists of sugars (glucose, fructose), gluconic, glucuronic, L-lactic,
acetic, malic, tartaric, malonic, citric, and oxalic acids, as well as ethanol, 14 amino acids,
water-soluble vitamins, antibiotically active matters, and some hydrolytic enzymes [15].

Kombucha tea has beneficial features on human health, such as improving the im-
mune system, detoxifying harmful substances, lowering blood pressure, treating gastritis
and cholesterol, and exhibiting antioxidant, antibacterial, anticancer, and antidiabetic
activities [2]. The research about the antimicrobial activity of Kombucha tea showed that
the antimicrobial agent was acetic acid content, and it inhibited Agrobacterium tumefaciens,
Bacillus cereus, Salmonella choleraesuisserotypetyphimurium, Staphylococcus aureus, and
Escherichia coli. However, due to the fermented samples including 33 g/L total acid
(7 g/L acetic acid), these values indicated the yielded beverage samples were not suit-
able for drinkable levels, but Kombucha had antimicrobial activity against pathogenic
bacteria [16]. The other research demonstrated that Kombucha tea had an antimicrobial
effect against a range of pathogenic bacteria, several clinical Candida species, fermented
L. citriodora, and F. vulgare [17]. Kombucha could also be used against enteropathogenic
bacterial infections due to its polyphenolic content [18]. Various Kombucha cultures
also showed different antioxidant activity under the same fermentation conditions (10%
starter addition to the fresh medium prepared, 30 ◦C, and 15 days fermentation time),
mostly indicating time-dependent properties [19]. The conformable research showed
the difference between antioxidant activity values from different starter cultures and tea
extracts [15]. The Kombucha fermentation with different initial sucrose concentrations
(ISCs) (70 g/L, 50 g/L, and 35 g/L of sucrose) was studied, and the highest sugar concen-
tration value was found to be an optimal concentration of carbon source, providing high
pH, low acetic acid, and high L-lactic acid content and highest sucrose consumption [20].

In the literature, there are some similar studies regarding the production of Kombucha
tea from different types of herbal and fruit teas. For instance, Zubaidah et al. [21] examined
the physical, chemical, and microbiological features of Kombucha from different varieties
of apples (Anna, Manalagi, Fuji, Granny Smith, Red Delicious, Rome Beauty, and Royal
Gala). Based on the results, it was reported that the best treatment was yielded on Fuji
varieties of Kombucha apple (total acid 1.33%, pH 2.95, total phenol 268.57 μg/mL GAE,
total sugar 6.74%, antibacterial activity against Staphylococcus aureus 21.30 mm, antibacterial
activity Escherichia coli 21.20 mm, antioxidant activity 35.62%, organoleptic aroma 3.55,
taste 3.3, and color 3.4 (on a scale of 1–5)) [21]. In another study, where the different carbon
sources (glucose, fructose, xylose, lactose, sucrose (70 g/L)), types of teas (black tea, green
tea, sage tea, pomegranate (hibiscus) tea, blueberries tea, and rosehip tea), and coffee were
used as resources to produce Kombucha [22], the pH, acidity, antioxidant activity, phenolic
substance, biomass development, color change, organic acid profile, ethanol, and sensory
analysis were examined. The results indicated that the value of pH decreased during
fermentation, and the Kombucha from fruit teas were greater acidity than herbal teas and
coffee extract. The phenolic substance content and antioxidant activity of the Kombucha
produced have been found to have the potential to be an important product. Regarding
biomass growth, it was determined most in glucose and sucrose (tea samples) and lactose
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(coffee extract) and at the least in fructose (tea samples) and lactose (coffee extract). When
color changes were examined, it was detected that the L, a, and b values of herbal tea
changed in a fermentation medium supplemented with glucose, xylose, or fructose. During
the fermentation, most of the organic acids, including oxalic acid, tartaric acid, malic acid,
lactic acid, citric acid, succinic acid, and fumaric acid, were measured. On the other hand,
it was reported that no ethanol production was observed at the end of the fermentation.
Based on the sensory analysis, the most and least preferred Kombucha teas were produced
from pomegranate and sage teas, respectively [22]. In a different study, Tamer et al. [23]
evaluated the bio-accessibility and functional features of Kombucha teas fortified with
different medicinal plant extracts (linden, lemon balm, sage, Echinacea, mint, and cinnamon).
Based on the results, the antioxidant capacity (AC), ferric-reducing antioxidant power, and
cupric-reducing AC were 13.96%, 48.90%, and 55.54%, respectively. It was also found that
during 9-day storage, the bio-accessibility of total phenolic and AC dramatically increased
after gastric and intestinal digestion [23]. Additionally, the changes in the content of
organic acids and polyphenols during the Kombucha fermentation from green tea, black
tea, and tea manufacturing waste [24] and the antibacterial and antifungal activities of
black and green Kombucha teas [25] were also examined. Moreover, the kinetics of sucrose
fermentation by Kombucha culture was also studied by using Boltzmann’s functions [26].
The fermentation conditions were performed on 1.5 g/L of black tea, with 67 g/L of sucrose,
and using 10% or 15% of Kombucha culture (v/v). The model was described as a sigmoid
function at two different temperatures (22 ◦C and 30 ◦C). Based on the results, it was
determined that the rate of fermentation was maximum on days 4–5, and after reaching
the maximal rate, it dramatically decreased. It was reported that as the temperature
and inoculum concentration increased, the rate of the fermentation increased, the optimal
fermentation time was 3.5–5 days under the implemented circumstances, and the saturation
curves indicated the sigmoid kinetics at the selected sucrose concentration [26]. When
considering this information, this study has novelty in terms of the use of some different
types of teas in the production of Kombucha teas, kinetic characterization of Kombucha
fermentations performed at different substrate concentrations, and kinetic modeling of
Kombucha fermentations in terms of substrate consumption and total acidity. Therefore,
this study is filled the significant gap in the literature.

Kombucha tea is generally produced from black and green tea, but commercial firms’
market started to produce new Kombucha teas with lemon, apples, peach, blackberries, and
rosehip. Therefore, the objective of this study is to investigate the production of Kombucha
teas with diverse chemical compositions by utilizing various substrates. Additionally, the
study seeks to analyze the kinetic properties of Kombucha fermentation and develop a
kinetic model for fermentations involving different tea sources.

2. Materials and Methods

2.1. Kombucha Culture and Media

Kombucha culture was obtained from the commercial firm “Comboutea” (Tema Phar-
maceutical Vitamin Cosmetics Limited Company, Samsun, Turkey). The media components
for stock and pre-culture were 10 g/L yeast extract, 20 g/L glucose, and 20 g/L peptone [27].
After the medium composition was prepared, the medium pH was adjusted to 4 using
10 N HCl. The prepared medium was sterilized at 121.1 ◦C for 15 min. Subsequently, the
medium was cooled to room temperature. It was inoculated with 10% (v/v) of Kombucha
culture. The stock and pre-cultures were incubated at 24 ◦C for 10 days, and the stock
cultures were stored at 4 ◦C. Stock cultures were renewed for one month to have viability
and productivity.

2.2. Experimental Design

In this study, different fruit (bilberry, rosehip, apple, and pomegranate tea) and herbal
(green, sage, linden, and black tea) teas were used for tea extraction. On the other hand,
the limited sugar value to produce Kombucha from different types of tea was determined
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from a previous study [15]. After determining the maximum sugar limit, sucrose as the
sole carbon source was added to the fermentation medium by decreasing it to 30 g/L
to instigate the effect of the initial sucrose concentration. Thus, the ISCs were 10 g/L,
40 g/L, and 70 g/L in the present study. Each of the extracts was prepared with three
different ISCs (10 g/L, 40 g/L, and 70 g/L), and a coded system for the samples is given
in Table 1. All production and analyses were replicated two times. Kinetic parameters of
Kombucha fermentation were also calculated. Fermentations were kinetically modeled
using the logistic model (LM) and the Luedeking–Piret model (LPM) [28]. The LM was
used to predict the experimental substrate consumption values, and LPM was employed to
estimate the experimental total acidity values of fermentation.

Table 1. Sample code system.

Tea Origin Tea
Initial Sugar Concentration (g/L)

10 40 70

Herbal tea

Sage tea (ST) ST-10 ST-40 ST-70
Linden tea (LT) LT-10 LT-40 LT-70
Green tea (GT) GT-10 GT-40 GT-70
Black tea (BT) BT-10 BT-40 BT-70

Fruit tea

Apple tea (AT) AT-10 AT-40 AT-70
Rosehip tea (RT) RT-10 RT-40 RT-70
Pomegranate tea (PT) PT-10 PT-40 PT-70
Bilberry tea (BBT) BBT-10 BBT-40 BBT-70

2.3. Preparation of Tea Extracts, Inoculation, and Fermentation

Four different herbal teas (green (GT), sage (ST), linden (LT), and black tea (BT)) and
four various fruit teas (bilberry (BBT), rosehip (RT), apple (AT), and pomegranate tea (PT))
were used for Kombucha production. All the tea samples were provided by the Unilever
Company in Konya, Turkey.

The extraction process was realized by mixing 1 L of boiled pure water with 10 g tea
and waiting for 15 min to obtain tea extracts [29]. The mix was filtered by using roughing
filter paper (cellulosic filter paper) to separate the insoluble materials. After filtration,
different amounts of sucrose (10 g/L, 40 g/L, or 70 g/L) were immediately added. After the
sugar was completely dissolved, the mixture was transferred into 250 mL flasks (100 mL
working volume) and cooled to room temperature. It was stored in appropriate conditions
until inoculation.

After pre-culture and fermentation media were prepared, the flasks were inoculated
with 10 mL of pre-culture. Inoculated sugared tea mixtures were incubated at 24 ◦C for
10 days with no agitation, and samples were taken daily under aseptic conditions and
stored at 4 ◦C [30].

2.4. Analysis

The total acidity was determined by adding 0.1 N NaOH to samples until the pH
was 8.2 [31]. The pH values of fermented teas were measured with an electronic pH
meter (Thermo Scientific Orion 4 Star, Singapore). The total biomass of fermented sam-
ples was gravimetrically determined. The collected samples during fermentation were
filtered by using pre-weighed filter paper (Whatman No.: 1), and the fermented broth
was removed. The filter cake (biomass) was then dried at 60 ◦C in the oven until constant
weight [32]. The residual sugar concentration was spectrophotometrically determined
using the 3,5-dinitrosalicylic acid method [33]. The Folin–Ciocalteu method was used to
determine the total phenolic substance concentration in samples. The results were given as
milligrams of gallic acid equivalents per liter (mg GAE/L) of Kombucha [34]. The antioxi-
dant analysis was determined with the α, α-diphenyl-β-picrylhydrazyl (DPPH) free radical
scavenging method, and the antioxidant capacity was determined as % inhibition [19].
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2.5. Kinetic Parameters

Kinetic parameters including substrate consumption (ΔS, g/L), maximum substrate
consumption rate (QS, g/L/d), substrate utilization yield (η, %), biomass production (ΔX,
g/L), maximum biomass production rate (QX, g/L/d), biomass yield (YX/S, g biomass/g
substrate), total acidity (TA, %), maximum total acidity production rate (QTA, %/d), pheno-
lics production (ΔPH, mg/L), maximum phenolics production rate (QPH, mg/L/d), and
phenolics yield (YPH/S, mg phenolics/g substrate) were calculated. The details regarding
how kinetic parameters are calculated can be found in previous similar studies [28].

2.6. Kinetic Modeling

The LM (Equation (1)) and LPM (Equation (2)) were utilized to estimate the experi-
mental substrate consumption and total acidity data of Kombucha fermentation. Microsoft
Office Excel 2013 was used. Traditionally, LM is used to describe cell growth. However,
in this work, the model was modified to define sugar consumption and independently
employed cell growth data because there is no sigmoid growth of biomass because of high
acidity or low pH values.

−dS
dt

= μm,S

[
1 − S

Sm

]
S (1)

where −dS/dt is the substrate consumption rate (g/L/d), μm, S is the specific sugar con-
sumption rate (1/d), S is the residual substrate concentration at the time “t” (g/L), and Sm
is the maximum substrate concentration (g/L).

The LPM is utilized to define the metabolite production rate (dP/dt) related to cell
growth. However, dP/dt is also thought to be contingent on both momentary S and
dS/dt linearly [35].

dP
dt

= α
dS
dt

+ βS (2)

where dP/dt is the total acidity rate (%/d) and α and β are the empirical constants that
vary based on fermentation conditions and are determined with the best appropriate real
data. Moreover, the determination of coefficient (R2) was utilized to comprehend whether
modeling is accomplished or not [28].

2.7. Statistical Analysis

The SAS version 7 program (Statistical Analysis System, TS P1, Cary, NC, USA) was
used for the statistical evaluation of the data obtained from the study, and variance analysis
was performed. Significant differences were evaluated by the Duncan Multiple Comparison
Test at a confidence level of 95%.

3. Results and Discussion

3.1. Sugar Consumption and Biomass Production

Three ISCs were used to determine the fermentation performance of the commercial
Kombucha culture. It was determined that all the sugar in the fermentation medium is
consumed by the Kombucha culture in fermentations performed with AT-10, RT-10, PT-10,
and BT-10. However, when the fermentation medium contains high sugar concentration,
all the substrate in the medium is not consumed by the Kombucha culture at the end of the
fermentation (Figure 1A and Supplementary Materials). The highest sugar consumption
value is 55.40 g/L for LT-70 herbal Kombucha tea, whereas its highest value is 48.39 g/L
for AT-70 fruit Kombucha tea (Figure 1A and Table 2). These sugar consumption values
also affect biomass formation. In Figure 1B and the Supplementary Materials, biomass
production curves from different medium compositions are given. The difference in the
medium used, amount of sugar, the composition of culture, fermentation conditions, and
applied period are effective in the chemical composition of Kombucha [36]. Moreover, ISC
affects total sugar consumption. High sugar consumption is observed in fermentations
with high ISCs (Table 2). It is determined that residual sugar concentration decreases
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during fermentation. Furthermore, the highest biomass productions for herbal and fruit
Kombucha teas are determined as 6.46 g/L for GT-70 and 8.77 g/L for PT-70 (Figure 1B).
These results show that biomass formation increases with an increase in sugar consumption
(Table 2). In work conducted by Muhialdin et al. [37], the amount and yield of biomass
were associated with the sugar source.

Figure 1. Change of substrate concentration, biomass production, pH, total acidity, phenolic, and
antioxidant activity during Kombucha fermentation performed on media containing different initial
sugar concentrations. (A) Substrate consumption vs. time with sage tea (ST-70) and linden tea (LT-70).
(B) Biomass production vs. time with green tea (GT-70) and pomegranate tea (PT-70). (C) pH change
vs. time with sage tea (ST-40) and blueberry tea (BBT–40). (D) Total acidity vs. time with sage tea
(ST-40) and rosehip tea (RT-70). (E) Phenolic change vs. time with green tea (GT-40) and blueberry
tea (BBT-40). (F) Antioxidant activity vs. time with green tea (GT-40) and rosehip tea (RT-70).
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Table 2. Kinetic parameters of Kombucha fermentation performed with extracts from different types
of tea with various initial sugar concentrations.

Tea [Substrate]

Kinetic Parameters

ΔS
(g/L)

QS

(g/L/d)
η (%)

ΔX
(g/L)

QX

(g/L/d)
YX/S

(g/g)
ΔTA
(%)

QTA

(%/d)
ΔPH
(mg/L)

QPH

(mg/L/d)
YPH/S

(mg/g)

ST
10 g/L 8.52 1.29 79.48 0.72 0.12 0.08 0.17 0.08 445.96 97.18 52.34
40 g/L 13.10 3.71 29.39 1.74 0.51 0.13 4.10 0.60 883.17 169.75 67.42
70 g/L 26.62 4.05 32.71 3.96 0.94 0.15 1.51 0.28 900.31 189.07 33.82

LT
10 g/L 11.66 2.72 97.25 1.02 0.22 0.09 0.59 0.17 242.12 26.80 20.77
40 g/L 19.85 4.00 47.40 2.72 1.20 0.14 1.04 0.27 399.65 49.54 20.13
70 g/L 55.40 11.28 72.78 3.80 0.14 0.07 1.63 0.31 227.06 48.14 4.10

GT
10 g/L 12.13 2.40 88.80 0.74 0.26 0.06 0.35 0.15 1217.60 410.68 100.38
40 g/L 32.43 4.90 56.65 2.52 0.78 0.08 0.87 0.33 1215.90 345.69 37.49
70 g/L 44.07 6.34 53.72 6.46 1.22 0.15 1.42 0.37 1268.40 264.16 28.78

AT
10 g/L 15.75 2.82 100.00 1.09 0.34 0.07 0.34 0.15 321.98 64.14 20.44
40 g/L 18.61 3.07 39.89 3.76 1.39 0.20 1.18 0.27 785.45 159.90 42.21
70 g/L 48.39 5.28 63.15 4.28 1.37 0.09 1.64 0.41 466.38 74.71 9.64

RT
10 g/L 15.43 3.65 100.00 2.01 0.23 0.13 1.07 0.36 130.66 21.39 8.47
40 g/L 28.74 6.37 54.33 4.71 2.17 0.16 1.61 0.49 295.36 76.28 10.28
70 g/L 45.66 8.32 51.38 5.60 1.31 0.12 2.77 0.82 255.86 56.83 5.60

PT
10 g/L 10.33 2.47 100.00 2.20 0.91 0.21 0.39 0.20 549.89 95.36 53.23
40 g/L 21.04 3.67 44.69 3.25 1.43 0.15 1.30 0.30 800.04 101.66 38.02
70 g/L 42.92 6.36 50.61 8.77 1.66 0.20 2.18 0.34 930.94 166.20 21.69

BBT
10 g/L 12.67 2.54 95.62 0.81 0.31 0.06 0.44 0.18 655.20 95.51 51.71
40 g/L 16.05 3.07 32.56 2.07 0.70 0.13 1.52 0.39 1311.92 187.92 81.74
70 g/L 21.41 3.24 26.02 3.55 1.40 0.17 1.73 0.41 782.90 178.13 36.57

ΔS, substrate consumption (g/L); QS, maximum substrate consumption rate (g/L/d); η, substrate utilization
yield (%); ΔX, biomass production (g/L); QX, maximum biomass production rate (g/L/d); YX/S, biomass yield
(g biomass/g substrate); ΔTA, total acidity (%); QTA, maximum total acidity production rate (%/d); ΔPH,
phenolic production (mg/L); QPH, maximum phenolic production rate (mg/L/d); and YPH/S, phenolic yield (mg
phenolic/g substrate).

3.2. pH and Total Acidity

Kombucha fermentation was performed with herbal and fruit tea extracts for 10 days,
and pH changes are shown in Figure 1C and the Supplementary Materials. Herbal and
fruit tea extracts’ initial pH values range from 4.86 to 5.90 and from 3.12 to 3.53, respectively.
Differences between initial and final values of pH are higher for herbal tea samples than
for fruit tea samples (Figure 1C and Supplementary Materials). The lowest final pH
values of herbal and fruit teas are measured to be 2.53 for ST-40 and 2.46 for BBT-40
(Figure 1C), and their highest values are 3.73 for ST-10 and 3.57 for AT-10 (Supplementary
Materials). It is seen that a slight pH increase at the end of Kombucha fermentation in AT
supplemented with 10 g/L sucrose (Supplementary Materials). This may be due to the
breakdown of dead cells in the fermentation medium [38]. All pH values, except for that
of AT-10, decrease during fermentation because microorganisms metabolize sugar into
different metabolites, such as organic acids and by-products (Figure 1C and Supplementary
Materials). For all samples, a significant decrease in pH is noticed between days 0 and 5,
and changes in pH are statistically insignificant after day 5 (p < 0.05). Total acidity values in
all herbal and fruit tea samples are below 0.30% acetic acid at the beginning of fermentation.
Initial total acidity values differ from 0.04% to 0.22% for herbal tea extracts and 0.15% to
0.27% for fruit tea extracts (Figure 1D and Supplementary Materials). The highest and
lowest total acidity values for herbal and fruit teas are determined to be 4.21% (ST-40)
(Figure 1D), 0.15% (GT-10) (Supplementary Materials), and 2.55% (RT-70) (Figure 1D),
0.23% (AT-10) (Supplementary Materials). In general, when examining Figure 1D and
the Supplementary Materials, an increase in total acidity values is observed as a result
of organic acid production and dead cell fragmentation during fermentation [26]. These
results show that organic acid production and microbial by-products, which occur in
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parallel with sugar consumption during fermentation, decrease pH and increase total
acidity (Figure 1D and Supplementary Materials).

3.3. Total Phenolic Compounds and Antioxidant Activity

The changes in total phenolic compounds for herbal and fruit Kombucha teas are given
in Figure 1E and the Supplementary Materials. The phenolic concentration increases in
almost all herbal (except for those of BT-40 and BT-70) and fruit Kombucha tea experiments
at the end of fermentation. The highest total phenolic compound values are determined to
be 1522.90 mg GAE/L in ST-40, 1061.55 mg GAE/L in LT-10, and 3266.05 mg GAE/L in
GT-40 (Figure 1E), and 1025.67 mg GAE/L in BT-10 for herbal Kombucha teas after 10 days
fermentation (Supplementary Materials). For fruit Kombucha teas, the highest total pheno-
lic compound values are calculated to be 1041.21 mg GAE/L in AT-40, 1016.99 mg GAE/L
in RT-40, 1420.44 mg GAE/L in PT-40 (Supplementary Materials), and 1907.53 mg GAE/L
in BBT-40 (Figure 1E) after 10 days fermentation. When considering all fermentations,
the highest increase in total phenolic substance concentration is yielded as 215.44% with
BBT-40. An increase in phenolic content with fermentation may be related to the enzymes
of mixed Kombucha culture, the acidic environment of Kombucha tea, the synergistic effect
of different components in tea, and the breakdown of complex phenolic compounds [39].
Moreover, the fact that phenolic components are more stable at acidic pH may cause dif-
ferences in the total amount of phenolic substances during fermentation [40]. The decline
in total phenolic concentration in black Kombucha tea samples (BT-40 and BT-70) might
be due to the characteristics of black tea of that season. The total amount of phenolic
substances in green tea is higher than in black tea [40]. Moreover, the percentage increase
in total phenolic concentration in fruit Kombucha teas (average 112.49%) is higher than
in herbal Kombucha teas (average 49.14%) (Figure 1). In summary, the total amount of
phenolic compounds increased.

The antioxidant activity results are given in Figure 1F and the Supplementary Ma-
terials. The final DPPH scavenging ability decreases except for GT-70 (+4.46%), AT-10
(+5.99%), and AT-40 (+38.08%) assays. Decline values change from 0.86% to 31.97% for
herbal Kombucha teas and 2.92% to 17.50% for fruit Kombucha teas. The maximal decrease
is calculated to be 31.97% for LT-40. This decline could be about substrate and starter
culture types. Because of research about the influence of starter culture on Kombucha
fermentation, results show that DPPH scavenging ability is slightly increased in the first 3
days and decreased after day 3 of fermentation [15]. The final antioxidant values are lower
than the initial values of this research. The highest final DPPH scavenging ability value is
66.59% for the GT-40 at the end of the fermentation (Figure 1F). In a study [19], half of eight
different Kombucha samples showed a regular increase in antioxidant activity, while the
rest of them had irregular and variable results. It was predicted that Kombucha is affected
by different environments, sugar quantity, fermentation conditions, and ionization change
that occurs during fermentation may cause this variability. The highest initial and final
DPPH scavenging ability results are calculated in green tea samples (Figure 1F). All other
herbal and fruit tea Kombucha samples are lower than green tea samples (Figure 1F and
Supplementary Materials). It is also reported that the highest DPPH scavenging ability
is generally obtained from green tea samples [41]. Moreover, the change in antioxidant
activity is affected by tea type and fermentation temperature. DPPH scavenging abil-
ity, despite decreases and increases during fermentation, generally increases at the end
of fermentation [41].

3.4. Kinetic Characterization

Based on the kinetic results given in Table 2, the minimum and maximum ΔS are
determined as 8.52 g/L in ST-10 and 55.40 g/L in LT-70, respectively. As the sugar concen-
tration in the fermentation medium increases, ΔS increases. However, this is not alone as
an indicator that indicates the success of fermentation. Therefore, other kinetics regarding
substrate depletion, QS, and η, were estimated. The results indicate that the lowest and
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highest values of QS are 1.29 g/L/d in ST-10 and 11.28 g/L in LT-70, which are the same
as ΔS. Moreover, as the substrate concentration increases, QS increases. The η was also
determined, and the values of η range from 26.02 in BBT-70 to 100% in AT-10, RT-10, and
PT-10. When the sugar amount added into the fermentation medium was minimum, almost
all the sugar was consumed by the Kombucha culture. However, when the substrate con-
centrations in the fermentation medium are 40 g/L and 70 g/L, the η varies from 29.39% in
ST-40 to 56.65% in GT-40 and 26.02% in BBT-70 to 72.78% in LT-70, respectively. Therefore,
we can say that as the substrate concentration in the fermentation environment increases, η
decreases in general.

Similar to the kinetics regarding substrate consumption, when the fermentation
medium is enriched with 10 g/L sucrose, the minimum ΔX is 0.72 g/L for ST-10, whereas its
maximum value is 2.20 g/L for PT-10. When 40 g/L sucrose is added into the fermentation
medium, the lowest and highest values of ΔX are 1.74 g/L and 4.71 g/L in ST-10 and RT-40,
respectively. Similarly, when the substrate concentration in the medium is 70 g/L, the ΔX
varies from 3.55 to 8.77 g/L in BBT-70 and PT-70. Therefore, as the substrate concentration
increases, ΔX increases. As for the QX, when the fermentation medium is supplemented
with 10 g/L, 40 g/L, and 70 g/L of sucrose, the lowest and highest values of QX are calcu-
lated as 0.12 g/L/d and 0.91 g/L/d (ST-10 and PT-10), 0.51 g/L/d and 2.17 g/L/d (ST-40
and RT-40), and 0.14 g/L/d and 1.66 g/L/d (LT-70 and PT-70), respectively. Between both
the minimum and maximum QX values, the highest QX values are yielded when 40 g/L
substrate is added into the medium. Moreover, when the fermentation medium is supple-
mented with 10 g/L, 40 g/L, and 70 g/L, the lowest values of YX/S are 0.06 g/g, 0.08 g/g,
and 0.07 g/g, whereas their highest values are 0.21 g/g, 0.20 g/g, and 0.20 g/g, respectively.
The minimum and maximum values of YX/S at different substrate concentrations are highly
close to each other. Although ΔX increases depending on the substrate concentration, this
situation is not valid for the YX/S.

Regarding the kinetic results related to the total acidity, the minimum and maximum
ΔTA values are determined as 0.17% and 1.07%, 0.87% and 4.10%, and 1.42% and 2.77%
of ST-10 and RT-10, GT-40 and ST-40, and GT-70 and RT-70 when 10 g/L, 40 g/L, and
70 g/L sucrose are inserted into the medium, respectively. Except for the ΔTA values of
the Kombucha fermentation of ST, as the substrate concentration increases, ΔTA values
increase (Table 2). The lowest and highest QTA values are found as 0.08%/d and 0.36%/d
(ST-10 and RT-10), 0.27%/d and 0.60%/d (LT-40 and ST-40), and 0.28%/d and 0.82%/d
(ST-70 and RT-70) with 10 g/L, 40 g/L, and 70 g/L of sucrose concentration added into the
medium. As it is in the values of ΔTA, except for QTA values of ST, QTA values increase
with an increase in substrate concentration (Table 2).

The lowest values of ΔPH are 130.66 mg/L, 295.36 mg/L, and 227.06 mg/L with
10 g/L, 40 g/L, and 70 g/L sucrose concentrations inserted into the RT-10, RT-40, and
LT-70 media, respectively. Contrarily, its maximum values are yielded as 1217.60 mg/L
from GT-10, 1311.92 mg/L from BBT-40, and 1268.40 mg/L from GT-70. Except for the
ΔPH values of ST, GT, and BT, the highest ΔPH values are obtained when 40 g/L sucrose
is used in the medium (Table 2). Additionally, the minimum and maximum values of
QPH are 21.39 mg/L/d and 410.68 mg/L/d, 49.54 mg/L/d and 245.69 mg/L/d, and
48.14 mg/L/d and 264.16 mg/L/d for RT-10 and GT-10, LT-40 and GT-40, and LT-70 and GT-
70, respectively. It is realized that the Kombucha teas from GT supplemented with 10 g/L,
40 g/L, and 70 g/L sucrose give the highest phenolic substance amounts. As the substrate
concentration in the GT-based medium increase, the values of QPH decrease. Conversely, the
QPH increase with an increase in substrate concentration added into the ST- and PT-based
media. For the rest of QPH, the maximum peak values of QPH are yielded when 40 g/L
substrate concentration is added into the fermentation medium. Concerning the YPH/S,
its lowest values are obtained to be 8.47 mg PH/g, 10.28 mg PH/g, and 4.10 mg PH/g
substrate when the fermentation media are RT-10, RT-40, and LT-70, respectively. Maximum
YPH/S values are also calculated as 100.38 mg PH/g, 81.74 mg PH/g, and 36.57 mg PH/g
substrate for GT-10, BBT-40, and BBT-70, respectively. As the sugar concentration in the
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medium increases, the maximum YPH/S value decreases. Moreover, it is determined that
YPH/S values decrease with an increase in the substrate levels of GT- and PT-based media.
For the remaining media, except for that of the LT, the highest YPH/S peak values are
yielded when the media are enriched with 40 g/L sucrose (Table 2).

3.5. Kinetic Modeling

The observed values of total acidity were estimated by the LPM, while the actual
values related to sugar depletion were predicted by the LM (Figure 2). Concerning
the prediction of sugar depletion values, the observed and estimated sugar depletion
curves are plotted vs. time in Figure 2. As indicated in Figure 2, ST, LT, GT, AT, RT,
PT, and BBT, the experimental and estimated sugar depletion values are generally in
good agreement, except for that of the Kombucha fermentation performed with ST
supplemented with 40 g/L sucrose because its R2 value (0.6038) is lower than 0.75
(Table 3). Indeed, the experimental data on days 4–7 of fermentation are overestimated
by the LM (Figure 2, ST). Additionally, if the R2 value is higher than 0.75, meaning that
the model can be used to estimate the fermentation experimental data [42]. Therefore,
the yielded R2 values are found between 0.7731 and 0.9750, except for R2 = 0.6038,
demonstrating that the proposed model for substrate depletion adequately fits the actual
data of substrate depletion. Additionally, the values of μm, S, and Sf are between 0.17
and 1.14 d−1 and 0.34 and 9.64 g/L, respectively. The minimum and maximum values
of μm, S are obtained when the BBT supplemented with 40 g/L and 10 g/L sucrose is
used in the production of Kombucha tea, respectively. The highest μm, S values are
achieved when 10 g/L sucrose is added to the fermentation media (Table 3). The lowest
and highest Sf values are also yielded with ST supplemented with 10 g/L sucrose and
RT supplemented with 70 g/L sucrose, respectively. Nevertheless, the values of Sf
increase with an increase in sucrose concentration added into the fermentation media
in general (Table 3). Mahdinia et al. [35] predicted the observed substrate depletion
data of Menaquinoe-7 fermentation in the biofilm reactor with glucose- or glycerol-
based medium using the LM. Based on the modeling results, it was declared that the
R2 values of the process were determined between 0.953 and 0.991, indicating that
the suggested models fit well with the experimental substrate consumption data. The
values of μm, S for glucose- and glycerol-based media were 0.059 h−1 and 0.054 h−1,
respectively [35], which are all higher than those of this study (Table 3). Ilgın et al. [43]
estimated the substrate consumption data of Aspergillus niger inulinase fermentation
from carob extract under shake flask fermentation circumstances using the LM. From the
calculations, it was reported that the values of μm, S, and Sf were found to be 0.062 h−1

and 0.93 g/L, respectively, showing that the μm, S value is greater than the results yielded
from the current study while the Sf value is compatible with those of this study (Table 3).
In another study in which A. niger inulinase fermentation of sugar beet molasses in
the large-scale stirred tank bioreactor was taken place [44], the experimental data of
substrate consumption were forecasted by using the LM; thus, the μm, S, and Sf values
are computed as 0.042 h−1 and 1.18 g/L, respectively. It is determined that the computed
μm, S, and Sf values are highly consistent with the present study (Table 3). It was reported
that the proposed model successfully fitted the experimental data of substrate depletion
with a high R2 value (R2 = 0.9778) [44].
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Figure 2. Substrate consumption and total acidity curves fitted by the LM and LPM.
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Table 3. The model parameters calculated for kinetically modeling the Kombucha fermentation.

Tea [Substrate]
Kinetics for Substrate Consumption Kinetics for Acidity

μm, S (1/d) Sm (g/L) Sf (g/L) R2 β (%/gS.d) α (%/gS) A > β Fold R2

ST
10 (g/L) 0.4738 10.24 0.34 0.9438 0.0001 0.0201 360.19 0.5675
40 (g/L) 0.2752 44.58 1.87 0.6038 0.0076 0.2584 34.00 0.9064
70 (g/L) 0.2864 77.45 2.54 0.8572 0.0013 0.0662 49.85 0.8481

LT
10 (g/L) 0.7821 11.99 1.19 0.9672 −0.0058 0.0631 10.91 0.8060
40 (g/L) 0.3462 41.42 3.89 0.8055 −0.0006 0.0343 60.27 0.5337
70 (g/L) 0.5947 73.16 0.83 0.9655 0.0004 0.0211 55.41 0.4809

GT
10 (g/L) 0.7168 13.62 0.84 0.9487 −0.0024 0.0142 5.87 0.7586
40 (g/L) 0.2909 52.03 4.44 0.9185 0.0005 0.0315 63.17 0.7220
70 (g/L) 0.2503 82.03 9.18 0.9413 0.0001 0.0394 282.80 0.8259

AT
10 (g/L) 0.7798 15.34 1.24 0.9636 −0.0075 0.0468 6.24 0.9228
40 (g/L) 0.2757 46.12 2.46 0.9012 0.0019 0.0863 45.75 0.8479
70 (g/L) 0.3324 71.27 5.07 0.9563 0.0015 0.0365 23.65 0.8251

RT
10 (g/L) 0.7978 14.64 2.49 0.9671 −0.0030 0.0876 29.15 0.8465
40 (g/L) 0.2765 51.46 9.47 0.7731 −0.0003 0.0475 145.00 0.6153
70 (g/L) 0.2459 87.58 9.64 0.8645 −0.0006 0.0671 110.88 0.7225

PT
10 (g/L) 1.0969 8.94 1.39 0.9750 −0.0039 0.0554 14.30 0.9526
40 (g/L) 0.2011 46.40 6.97 0.8137 0.0008 0.0568 75.30 0.8141
70 (g/L) 0.2589 79.37 6.13 0.9332 0.0013 0.0493 39.13 0.8193

BBT
10 (g/L) 1.1422 12.71 0.52 0.9166 −0.0023 0.0371 16.34 0.7676
40 (g/L) 0.1671 46.97 4.90 0.8257 0.0010 0.1349 129.31 0.7937
70 (g/L) 0.3043 79.67 1.49 0.9088 0.0008 0.1122 135.44 0.6790

μm, S, specific sugar consumption rate (1/d); Sm, maximum substrate concentration (g/L); Sf, final substrate
concentration (g/L); R2, determination of coefficient; β, empirical constant (%/gS.d); α, empirical constant
(%/gS); ST, sage tea; LT, linden tea; GT, green tea; AT, apple tea; RT, rosehip tea; PT, pomegranate tea; and BBT,
bilberry tea.

The actual and estimated total acidity values are also plotted vs. time and shown
in Figure 2. It is detected that the values of R2 range from 0.4809 to 0.9526. It can be
said that those with R2 values higher than 0.75 (in this case, they are ST-40, ST-70, LT-10,
GT-10, GT-70, AT-10, AT-40, AT-70, RT-10, PT-10, PT-40, PT-70, BBT-10, and BBT-40) are
adequately fitted by the LPM (Table 3). Therefore, most of the Kombucha fermentation from
different tea extracts supplemented with different concentrations of sucrose is satisfactorily
fitted by the LPM with the R2 value greater than 0.75. Moreover, α and β values, which
can change based on the fermentation circumstances, were estimated (Table 3). If α �= 0
and β = 0, then the total acidity is associated with substrate consumption. If α = 0 and
β �= 0, then the total acidity is non-associated with substrate consumption. The values of
β vary from −0.0075 to 0.0076%/gS.d, which are so close to zero, while the values of α
range from 0.0142 and 0.2584%/gS. The values of α are 5.87 to 360.19 times greater than
those of β (Table 3). Therefore, we can say that the total acidity is associated with substrate
consumption. Mahdinia et al. [35] studied the kinetic modeling of Menaquinoe-7 fabrication
from glucose and glycerol in the biofilm reactor using the LPM. The model parameters
of the LPM, which are α and β, were calculated to be −0.138 mg/g and 0.00010 mg/g/h
for the production in the glucose-based medium and −0.089 mg/g and 0.00301 mg/g/h
for the production in glycerol-based medium, respectively. Therefore, the values of α
were 1380- and 29.57-fold higher than those of β, respectively, showing that Menaquinoe-7
fabrication was associated with substrate consumption [35], as it is in the current study. To
the best of our knowledge, there is no study regarding the kinetic modeling of Kombucha
fermentation using different tea extracts enriched with different concentrations of sucrose
as a carbon source. Therefore, this study is important in terms of contributing to science
because of the information it contains.
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4. Conclusions

In conclusion, the study focused on the fermentation performance of a commercial
Kombucha culture using different herbal and fruit tea extracts with varying sugar concen-
trations. The results showed that the Kombucha culture effectively consumed all sugar
in the fermentation medium when supplemented with AT-10, RT-10, PT-10, and BT-10,
but when higher sugar concentrations were present, not all substrate was consumed. The
highest sugar consumption value was 55.40 g/L for LT-70 herbal Kombucha tea, while
AT-70 fruit Kombucha tea had the highest value at 48.39 g/L. These sugar consumption
values were correlated with biomass production, showing an increase with higher sugar
consumption. The pH and total acidity of the Kombucha teas changed during fermentation,
with herbal teas showing more significant fluctuations than fruit teas. The organic acid
production and microbial by-products during fermentation decreased pH and increased
total acidity. Additionally, the total phenolic compounds and antioxidant activity increased
during fermentation, with higher increases observed in fruit kombucha teas compared to
herbal teas. Kinetic characterization revealed the relationships between sugar depletion,
biomass production, total acidity, and phenolic compounds during fermentation. The
values of different kinetic parameters varied depending on the sugar concentration in
the fermentation medium. However, this study had some limitations, such as the lack
of detailed analysis of the specific enzymes involved in the breakdown of complex phe-
nolic compounds and the influence of environmental factors on fermentation variability.
Furthermore, only a specific commercial Kombucha culture was used, which may not
fully represent the diversity of Kombucha cultures available. Despite these limitations,
this study provides valuable insights into the fermentation performance of Kombucha
cultures under different conditions, which could be beneficial for further research and
industrial applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11072100/s1, Figure S1: Change of substrate concentration,
biomass production, pH, total acidity, phenolic, and antioxidant activity during Kombucha fer-
mentation performed on media containing different initial sugar concentrations. (A, H, and O):
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Abbreviations

Abbreviations Full Name

ISC Initial sucrose concentration
AAB Acetic acid bacteria
R2 Determination of coefficient
α and β Empirical constants
N Normal
HCl Hydrochloric acid
LPM Luedeking–Piret model
LM Logistic model
GT Green tea
ST Sage tea
LT Linden tea
BT Black tea
BBT Bilberry tea
RT Rosehip tea
AT Apple tea
PT Pomegranate tea
NaOH Sodium hydroxide
GAE Gallic acid equivalents
DPPH α, α-diphenyl-β-picrylhydrazyl
ΔS Substrate consumption, g/L
QS Maximum substrate consumption rate, g/L/d
η Substrate utilization yield, %
ΔX Biomass production, g/L
QX Maximum biomass production rate, g/L/d
YX/S Biomass yield, g biomass/g substrate
TA Total acidity, %
QTA Maximum total acidity production rate, %/d
ΔPH Phenolic production, mg/L
QPH Maximum phenolic production rate, mg/L/d
YPH/S Phenolic yield, mg phenolic/g substrate
−dS/dt Substrate consumption rate, g/L/d
μm, S Specific sugar consumption rate, 1/d
S Residual substrate concentration at the time “t”, g/L
Sm Maximum substrate concentration, g/L
Sf Final substrate concentration, g/L
dP/dt Total acidity rate, %/d
SAS Statistical Analysis System
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5. Şafak, S.; Mercan, N.; Aslim, B.; Beyatli, Y. A study on the production of poly-β-hydroxybutyrate by some eukaryotic microorgan-
isms. Turk. Electron. J. Biotechnol. 2002, 1, 11–17.

6. Mayser, P.; Fromme, S.; Leitzmann, G.; Gründer, K. The yeast spectrum of the ‘tea fungus Kombucha’. Mycoses 1995, 38, 289–295.
[CrossRef]

7. Tsilo, P.H.; Basson, A.K.; Ntombela, Z.G.; Maliehe, T.S.; Pullabhotla, R.V. Isolation and optimization of culture conditions of a
bioflocculant-producing fungi from Kombucha tea SCOBY. Microbiol. Res. 2021, 12, 950–966. [CrossRef]

8. Greenwalt, C.; Steinkraus, K.; Ledford, R. Kombucha, the fermented tea: Microbiology, composition, and claimed health effects.
J. Food Prot. 2000, 63, 976–981. [CrossRef]

126



Processes 2023, 11, 2100

9. Kurtzman, C.P.; Robnett, C.J.; Basehoar-Powers, E. Zygosaccharomyces kombuchaensis, a new ascosporogenous yeast from ‘Kom-
bucha tea’. FEMS Yeast Res. 2001, 1, 133–138. [CrossRef]

10. Liu, C.-H.; Hsu, W.-H.; Lee, F.-L.; Liao, C.-C. The isolation and identification of microbes from a fermented tea beverage, Haipao,
and their interactions during Haipao fermentation. Food Microbiol. 1996, 13, 407–415. [CrossRef]

11. Chakravorty, S.; Bhattacharya, S.; Chatzinotas, A.; Chakraborty, W.; Bhattacharya, D.; Gachhui, R. Kombucha tea fermentation:
Microbial and biochemical dynamics. Int. J. Food Microbiol. 2016, 220, 63–72. [CrossRef]

12. Morales-de la Peña, M.; Miranda-Mejía, G.A.; Martín-Belloso, O. Recent Trends in Fermented Beverages Processing: The Use of
Emerging Technologies. Beverages 2023, 9, 51. [CrossRef]

13. Nummer, B.A. Kombucha brewing under the Food and Drug Administration Model Food Code: Risk analysis and processing
guidance. J. Environ. Health 2013, 76, 8–11. [PubMed]

14. Villarreal-Soto, S.A.; Beaufort, S.; Bouajila, J.; Souchard, J.P.; Taillandier, P. Understanding kombucha tea fermentation: A review.
J. Food Sci. 2018, 83, 580–588. [CrossRef] [PubMed]

15. Malbasa, R.V.; Loncar, E.S.; Vitas, J.S.; Canadanovic-Brunet, J.M. Influence of starter cultures on the antioxidant activity of
kombucha beverage. Food Chem. 2011, 127, 1727–1731. [CrossRef]

16. Greenwalt, C.J.; Ledford, R.A.; Steinkraus, K.H. Determination and characterization of the antimicrobial activity of the fermented
tea kombucha. LWT-Food Sci. Technol. 1998, 31, 291–296. [CrossRef]

17. Battikh, H.; Bakhrouf, A.; Ammar, E. Antimicrobial effect of kombucha analogues. LWT-Food Sci. Technol. 2012, 47, 71–77.
[CrossRef]

18. Bhattacharya, D.; Bhattacharya, S.; Patra, M.M.; Chakravorty, S.; Sarkar, S.; Chakraborty, W.; Koley, H.; Gachhui, R. Antibacterial
activity of polyphenolic fraction of kombucha against enteric bacterial pathogens. Curr. Microbiol. 2016, 73, 885–896. [CrossRef]

19. Chu, S.C.; Chen, C.S. Effects of origins and fermentation time on the antioxidant activities of kombucha. Food Chem. 2006,
98, 502–507. [CrossRef]

20. Malbasa, R.; Loncar, E.; Djuric, M.; Dosenovic, I. Effect of sucrose concentration on the products of kombucha fermentation on
molasses. Food Chem. 2008, 108, 926–932. [CrossRef]

21. Zubaidah, E.; Yurista, S.; Rahmadani, N. Characteristic of physical, chemical, and microbiological kombucha from various
varieties of apples. In IOP Conference Series: Earth and Environmental Science; IOP Publishing Ltd.: Bristol, UK, 2018; Volume 1,
p. 012040.

22. Tarhan, K. Use of Different Substrate Resources in the Production of Kombucha Tea. 2017. Available online: https://agris.fao.
org/agris-search/search.do?recordID=TR2019000120 (accessed on 18 February 2023).
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Abstract: Menaquinone-7 (MK-7) provides significant health gains due to its excellent pharmacoki-
netic properties. However, MK-7 occurs at low concentrations in mainstream foods, heightening the
demand for nutritional supplements. MK-7 exists as geometric isomers, and only all-trans MK-7 is
bioactive. Exposure to certain environments impacts the isomer profile. Knowledge of these factors
and their influence on the isomer composition is important, as the efficacy of fermented MK-7 end
products is solely determined by the all-trans isomer. This investigation aimed to evaluate the short-
and long-term effect of atmospheric oxygen, common temperatures, and light on the isomer profile.
From the short-term study, it was ascertained that MK-7 is moderately heat-stable but extremely
light-sensitive. The stability of all-trans MK-7 was then examined during 8 weeks of storage at a low
temperature with minimal oxygen exposure in the absence of light. Negligible change in the all-trans
MK-7 concentration occurred, suggesting it is reasonably stable during prolonged storage in this
environment. These findings will aid the development of optimal storage conditions to preserve
bioactive MK-7 in fermented nutritional supplements, the large-scale availability and consumption
of which will help compensate for the dietary deficit of this essential vitamin and provide consumers
with better health outcomes.

Keywords: menaquinone-7 isomer profile; bioactivity; fermentation; environmental factors; storage
conditions

1. Introduction

The vitamin K family consists of a set of fat-soluble vitamins, namely vitamin K1
(phylloquinone), vitamin K2 (menaquinones), and vitamin K3 (menadione). The various
K vitamers are structurally similar, as they all contain a 2-methyl-1,4-naphthoquinone
group [1]. However, they differ in the nature of an isoprenoid side chain at the 3-position,
the length and degree of unsaturation of which confers unique properties to each kind
of vitamin K [2]. Phylloquinone (PK) and menaquinones (MK) are the natural forms of
the vitamin and play an essential role in human health and nutrition [3]. PK has one
unsaturated and three saturated isoprenoid units in its side chain. It is ubiquitous within
the chloroplasts of photosynthetic plants and algae, where it functions as an electron carrier
during photosynthesis [2,4]. Therefore, PK can be consumed from a selection of everyday
foods, including leafy greens, vegetable oils, and products resulting from such plant oils,
and is the most abundant type of dietary vitamin K [4,5]. Conversely, MK are a series of
compounds with isoprenoid chains of various lengths and degrees of unsaturation. The
structure of the side chain can be represented by the format MK-n, where n is generally
between four and thirteen and signifies the number of unsaturated isoprenoid residues in
the chain [2]. MK are typically of microbial origin and are present in small quantities in
specific animal, dairy, and fermented goods [2,5–8].

It is well-known that all vitamin K subtypes perform essential functions in the coagu-
lation cascade and haemostasis. However, recent research has uncovered numerous other
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roles and health gains of vitamin K. The intake of vitamin K2, in particular, has been related
to the maintenance of bone and cardiovascular health, the suppression of neurological
conditions, the prevention of cancer, aiding the functional recovery of the liver, reducing
the likelihood of many health disorders, and decreasing the morbidity and mortality linked
to coronavirus disease 2019 (COVID-19) [2,9–17].

MK-7 is the most notable vitamin K2 isoform due to its superior physicochemical char-
acteristics and long plasma half-life (72 h), which enhance its extrahepatic bioavailability
and therapeutic value [17–19]. Despite the significant health gains associated with MK-7,
obtaining sufficient levels of the vitamin from regular food products is challenging for most
consumers, as it is present in insufficient concentrations in limited foods. Natto, a Japanese
fermented soybean containing nearly 800–1000 μg of MK-7 per 100 g of natto, is the richest
source of MK-7 [6,8,20]. However, owing to its strong flavour and pungent aroma, most
individuals perceive natto as unappetising and, hence, it tends to be a niche product that
is not universally consumed by all populations. The MK-7 concentration in other dietary
sources that appeal to mainstream consumers is inadequate. Consequently, meeting the
daily intake requirements without the aid of nutritional supplements is not achievable for
most populations, as it would require the consumption of unfeasibly large amounts of
MK-7-containing foods [6]. This has increased the demand and created a lucrative market
for MK-7 dietary supplements and enriched foods to complement natural sources, and the
availability of such products has become progressively widespread [21].

It must be acknowledged that MK-7 demonstrates cis-trans isomerism, a feature that is
common to most biomolecules. The all-trans isomer is the naturally occurring and bioactive
form of the vitamin, whereas the various cis isomers are biologically ineffectual [7,22,23].
The bioactivity of MK-7 is related to its shape and structure, which depend on the arrange-
ment of unsaturated bonds in the side chain. All-trans MK-7 has a straight isoprenoid
chain (Figure 1), as all double bonds have the trans organisation [24]. In contrast, one or
more unsaturated bonds in the cis conformation deform the linear molecular structure
(Figure 1), and different numbers and combinations of cis double bonds can give rise to
several cis MK-7 isomers [24]. The shape of MK-7 molecules determines their capacity to
engage with subcellular components, and the non-linear configuration of the cis isomers
impairs their ability to perform their biological role [25]. The cis isomers of vitamin K
only sustain 1% of the biological significance of the all-trans form [26–28]. More recently, it
has been established that cis MK-7 isomers have considerably diminished carboxylative
potential and compromised bioactivity compared to all-trans MK-7 [25]. It is anticipated
that the presence of cis MK-7 does not diminish the activity of the all-trans isomer. When
the geometric isomers of the vitamin co-exist in a formulation, it is unlikely for interaction
with the cis isomer to change the structure and bond arrangement of all-trans MK-7. As
a result, the shape and, thus, the biological function of the all-trans isomer is expected to
be unaffected. However, the remedial value of the preparation is only determined by the
quantity of the biologically important isomer. Therefore, while the presence of cis MK-7
does not explicitly impact the activity of the all-trans isomer, its presence in the formulation
is essentially an impurity, which decreases the biological function and therapeutic efficacy
of all-trans MK-7 end products. In this regard, the isomer profile of MK-7 functional foods
and dietary supplements is noteworthy, as their effectiveness is fundamentally governed
by the proportion of the all-trans isomer.

MK-7 can be synthesised via chemical methods or microbial fermentation. The isomer
composition of the MK-7 product is determined by various factors, primarily the manufac-
turing process and the techniques used to purify the post-reaction mixture [7,23]. Although
chemical approaches are likely to be cost-effective, fermentation is more favourable from
the perspective of both consumers and the environment. This is predominantly due to the
recent consumer market trend promoting natural alternatives over synthetic formulations
and the call for sustainable production methodologies. Fermentation is not only a natural
approach for the synthesis of MK-7, but it is also more eco-friendly for the industrial
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production of the vitamin. Hence, microbial fermentation can fulfil both consumer demand
and environmental sustainability goals [29].

Figure 1. Chemical structure and bond organisation of MK-7 isomers.

The MK-7 isomer composition achieved from fermentation has not been widely exam-
ined, and it is generally believed that MK-7 resulting from fermentation-based synthesis
exclusively occurs in the all-trans conformation. However, it has been proposed that ex-
posure to particular factors may induce the transformation of the all-trans isomer to cis
MK-7, and our previous studies were the first to ascertain the existence of cis MK-7 in
fermented samples [30,31]. The occurrence of a cis isomer in samples obtained from fer-
mentation implies that although the bacterium produces the naturally occurring all-trans
isomer intracellularly, secretion into the fermentation broth exposes all-trans MK-7 to the
extracellular milieu, which can promote its isomerisation to the cis form. It is important to
appreciate that the exact structural identity (the number and location of cis double bonds in
the isoprenoid side chain) of the cis MK-7 isomer produced from fermentation under the
investigated conditions cannot be established in the absence of nuclear magnetic resonance
(NMR) spectroscopy methods. It has been suggested that all-trans MK-7 is most likely to
isomerise to the mono-cis isomer under certain conditions [32]. Therefore, it is anticipated
that the cis MK-7 observed is a mono-cis isomer, which contains a single cis double bond in
its isoprenoid chain. Nevertheless, complete structure determination is not essential when
considering the bioactivity of fermented MK-7 end products, as all cis isomers, irrespective
of the number and location of cis bonds in their isoprenoid side chain, have significantly
reduced biological efficacy compared to the all-trans isomer.

Although our prior investigations have focused on optimising the extracellular envi-
ronment, specifically the fermentation media [30] and key fermentation parameters [31],
to increase the synthesis of the all-trans isomer and reduce the production of cis MK-7
during fermentation, it is crucial to guarantee that the quantity of the bioactive isomer
is maintained in the final product. Hence, not only is it necessary to achieve a high con-
centration of all-trans MK-7 from fermentation, but its quantity must also be preserved in
dietary supplements and functional foods to develop effective fermented MK-7 consumer
end products. It has been postulated that exposure to light (especially ultraviolet (UV)
light), atmospheric oxygen, and elevated temperatures may encourage the geometric iso-
merisation of isoprenoid residues in the side chain of MK-7 and result in the formation of
cis isomers [7,23,25,33,34]. However, this aspect has not been explicitly explored, partic-
ularly in the context of MK-7 isomers produced from fermentation. The effect of typical
environmental and storage conditions is worthy of consideration from the perspective of
fermented MK-7 dietary supplements and fortified or functional foods, as these consumer
end products are likely to be subjected to such factors during their manufacture, use, and
shelf life, which will influence their effectiveness and therapeutic value.

Therefore, the objective of this study was to assess the effect of various storage condi-
tions on the isomer profile of fermented MK-7 from the perspective of MK-7 end products.
Accordingly, factors representing possible conditions and environments that MK-7 dietary
supplements and fortified or functional foods may be subjected to during their production,
consumption, and general shelf life were selected and examined. These include exposure
to atmospheric oxygen, different temperatures, and light. All factors were initially inves-
tigated over a short interval, and the conditions that resulted in the least isomerisation
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and/or degradation of all-trans MK-7 were further evaluated to explore the stability of
the all-trans isomer in an ideal storage environment over an extended timeframe. The
outcomes of this study will offer valuable insights for the development of optimum storage
conditions to preserve the quantity of the all-trans isomer in fermented MK-7 end products.
This will likely be an important progression in improving the accessibility of bioactive
fermented MK-7 nutritional supplements and functional foods, as the cis isomers of the
vitamin are effectively contaminants that have little therapeutic value. The widespread
availability and consumption of such products by diverse populations will help boost the
dietary intake of MK-7 and offer more significant health benefits to consumers.

2. Materials and Methods

2.1. Chemicals and Materials

The all-trans MK-7 reference standard (98.1% purity) was acquired from ChromaDex
(Los Angeles, CA, USA). Glucose was obtained from Ajax Finechem Pty Ltd. (Taren Point,
NSW, Australia). Yeast extract and tryptone were supplied by Becton, Dickinson and
Company (Franklin Lakes, NJ, USA). Soy peptone, methanol, 2-propanol, and n-hexane
were obtained from Merck Millipore (Burlington, MA, USA). NaCl was acquired from
a local supplier, and CaCl2 was purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). Nutrient agar plates were procured from Fort Richard Laboratories (Auckland,
New Zealand). All media components were microbiology grade, and all solvents were
analytical grade.

2.2. Microorganism and Inoculum Preparation

Bacillus subtilis natto was selected for the fermentation experiments since it results in a
high MK-7 yield and is considered the most suitable strain for industrial MK-7 production.
Furthermore, there are no safety issues accompanying the B. subtilis natto strain, and it is
generally recognised as safe (GRAS). Consequently, it is ideal for synthesising fermented
MK-7 end products expected for human consumption. The procedure outlined by Beren-
jian et al. [20] was used to prepare the B. subtilis natto strain. The microbial cells were
grown in an aqueous culture medium comprising yeast extract, tryptone, and NaCl and
streaked on nutrient agar plates, which were incubated for 48 h at 37 ◦C. After incubation,
the cells were removed from the plates and submerged in a sterile NaCl solution. The
mixture was then put in a water bath for 30 min at 80 ◦C to inactivate the vegetative cells
and stimulate the production of spores prior to centrifuging (laboratory centrifuge, Sigma
Laborzentrifugen GmbH, Osterode am Harz, Germany) at 3000 rpm for 10 min to remove
the cell debris. The resulting bacterial spore suspension functioned as the inoculum for the
fermentation studies.

2.3. Fermentation Procedure

MK-7 was synthesised from fermentation using the optimal media and conditions
determined from our previous investigations [30,31] to enable maximal all-trans and mini-
mal cis MK-7 isomer production. The media, containing 1% (w/v) glucose, 2% (w/v) yeast
extract, 2% (w/v) soy peptone, 2% (w/v) tryptone, and 0.1% (w/v) CaCl2 [30], was prepared
in bulk to maintain consistency and sterilised at 121 ◦C for 20 min by autoclaving (TOMY
SX-700E, Tokyo, Japan). Afterwards, the samples were inoculated with 2% (v/v) of the
B. subtilis natto spore suspension and fermented in individual McCartney bottles under
aerobic conditions at 40 ◦C and 200 rpm for 7 days [31].

2.4. MK-7 Extraction

Following fermentation, MK-7 was extracted from the samples with 2-propanol and
n-hexane, which were mixed in a ratio of 1:2 (v/v), and the liquid-to-organic ratio was 1:4
(v/v) [20]. The solution was vortexed for 2 min, and phase separation was achieved by
centrifugation (laboratory centrifuge, Sigma Laborzentrifugen GmbH, Osterode am Harz,
Germany) at 3000 rpm for 10 min. Due to the fat-soluble nature of MK-7, it favourably
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dissolves in non-polar solvents, such as n-hexane. Thus, the hexane layer was isolated from
the mixture and evaporated in another set of McCartney bottles under a vacuum to obtain
the extracted MK-7.

2.5. Exposure Studies

The extracted MK-7 samples (contained in transparent McCartney bottles) were then
exposed to various environmental and storage conditions to explore the short- and long-
term impact of these factors on the MK-7 isomer composition. Different temperature
(low (4 ◦C), ambient (20 ◦C), and high (100 ◦C)), light (no light/dark, ambient light, and
UV light), and oxygen (exposed to atmospheric oxygen and not exposed to atmospheric
oxygen) conditions were selected to simulate likely storage environments for fermented
MK-7 consumer end products, such as MK-7-enriched fortified or functional foods and
dietary supplements. Possible conditions that fermented MK-7 could be exposed to during
the manufacture of these products were also considered.

The effect of short-term exposure to the different temperature, light, and oxygen
conditions on the isomer profile of fermented MK-7 was initially assessed. As a part of this
process, samples were subjected to the factors outlined in Table 1 for 0, 3, 6, and 9 days to
investigate the variation in the isomer composition over a brief timeframe for all conditions.

Table 1. Environmental and storage conditions for the short-term exposure study.

Sample Conditions

1 Low temperature (4 ◦C) and exposed to atmospheric oxygen = stored in the fridge with the lid off

2 Low temperature (4 ◦C) and not exposed to atmospheric oxygen = stored in the fridge with the lid on (purged
with nitrogen)

3 High temperature (100 ◦C) and exposed to atmospheric oxygen = stored in the oven with the lid off

4 High temperature (100 ◦C) and not exposed to atmospheric oxygen = stored in the oven with the lid on (purged
with nitrogen)

5 No light and exposed to atmospheric oxygen = stored in the dark with the lid off at ambient temperature (by default)

6 No light and not exposed to atmospheric oxygen = stored in the dark with the lid on (purged with nitrogen) at ambient
temperature (by default)

7 Ambient light and exposed to atmospheric oxygen = stored in ambient light (lamp) with the lid off at ambient
temperature (by default)

8 Ambient light and not exposed to atmospheric oxygen = stored in ambient light (lamp) with the lid on (purged with
nitrogen) at ambient temperature (by default)

9 UV light and exposed to atmospheric oxygen = stored in UV light (lamp) with the lid off at ambient temperature
(by default)

10 UV light and not exposed to atmospheric oxygen = stored in UV light (lamp) with the lid on (purged with nitrogen) at
ambient temperature (by default)

The optimum storage conditions, which resulted in the least deterioration of all-trans
MK-7, determined from the short-term investigation, were further analysed in a monitoring
study to explore the stability of the all-trans isomer and variation in the isomer profile over
an extended period. Accordingly, samples were prepared in triplicates and stored at a low
temperature (4 ◦C) with minimal oxygen exposure in the absence of light for 8 weeks. The
MK-7 isomer composition was analysed after 0, 1, 2, 3, 4, 5, 6, 7, and 8 weeks of storage.

2.6. MK-7 Analysis

At the conclusion of the exposure period, the MK-7 isomer composition of all samples
was analysed, as discussed in our earlier study [30]. The all-trans and cis MK-7 concentra-
tions were determined using a Dionex high-performance liquid chromatography (HPLC)
instrument (Thermo Fisher Scientific, Waltham, MA, USA) composed of four P680 pumps,
an ASI-100 automated sample injector, a TCC-100 thermostatted column compartment,
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and a UVD340U photodiode array UV detector. A packed column (COSMOSIL Cholester,
100 mm × 2 mm × 2.5 μm; Nacalai Tesque Inc., Kyoto, Japan) was used to separate the
compounds at 40 ◦C. Pure methanol constituted the mobile phase, and the compounds
were eluted isocratically at a flow rate of 0.2 mL/min. The run-time, analytical wavelength,
autosampler temperature, and injection volume were 30 min, 248 nm, 10 ◦C, and 10 μL, re-
spectively. The Chromeleon 7 program (Thermo Fisher Scientific, Waltham, MA, USA) was
used for data collection, and a relative retention time (RRT) of 1.12 was used to ascertain
the cis isomer.

Liquid chromatography–mass spectrometry (LC–MS) methods were employed to
verify the identity and corroborate the retention times of all-trans and cis MK-7, using the
approach described in our previous investigation [30]. The LC–MS platform comprised a
Dionex Ultimate 3000 ultra-high-performance liquid chromatography (UHPLC) system and
a QExactive mass spectrometer with a HESI II source (Thermo Fisher Scientific, Waltham,
MA, USA). The Thermo XCalibur 4.3 package (Thermo Fisher Scientific, Waltham, MA,
USA) was used to operate the equipment, and data were obtained using the Chromeleon
7.3 application (Thermo Fisher Scientific, Waltham, MA, USA). The conditions summarised
above were implemented for liquid chromatography; however, the injection volume was
modified to 5 μL, and the run-time was increased to 37 min to suit the LC–MS system. Data
were collected in the positive ionisation mode with a resolution of 70,000, a MS1 scan range
of 150–1000 m/z, a maximum injection time of 200 ms, and an AGC target of 3 × 106. The
Thermo FreeStyle 1.6 software (Thermo Fisher Scientific, Waltham, MA, USA) was utilised
to evaluate the mass spectrometry (MS) data.

The MK-7 concentration of the samples was determined using a calibration curve
(linear between 0.1 mg/L and 50 mg/L (R2 = 0.99)), which was created with reference to
the peak area corresponding to known concentrations of the analytical standard.

2.7. Statistical Methods

Statistical significance was determined by analysis of variance (ANOVA), and a two-
sample t-test was used to compare the mean values of different groups. The data were
reported as the mean ± standard deviation (SD) of three replicates, and significance was
accepted at p < 0.05.

3. Results and Discussion

The various factors explored were selected to represent the likely storage environments
for fermented MK-7 supplements and fortified or functional foods, together with potential
conditions to which fermented MK-7 may be exposed during the manufacture of such
products. For example, fermented MK-7-enriched dairy goods or supplements requiring
cold temperature storage will probably be stored in the fridge at a low temperature (4 ◦C).
In comparison, most other supplements and MK-7-enriched foods are likely to be stored
and consumed at ambient temperature (20 ◦C). The packaging material and design for
MK-7 products can influence the amount of light that MK-7 supplements and functional
foods are exposed to, as dark, opaque, and transparent materials all permit the passage of
variable amounts of light. Additionally, exposure to atmospheric oxygen is inevitable in
the case of all MK-7 end products. High temperature (100 ◦C) conditions and exposure to
UV light are likely to represent conditions that fermented MK-7 may be exposed to during
the production, transportation, and storage of certain MK-7-enriched supplements and
fortified or functional foods. All variables were first considered over a short timeframe. The
optimal conditions that promoted minimal degradation and/or isomerisation of bioactive
MK-7 were further explored to evaluate the stability of all-trans MK-7 over a longer period.

3.1. Effect of Environmental Factors and Storage Conditions on the MK-7 Isomer Composition
3.1.1. Light

The MK-7 isomer profile resulting from short-term storage in the dark at room tem-
perature is outlined in Figure 2. Approximately 61% and 39% of the all-trans isomer and
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87% and 67% of the cis isomer remained in the presence and absence of oxygen after 9 days
of exposure. In addition, there is also no statistically significant difference in the all-trans
and cis MK-7 isomer concentrations for the dark samples between days 3, 6, and 9 when
assessing the presence and absence of oxygen independently (p = 0.652 and p = 0.115 for
all-trans MK-7 in the presence and absence of oxygen and p = 0.785 and p = 0.797 for cis
MK-7 in the presence and absence of oxygen). These findings indicate that no considerable
reduction in the all-trans and cis MK-7 concentration occurs during short-term storage in
the dark at ambient temperature, both with and without exposure to atmospheric oxygen.

 
Figure 2. MK-7 isomer composition following short-term storage in the dark at ambient temperature
in the presence and absence of oxygen for (a) all-trans MK-7 and (b) cis MK-7.

Figure 3 illustrates the effect of ambient light at room temperature on the all-trans and
cis MK-7 concentration, and it is evident that exposure to ambient light has a detrimental
impact on the isomer concentration. Over 99% of all-trans and 100% of cis MK-7 was
degraded to undetectable levels within 3 days of exposure to ambient light with and
without oxygen, implying that contact with oxygen does not have a noticeable effect on
MK-7 stability in the presence of ambient light. The influence of UV light exposure on
the MK-7 isomer concentration is displayed in Figure 4. It is apparent that MK-7 is very
unstable in UV light, as both all-trans and cis MK-7 were not detected over the entire
exposure period, regardless of the presence or absence of atmospheric oxygen.

 
Figure 3. MK-7 isomer profile resulting from short-term exposure to ambient light at room tempera-
ture in the presence and absence of oxygen for (a) all-trans MK-7 and (b) cis MK-7.
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Figure 4. MK-7 isomer composition obtained from short-term exposure to UV light at ambient
temperature in the presence and absence of oxygen for (a) all-trans MK-7 and (b) cis MK-7.

Fat-soluble vitamins, including vitamin K, tend to be light-sensitive and are degraded
by exposure to various forms of light, such as ambient light, daylight, and UV light [35–38].
It has been suggested that light exposure may promote photoisomerisation, which refers to
the conversion of one isomer of a molecule to another by light. Transformation of all-trans
MK-7 to one or more cis forms of the vitamin may potentially occur due to light; however,
there are no specific reports in the literature [7,23,34]. Geometric isomerisation of all-trans
MK-7 as a result of exposure to ambient or UV light was not observed in the current study.
Instead, the concentration of all-trans and cis MK-7 was quickly reduced to undetectable
levels in the presence of both types of light. It is also worth noting that the degree of
photosensitivity of all-trans MK-7 might vary depending on the intensity and wavelength
of light. Additionally, only particular intensities or wavelengths of light may induce the
isomerisation of all-trans MK-7. Therefore, it could be that the light sources used in this
investigation were not of the appropriate intensity or wavelength to promote this effect.

While it has been established that K vitamins are destroyed by light, limited research
has been conducted to explore the stability of MK in the presence of different light sources.
Moreover, studies explicitly considering MK-7 and its isomers in this context are absent.
Ferland and Sadowski [39] assessed the PK content of several vegetable oils and evaluated
the effect of light (daylight and fluorescent light) exposure on the stability of vitamin K1
in rapeseed and safflower oils over 22 days. It was determined that after only 2 days of
exposure, the PK content of rapeseed and safflower oils was reduced by 46% and 59%,
respectively, in the presence of fluorescent light and by 87% and 94%, respectively, when
exposed to daylight. The effect of the type of storage container was also examined for
rapeseed oil. It was ascertained that after 36 h of daylight and fluorescent light exposure,
the PK content decreased by 93% and 44% for oil stored in clear bottles, respectively. In
contrast, storage in amber bottles did not have a significant impact. Despite consideration
of different types of light and vitamin K compounds, the results of this research are similar
to the present study and demonstrate that vitamin K forms are highly vulnerable to light.

Collectively, these observations illustrate the destructive effect of various light sources
on MK-7 and emphasise the importance of using dark or amber bottles and opaque packag-
ing materials for the storage of fermented all-trans MK-7 dietary supplements and fortified
or functional foods to preserve the quantity of the vitamin over its shelf life. UV exposure
must also be avoided and is unsuitable for the manufacture of all-trans MK-7-containing
supplements, milk, and other products that may require UV treatment as a means of pro-
cessing or sterilisation. Strategies such as encapsulation, especially for dietary supplements,
can also be implemented to further protect the all-trans isomer from exposure to light.
Furthermore, it would be worthwhile to increase the awareness of consumers and state
that exposure to light should be avoided on the product packaging to ensure the optimal
performance of fermented all-trans MK-7 nutraceuticals.
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3.1.2. Temperature

The impact of low (4 ◦C) and high (100 ◦C) temperatures on the MK-7 isomer compo-
sition was investigated in the presence and absence of oxygen. The results are depicted in
Figures 5 and 6 for storage in the fridge (4 ◦C) and oven (100 ◦C), respectively. Around 68%
and 61% of all-trans MK-7 and 79% and 61% of cis MK-7 remained in the presence and ab-
sence of oxygen at the end of the exposure period under low temperature conditions. There
is also no statistically significant difference in the all-trans and cis MK-7 concentration for
the fridge samples between days 3, 6, and 9 when considering the presence and absence of
oxygen separately (p = 0.997 and p = 0.944 for all-trans MK-7 in the presence and absence of
oxygen and p = 0.749 and p = 0.098 for cis MK-7 in the presence and absence of oxygen). This
indicates that there is no notable decrease in the all-trans and cis isomer concentration over
short-term exposure to low temperature conditions, both with and without contact with
atmospheric oxygen. In comparison, approximately 17% and 33% of the all-trans isomer
and 43% and 43% of cis MK-7 remained in the presence and absence of oxygen after 9 days
of storage at a high temperature. Furthermore, there is no statistically significant difference
in the all-trans and cis isomer concentrations for the oven samples between days 3, 6, and
9 when individually examining the effect of atmospheric oxygen (p = 0.062 and p = 0.488
for all-trans MK-7 in the presence and absence of oxygen and p = 0.830 and p = 0.689 for cis
MK-7 in the presence and absence of oxygen). However, there is a statistically significant
difference in the all-trans isomer concentration for the oven samples in the presence of
oxygen between days 3 and 9 (p = 0.002). These observations suggest that although there
is no appreciable difference in the isomer concentrations with and without contact with
atmospheric oxygen between all three days of exposure holistically, there is a substantial
decrease in the all-trans MK-7 concentration in the presence of oxygen between days 3 and
9. Thus, oxygen seems to accelerate the decomposition of the biologically active isomer
at high temperatures. Although the effect of heat treatment and oxygen exposure has not
been previously investigated for MK-7 isomers, it has been observed that during heating,
oxygen increases the rate of degradation of all-trans-β-carotene, a precursor of vitamin A,
which, similar to MK-7, is a lipid-soluble vitamin [40].

 
Figure 5. MK-7 isomer profile arising from short-term storage in the fridge at a low temperature in
the presence and absence of oxygen for (a) all-trans MK-7 and (b) cis MK-7.

Figure 6. MK-7 isomer composition occurring from short-term storage in the oven at a high tempera-
ture in the presence and absence of oxygen for (a) all-trans MK-7 and (b) cis MK-7.
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The stability of vitamin K compounds is only slightly affected by heat exposure;
hence, they are regarded as fairly heat-stable [35,36,41]. While there are no prior studies
assessing the influence of heat on the stability of MK-7 isomers specifically, Ferland and
Sadowski [39] have investigated the thermal stability of vitamin K1 in different vegetable
oils at temperatures between 185 and 190 ◦C over 20 and 40 min. A slight loss of PK was
observed, and approximately 7% and 11% of the original vitamin K was lost over 20 and
40 min of exposure, respectively. The findings of this research are largely comparable with
the present study. Despite the differences in the investigated K vitamers, temperatures, and
exposure times between the two studies, they both demonstrate a moderate loss of vitamin
K upon heating, suggesting that MK-7 is relatively stable when exposed to reasonably high
temperatures over a short period.

These observations imply that thermal sterilisation and manufacturing processes
involving high temperatures, such as milling and drying for the synthesis of MK-7 dietary
supplements and extrusion cooking for the production of cereals and other foods fortified
with MK-7, may not reduce the MK-7 content significantly. Although such technological
processes could require greater temperatures than that investigated in the current study
(100 ◦C), the exposure times are expected to be much shorter (over a few minutes or hours
rather than for 3, 6, or 9 days), which will likely mitigate the detrimental effect of higher
temperatures. Additionally, encapsulation methods could be used to protect all-trans MK-7
in processes involving extreme temperatures and/or long handling times.

It is also evident that storage of MK-7 at ambient temperature is acceptable. This is
demonstrated by the relatively high MK-7 content remaining after 9 days for the samples
that were stored in the dark at room temperature (Figure 2). Moreover, there is no statisti-
cally significant difference in the all-trans and cis MK-7 concentrations between the dark
and fridge conditions in the presence and absence of oxygen following short-term exposure
(p = 0.498 for all-trans MK-7 and p = 0.832 for cis MK-7 from the overall ANOVA analysis of
the dark and fridge groups). These outcomes also indicate that the negligible MK-7 isomer
concentrations observed for both the ambient and UV light samples were due to exposure
to the different light conditions and did not result from storage at room temperature.

The amount of light exposure was similar between the samples kept in the dark, fridge,
and oven, as closure of the fridge and oven doors also eliminated light exposure in the low
and high temperature conditions. This allows the effect of temperature to be meaningfully
assessed between these groups. The ANOVA results indicate that there is a statistically
significant difference in the all-trans isomer concentration between the dark, fridge, and
oven conditions in the presence and absence of oxygen over the entire exposure period
(p = 2.201 × 10−4). However, there is no statistically significant difference in the cis MK-7
concentration between these three groups in the presence and absence of oxygen over the
investigated timeframe (p = 0.149). This suggests that while exposure to high temperatures
negatively impacts the concentration of the bioactive isomer, it does not considerably affect
the concentration of the biologically insignificant isomer.

3.1.3. Atmospheric Oxygen

Vitamin K is slowly affected by exposure to atmospheric oxygen [35,41]. It has been
proposed that contact with atmospheric oxygen during the storage of MK-7 dietary sup-
plements may lead to autoxidation processes, which adversely impact the concentration
of the all-trans isomer and promote its isomerisation to cis MK-7 [7,23,34]. Nevertheless,
this phenomenon has not been explicitly assessed, particularly for MK-7 isomers produced
from fermentation.

The experimental observations from the present investigation suggest that contact
with atmospheric oxygen does not have a substantial negative effect on the stability of
MK-7 over a short period. The statistical analysis for the dark, fridge, and oven conditions
(Table 2) indicates that there is no statistically significant difference (p > 0.05) in the all-trans
and cis MK-7 concentrations between the samples that were and were not in contact with
atmospheric oxygen for each day of the exposure period. For the ambient and UV light
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conditions, all-trans MK-7 was only noted in the presence and absence of oxygen for the
ambient light samples on day 3 of exposure, and there was no statistically significant
difference in the all-trans isomer concentration between these two groups (p = 0.109).
Furthermore, since all-trans and cis MK-7 were essentially undetectable following short-
term exposure to ambient and UV light, it is evident that both isomers are rapidly degraded
due to the different light exposures, irrespective of contact with atmospheric oxygen.

Table 2. Comparison of the MK-7 isomer concentrations between the oxygen and no oxygen samples
on each day of the exposure period for the dark, oven, and fridge conditions using a two-sample t-test.

DARK FRIDGE OVEN

All-trans MK-7 concentration All-trans MK-7 concentration All-trans MK-7 concentration

Groups compared p-value Groups compared p-value Groups compared p-value

Day 3 oxygen and no oxygen 0.416 Day 3 oxygen and no oxygen 0.754 Day 3 oxygen and no oxygen 0.212

Day 6 oxygen and no oxygen 0.653 Day 6 oxygen and no oxygen 0.893 Day 6 oxygen and no oxygen 0.610

Day 9 oxygen and no oxygen 0.125 Day 9 oxygen and no oxygen 0.748 Day 9 oxygen and no oxygen 0.085

Cis MK-7 concentration Cis MK-7 concentration Cis MK-7 concentration

Groups compared p-value Groups compared p-value Groups compared p-value

Day 3 oxygen and no oxygen 0.416 Day 3 oxygen and no oxygen 0.736 Day 3 oxygen and no oxygen 0.984

Day 6 oxygen and no oxygen 0.454 Day 6 oxygen and no oxygen 0.772 Day 6 oxygen and no oxygen 0.852

Day 9 oxygen and no oxygen 0.699 Day 9 oxygen and no oxygen 0.603 Day 9 oxygen and no oxygen 0.960

Therefore, oxygen exposure is unlikely to significantly influence the all-trans MK-7
concentration of products that are consumed quickly and have a short shelf life, such as
fortified or functional dairy products containing bioactive MK-7. However, it may adversely
affect the all-trans MK-7 content of dietary supplements and products that are consumed
over a longer period and have an extended shelf life. Encapsulation may be an effective
technique to minimise the oxygen exposure of MK-7 contained in dietary supplements.
Including labels on products to lessen their contact with oxygen (by closing the bottle lid or
securing the packaging material) is also advisable for MK-7-enriched goods with a long
shelf life.

3.1.4. Geometric Isomerisation of All-trans MK-7

It is interesting to notice that although it has been proposed that vitamin K, particularly
all-trans MK-7, is susceptible to isomerisation upon exposure to various conditions, such
as light, atmospheric oxygen, and elevated temperatures [7,23,34], conversion of the all-
trans isomer to the cis form was not observed in the current study (only degradation of
the vitamin and reduction in the concentration of both isomers was noted). A decrease
in the concentration of the biologically effective isomer and a concurrent increase in the
concentration of the cis isomer over time would denote the geometric isomerisation of all-
trans MK-7. The cis MK-7 isomer concentration fluctuated considerably over the different
days of exposure. While a slight increase in the concentration of cis MK-7 was observed
for the fridge and dark storage conditions, there is no statistically significant difference
in the cis isomer concentration in the presence and absence of oxygen between days 0
and 9 for the fridge and dark samples (p = 0.850). Moreover, a general downward trend
in the cis isomer concentration can be noted over the entire exposure period for not only
the fridge and dark samples but for all investigated storage conditions. This indicates a
gradual decline, rather than an increase, in the cis isomer concentration over the 9-day
storage period. Hence, it can be concluded that geometric isomerisation of all-trans MK-
7 did not occur during the short-term exposure study. A potential explanation for the
lack of isomerisation observed in this investigation could be that the conditions explored
were reasonably mild and may not be sufficient to stimulate the isomerisation of all-trans
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MK-7 over the timeframe explored. However, it may be possible for isomerisation to
occur following longer periods of exposure to the same conditions. Alternatively, different
conditions and/or harsher and more extreme environments may be required to promote
the geometric isomerisation of the all-trans isomer.

3.2. Stability of All-trans MK-7 in an Optimal Storage Environment

A monitoring study was conducted to assess the stability of all-trans MK-7 and vari-
ation in the isomer composition over an extended timeframe during storage at a low
temperature (4 ◦C) with minimal oxygen exposure in the absence of light.

In the short-term exposure study, the smallest decline in the concentration of the
bioactive isomer was observed for the samples stored in the fridge at a low temperature
and in the dark at ambient conditions. As previously outlined, the results obtained for the
dark and fridge samples were comparable over a short span (no statistically significant
difference in the MK-7 isomer concentration existed between these two groups). However, it
is recognised that heat has a negative impact on the stability of MK-7 over a longer interval.
Therefore, it was decided to consider storage at low rather than ambient temperature
conditions over an extended period. The samples were also stored in dark/opaque bottles
to further eliminate any light exposure, as it was determined from the short-term study
that light has a detrimental effect on the stability of MK-7. In addition, no statistically
significant difference in the MK-7 isomer concentration was noted between the samples
that were and were not in contact with atmospheric oxygen during the short-term exposure
investigation. Although oxygen is known to slowly impact the stability of MK-7, the
effect of which is only likely to be observed after a prolonged period, the samples for the
long-term study were just stored with the lid on (to decrease oxygen exposure) and not
purged with nitrogen. This was done to simulate the potential environmental conditions
that bioactive fermented MK-7 consumer end products will likely be subjected to during
their manufacture, consumption, and overall shelf life, as, in reality, it would not be feasible
to avoid exposure to atmospheric oxygen completely.

The samples were kept in an optimum storage environment for an extended timeframe.
Figure 7 illustrates the variation in the all-trans and cis isomer concentrations over the long-
term storage investigation. There was no appreciable change in the concentration of both
isomers during 8 weeks of storage at a low temperature in the dark with minimal oxygen
exposure. This implies that all-trans MK-7 is reasonably stable in this environment and is
not susceptible to geometric isomerisation under optimal conditions.

 
Figure 7. Variation in the isomer concentration over 8 weeks of storage at a low temperature with
minimal oxygen exposure in the absence of light for (a) all-trans MK-7 and (b) cis MK-7.

These observations are supported by the ANOVA assessment, which indicates no
statistically significant difference in the all-trans and cis isomer concentrations between
the different weeks of exposure (p = 0.951 for all-trans MK-7 and p = 1.00 for cis MK-7).
Additionally, a comparison of the MK-7 isomer concentration for every week of storage
(weeks 1–8) with the control (week 0) via a t-test revealed that both the all-trans and cis
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MK-7 concentration for each week of storage did not differ significantly from that of the
control (p > 0.05).

Overall, the results of the long-term monitoring study demonstrate that low temper-
ature conditions, reduced oxygen exposure, and the absence of light constitute the ideal
storage environment for fermented MK-7. These conditions prevent the deterioration and
preserve the concentration of the bioactive isomer, thereby retaining the therapeutic value
of fermented MK-7 products.

3.3. Study Limitations

The findings of this investigation offer key insights into the effect of typical environ-
mental and storage conditions that fermented MK-7 supplements and fortified or functional
foods are likely to be subjected to on the MK-7 isomer profile and have shed light on the
stability of the all-trans isomer over an extended period in an optimal storage environment.
The ideal conditions to preserve the concentration of fermented all-trans MK-7 constituted
the absence of light, low temperatures, and minimal oxygen exposure. Therefore, it is
proposed that, where appropriate, fermented MK-7 products are packaged in dark/opaque
bottles or materials and stored with the lid on or packaging tightly secured in the fridge at
low temperature conditions (around 4 ◦C) to ensure that they retain their biological efficacy.

Although the impact of these factors on the isomer composition has been considered
from the perspective of fermented MK-7 consumer end products, they have been examined
in isolation. Thus, the experimental observations are restricted, and the conclusions drawn
may differ slightly when the fermented MK-7 is actually formulated into supplements and
fortified or functional foods.

It has been established that MK-7 is liable to degradation during storage, and the rate
at which this occurs is accelerated in certain environments. Whilst exposure to specific
storage conditions has been investigated in this study, it only covers a subset of the many
factors that may be encountered during the manufacture and overall shelf life of a particular
product. In addition, different preparations of bioactive fermented MK-7 may be exposed to
unique storage environments depending on the characteristics of the final product (tablets,
capsules, or fortified/functional foods).

For instance, fermented all-trans MK-7 formulated into tablets or capsules is likely to
be exposed to various excipient compounds and active ingredients (in the case of multi-
nutrient supplements), such as magnesium oxide (MgO), calcium carbonate (CaCO3), cal-
cium citrate (Ca3(C6H5O7)2), cellulose, gelatine, and other vitamins and minerals. Certain
compounds, including MgO, may also promote alkalinisation, and since MK-7 is vulnerable
to alkaline conditions, such additives can create an unfavourable milieu that may enhance
its deterioration. Hence, the inclusion of additional compounds and ingredients and their
different combinations can create and expose the vitamin to different environments, which
can affect the isomer profile and stability of all-trans MK-7 in different preparations. In
contrast, fermented bioactive MK-7-enriched fortified or functional foods will likely be
subjected to a different set of environmental factors specific to the selected food matrix
and its storage requirements. For example, fresh dairy products require refrigeration at
low temperatures and have a relatively short shelf life compared to cereals and other dry
goods, commonly stored at ambient conditions over a longer period. Therefore, the isomer
composition and stability of all-trans MK-7 will likely vary with the nature of the end
product. Consequently, future research efforts need to be directed towards exploring and
comprehensively understanding the effect of different environmental factors and storage
conditions on the isomer composition and stability of all-trans MK-7 in context rather than
independently of the desired application.

While prior studies have examined the stability of commercially available MK-7 dietary
supplements and similar preparations, there have been no attempts thus far to explore the
stability and isomer profile of fermented MK-7 in different types of formulated products.
Furthermore, since the therapeutic benefits of fermented MK-7 nutritional supplements and
fortified or functional foods solely result from the quantity of all-trans MK-7, it is essential
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to ensure that they contain the bioactive isomer almost exclusively or in the most significant
proportion following their manufacture, during their consumption, and throughout their
overall shelf life. Therefore, in subsequent investigations, it would be advantageous to
consider formulating fermented all-trans MK-7 into various consumer end products, such
as tablets, capsules, and fortified or functional foods, to develop a deeper understanding of
the effect of different production processes, preparations, and foods matrices on the MK-7
isomer profile.

In future work, it would also be valuable to carry out shelf life or degradation studies to
explore both the short- and long-term stability of fermented all-trans MK-7 when formulated
in various dietary supplement preparations and fortified or functional foods. This will
allow the impact of a range of environmental and storage conditions, including product-
specific features and those relating to the proposed packaging materials and design, on the
quantity of bioactive MK-7 and the isomer composition resulting from different end uses
to be elucidated. Factors often governed by commercial pressures also contribute to the
overall shelf life of a product, and these include the time it takes for it to reach the consumer,
the range of temperatures and climates that it is likely to be subjected to between production
and consumption, and the rate at which it is expected to be consumed. Thus, such aspects
also need to be considered in future research when assessing the stability of fermented all-
trans MK-7 over its shelf life after it has been formulated into a diverse range of consumer
products. Additionally, it is vital to ensure that a therapeutically significant concentration
of the vitamin remains in the product at the end of its shelf life after taking into account the
impact of the many factors that contribute to its holistic storage environment.

Essentially, the outcomes of appropriate shelf life and degradation studies examining
the stability of fermented all-trans MK-7 in different product formulations will aid the
estimation of a realistic shelf life and initial content (overage) of the vitamin in various end
products in the future. This will also inform decisions regarding the product packaging
and its recommended storage conditions to preserve the quantity of the bioactive isomer in
specific applications.

4. Conclusions

This investigation presents unique insights into the impact of various environmental
factors and storage conditions that fermented MK-7 consumer end products, such as
dietary supplements and fortified or functional foods, may be subjected to during their
production, consumption, and overall shelf life. The selected parameters included exposure
to atmospheric oxygen, different temperature conditions, and light. These factors were first
considered over a short interval to determine the optimal storage conditions. Essentially,
there appeared to be no discernible differences in the degradation profiles of all-trans
and cis MK-7 under the studied conditions, as, despite minor dissimilarities (possibly
due to experimental variation), the overall trends in the reduction of both isomers with
exposure to the various factors were comparable. Storage in the absence of light at a low
temperature with minimal oxygen exposure preserved the quantity of the all-trans isomer
to the greatest extent and was the ideal storage environment for fermented MK-7. The
stability of the biologically significant MK-7 isomer under the optimal conditions was
then evaluated over an extended period, and negligible change in the concentration of
all-trans MK-7 occurred after 8 weeks of storage. This implies that the all-trans isomer
is reasonably stable and not prone to substantial degradation during long-term storage
in this environment. The findings of this study are significant, as they will facilitate
the development of suitable storage conditions to maintain the concentration of the all-
trans isomer in fermented MK-7 end products. The results will also aid the estimation of
suitable overage levels of the vitamin in different products to account for its deterioration
during storage, which will ensure that the amount of the biologically important isomer
remaining at the end of a product’s shelf life is not below the required or stated quantity.
Collectively, this will be a significant advancement in improving the availability of bioactive
fermented MK-7 nutritional supplements and fortified or functional foods, as the cis isomers
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have considerably compromised biological function and therapeutic value. The broad
consumption of such efficacious products by a range of populations will boost the dietary
intake of MK-7 and help decrease the risk and progression of several age-related disorders
and diseases of global relevance.
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Abstract: Humankind has been unknowingly utilizing food fermentations since the first creation of
bread, cheese, and other basic foods. Since the beginning of the last century, microbial fermentation
has been extensively utilized for production of commodity chemicals. It has also gained substantial
interest in recent decades due to its underlying applications in the preparation of natural and safe
food ingredients including enzymes, antimicrobial agents, vitamins, organic acids, sweeteners,
stabilizers, emulsifiers, oligosaccharides, amino acids, and thickening agents. In addition, some
novel food ingredients that were conventionally made from some other sources such as plant tissue
cultures or animals are now being introduced in the industry as ‘fermentation products.’ Some
examples of such novel fermentation food ingredients include flavonoids, cultured meat products,
food colorants, antioxidants, lipids, and fatty acids. This review summarizes some of the most
prominent food ingredients and novel fermentation food products currently being produced via
microbial fermentation as well as the strategies to enhance such fermentation processes. Additionally,
economical feedstocks are discussed with their potential to be converted into value-added products
with the help of microbial fermentations.

Keywords: enzymes; food ingredients; microbial fermentation; value-added products; vitamins

1. Introduction

Fermentation is used for foods to provide flavor, preservation, enriching, and improv-
ing textural quality by humans over thousands of years. Although it has appeared as a
production method of fermented foods, fermentation has also become an important process
for the food industry with the development of bioprocess technologies and biotechnology.
Furthermore, consumers worry about unsafe chemical food additives, and they tend to
consume natural foods or natural additives as far as possible. Therefore, natural food
ingredients, obtained by fermentation processes, are becoming preferable option [1].

Food ingredients, which are produced by fermentation such as enzymes, sweeteners,
vitamins, organic acids, stabilizers, thickening agents, and amino acids, interest many
manufacturers and researchers for the improvement of food quality. In addition, another
of the main reasons to produce these ingredients by fermentation is to reduce costs and
improve sustainability. For example, enzymes are widely used in different processes in
the food industry, such as cheesemaking, baking, brewing, etc. Moreover, the market
size of the enzyme industry reached more than USD 6.1 billion annually [2]. Industrial-
scale fermentation processes have become increasingly important to meet the growing
demand for enzymes. Similarly, microbial fermentation processes are essential to increase
the production of valuable organic acids, especially lactic acid and citric acid. On the other
hand, some ingredients, such as vitamins, can be produced by the chemical process, which
can cause toxic impact for environment. However, microbial fermentation could be an
environmentally friendly alternative to the traditional production of vitamins by means
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of green “cell factories” [3]. Moreover, due to the preference for microbial fermentation,
different types of wastes, such as agricultural and food wastes, can be evaluated in the
production of food ingredients. Therefore, improvement in the fermentation process can
contribute to overcoming many environmental problems.

However, there are some challenges for the production of these ingredients including
high production costs, increasing energy consumption, low productivity, and sustainability
of feedstocks. There is extensive research in the literature to overcome these challenges to
the production of value-added food products by improving fermentation strategies. Various
ingredients are basically produced by submerged batch fermentation. Nevertheless, fed-
batch or continuous fermentation modes are frequently used by researchers to enhance
production yield [4]. On the other hand, solid-state fermentation can be preferred to
produce some food ingredients, especially those obtained from fungi. This can be explained
by features of solid-state fermentation such as low-energy requirement, less wastewater
generation, and environment friendliness [5]. In addition, regardless of submerged or
solid-state fermentation, studies about optimization of fermentation conditions should
be carried out to improve efficiency [6]. Other strategies studied by researchers include
various approaches related to microorganisms. The most used microorganisms in food
industry can be mentioned as Aspergillus, Penicillum, Kluyveromyces, Rhizopus, etc. (fungi);
Saccharomyces, Pichia, Candida, Yarrowia, etc. (yeast); Lactobacillus, Bacillus, recombinant
Escherichia coli, etc. (bacteria) (Table 1). Although food ingredients can be produced by
almost of all type of microorganisms, some studies, such as the utilization of genetically
engineered microorganisms [7], co-cultured processes [8], and cultivation with newly
isolated microorganisms [9], may be required.

Table 1. Microbial products as value-added food ingredients.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

Enzymes Proteases Bacillus subtilis
B22 Submerged 334 ± 1.8

U/mL

40 ◦C with pH: 8
and Agricultural
waste materials

[10]

Proteases
Rhodotorula
mucilaginosa
CBMAI 1528

Submerged 280 ± 1.7
U/mL

20 ◦C and a culture
medium containing

both glucose and
casein peptone (20

and 10 g/L,
respectively)

[11]

Proteases
Geobacillus ther-
moglucosidasius

SKF4
Submerged 175 U/mL

60 to 65 ◦C, pH 7 to
8, >1% NaCl with
casein and yeast

extract

[12]

Proteases
Aspergillus

sydowii
URM5774

Submerged 352.0 U/mL
pH 8.0 at 45 ◦C

with coffee ground
residues

[13]

Proteases Bacillus
mojavensis Submerged 78.7%

pH 9.08,
temperature

39.74 ◦C with
eggshells and

membrane-based
substrates

[14]
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Table 1. Cont.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

Lipase A. niger Submerged 1.55 U/mL

soluble starch 4%,
(NH4)2SO4 0.1%,

K2HPO4 0.1%,
MgSO4·7H2O

0.05%, peptone 3%,
olive oil 1.05%.

pH 7. Temperature
30 ◦C, agitation

213 rpm

[15]

Lipase Penicillium
fellutanum Submerged 1038.86 U/gds

pH 5.0, incubation
time 24 h,

temperature 35 ◦C
[16]

Glucoamylase Aspergillus niger
van Tieghem Submerged 274.4 U/mL

51.82 g L−1 malt
extract, 9.27 g L−1

CaCl2·2H2O and
0.50 g L−1

FeSO4.7H2O
30 ◦C and 150 rpm

[17]

α-amylase Aspergillus
oryzae Solid-State 10,994.74 U/gds

edible oil cakes,
temperature of

32.5 ◦C, pH of 4.5,
moisture content of

64%

[18]

Cellulase A. niger (NRRL
330) Submerged 0.54 ± 0.02

IU/mL

pH: 5, Temperature:
30 ◦C, Peptone:

5 g/L, Yeast extract:
16.5 g/L and

Ammonium sulfate:
1.9 g/L

[19]

Hemicellulase A. niger (NRRL
330) Submerged 48.71 ± 2.05

IU/mL

pH: 5, Temperature:
30 ◦C, Peptone: 5
g/L, Yeast extract:

16.5 g/L and
Ammonium sulfate:

1.9 g/L

[19]

Antimicrobials Nisin Lactococcus
lactis Submerged 523.5 ± 256.7

IU/mL

D-glucose (80 g/L),
peptone (10 g/L),

YE (10 g/L),
KH2PO4 (10 g/L),
NaCl (2 g/L), and

MgSO4·7H2O
(0.2 g/L), at 32 ◦C

[20]

lysozyme Kluyveromyces
lactis K7 Submerged 141 U/mL 25 ◦C, pH 4,

no aeration [21]

lysozyme Kluyveromyces
lactis K7 Submerged 173 U/mL

16.3% lactose, 1.2%
casamino acid, 0.8%
yeast nitrogen, no
pH control, 25 ◦C,
150 rpm, and no

aeration

[22]

lysozyme Pichia pastoris
GS115 Submerged 14,680 ± 300

U/mL
28 ◦C Temperature,
250 rpm agitation [23]
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Table 1. Cont.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

Vitamins Vitamin B12

Propionibacterium
freudenreichii

DSM 20271 and
Levilactobacillus

brevis

Submerged 742 ng/g dw 200 rpm at 25 ◦C [24]

Vitamin K Bacillus subtilis
natto Submerged 12.09 mg/L

temperature
(35 ◦C), agitation

(200 rpm) and
pH (6.58)

[25]

Vitamin K Bacillus subtilis
natto (NF1) Submerged 28.7 ± 0.3

mg/L

aeration (1 vvm),
agitation (200 rpm

for glycerol and
234 rpm for

glucose), pH (6.48
for glucose and 6.6
for glycerol), and

temperatures
(30 ◦C for glucose

and 35 ◦C for
glycerol)

[26]

Organic acids Lactic acid Lactobacillus
casei Submerged 59.27 g/L yeast extract was

31.35 (g/L) [27]

Lactic acid Lactobacillus
plantarum 23 Submerged 14.2 g/L/h pH 5.0 and 200 rpm

agitation [28]

Propionic acid Mixed bacterial
culture Submerged 26.5 g/L pH 6, 30 ◦C [29]

Sweeteners Arabitol

Candida
parapsilosis
SK26.002

Mutant A6

Submerged 32.92 g/L

30 ◦C, pH: 4.0, 4%
initial inoculum
and 200 rpm in
shake flask with

medium containing
200 g/L glucose
and 30 g/L yeast

extract

[30]

Arabitol Yarrowia
lipolytica ARA9 Submerged 118.5 g/L

30 ◦C, pH: 5.0,
600 rpm agitation

speed and 1.0 vvm
aeration rate.

Medium containing
200 g/L crude

glycerol, 3.7 g/L
(NH4)2SO4 and

2 g/L yeast extract

[31]
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Table 1. Cont.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

Erythritol Yarrowia
lipolytica M53-S

solid state
fermentation 190.5 mg/gds

30 ◦C, 70% initial
moisture content,
pH: 4.0, 7.5 × 104

cells/gds inoculum
size and

supplemented with
0.02 g/gds NaCl.

Medium containing
60% peanut press

cake and 40%
sesame meal

supplemented with
4% biochar and

20% concentrated
enzymatic

hydrolysate of the
defatted

Schizochytrium
residue

[32]

Erythritol
Moniliella

pollinis MUCL
40570

Submerged 106.40 ± 0.42
g/L

30 ◦C, pH: 5.5, 3%
(v/v) initial

inoculum and
200 rpm in shake
flask. Sugarcane
molasses media:

300 g/L total sugar
conc. and 5 g/L

yeast extract. Beet
molasses media:

200 g/L total sugar
and 0.67 g/L yeast

extract. Grape
musts media:

200 g/L total sugar
and 6.7 g/L yeast

extract.

[33]

Erythritol
Moniliella

pollinis CBS
461.67

Submerged
Fed-Batch 94 g/L

30 ◦C, inital pH:
6.5–6.8 (not

controlled during
fermentation),

150 rpm agitation
speed and 1.0 vvm

aeration rate.
Sugarcane juice

medium: 175 g/L
total sugar and

1.63 g/L Moniliella
culture lysate.

Molasses medium:
219.8 g/L total

sugar and 1.63 g/L
Moniliella culture

lysate

[34]
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Table 1. Cont.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

Mannitol Leuconostoc
citreum TR116 Submerged 61.6 g/L

30 ◦C, inital pH: 6.5,
1.0% (v/v) initial

inoculum and
120 rpm agitation

speed. MRS5
medium containing
100.0 g/L fructose

and 50.0 g/L
glucose. Apple
juice medium

supplemented with
2.0 g/L yeast

extract

[35]

Mannitol
Lactobacillus
intermedius

NRRL B-3693
Submerged 80 g/L

37 ◦C, inital pH: 6.0
and 100 rpm

agitation speed.
Red must medium

containing
155.3 g/L sugar,
7.48 g/L yeast

extract and
0.047 g/L

MnSO4·H2O and
white must

medium containing
175.7 g/L sugar,
7.54 g/L yeast

extract and 0.088
g/L MnSO4·H2O

[36]

Oligosaccharides Fructooligo-
sagharides

Aspergillus
oryzae DIA–MF

Solid state
fermentation 7.64 g/L

30 ◦C, pH: 4.5, 70%
initial moisture

content and
2.0 × 107 spores/g
substrat inoculum

size. Different
fermentation

medium including
sugarcane bagasse,

coffee husk,
pineapple peel,

prickle pear peel
and banana peel

waste
supplemented with

aguamiel

[37]

Fructooligo-
sagharides

Bacillus
aryabhattai

GYC2-3
Submerged 26 g/L

30 ◦C, pH: 8.0, 5%
(v/v) inoculum

containing
1 × 106 CFU/mL
and 150 rpm in
shake flask with

medium containing
250 g/L sucrose

[38]
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Table 1. Cont.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

Fructooligo-
sagharides

Mutant strain of
Aspergillus
oryzae S719

(overexpressed
FTase genes)

Submerged 586 ± 4.7 g/L

50 ◦C, pH: 6.0,
160 rpm agitation
speed and 1.0 g/L

mycelium as
inoculum.

Medium containing
900 g/L sucrose

[39]

Mannooligo-
sagharide

recombinant
Aspergillus sojae

AsT3

solid state
fermentation 983.53 U/mg

30 ◦C, pH: 7.0, 1:3
(w/v)

solid-to-liquid
ratiot and 7.0%
inoculum size.

Different
fermentation

medium including
5 g of wheat bran,
rye bran, oat husk,

barley husk
supplemented with
4 g/L yeast extract

[5]

Polysaccharides Glucan
Lasiodiplodia

theobromae CCT
3966

Submerged 0.047 g/g

28 ◦C, pH: 7.0,
105 CFU/m

inoculum and
200 rpm in shake

flask. Fermentation
medium including
Sugarcane straw

hydrolysate
(40 g/L glucose
concentration)

[40]

Glucan Candida utilis
ATCC 9950 Submerged 82%

28 ◦C, 10.0% (v/v)
inoculum,

200 rev/min
agitation and

2.5 vvm aeration.
Medium containing

Deproteinated
Potato Juice Water

(pH 5.0 ± 0.2)
supplemented

with 10% of
glycerol

[41]

Glucan
Lasiodiplodia
theobromae

MMPI
Submerged 1.06 g/L

28 ◦C, pH: 5.5,
10.0 mL inoculum

and 150 rpm in
shake flask.

Medium including
soybean molasses

(20 g/L total sugar)

[42]
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Table 1. Cont.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

Glucan

T-DNA − based
mutant

Aureobasidium
pullulans

CGMCC 19650

Submerged 78.6%

30 ◦C, pH: 3.8,
10.0% (v/v)

inoculum, 400 rpm
agitation speed and

1.0 vvm aeration
rate. Medium

containing 50 g/L
glucose, 3.0 g/L

yeast extract

[43]

Pullulan
Aureobasidium

pullulans MTCC
2013

Submerged 24.77 ± 1.06
g/L

28 ◦C, pH: 6.5, 5.0%
of 1 × 108 cells
inoculum and

150 rpm in shake
flask. Medium

including
hydrolyzed kitchen

waste
supplemented with
0.25% peptone and

yeast extract

[44]

Pullulan

Aureobasidium
pullulans

CCTCC M
2012259

Submerged 50 g/L

30 ◦C, pH: 3.8,
10.0% (v/v)

inoculum, 400 rpm
agitation speed and

1.0 vvm aeration
rate. M1 containing
51.59 g/L cassava

starch and 4.40 g/L
corn steep liquor

powder. M2
containing

51.75 g/L cassava
starch and

9.47 mL/L soybean
meal hydrolysate

[45]

Pullulan
Aerobasidiom
pullulans KY

767024
Submerged 19.45 ± 0.40

g/L

28 ◦C, pH: 5.5,
10.0% inoculum in

shake flask.
Medium including

corn bran
hydrolysates 20%

(w/v) yeast extract
0.2% (w/v)

[46]

Pullulan Aureobasidium
pullulans FB-1 Submerged 4.8%, w/v

30 ◦C, pH: 6.5 5.0%
(v/v) inoculum,

300 rpm agitation
and 0.75 vvm

aeration. Medium
containing 50 g/L
sucrose, 2.0 g/L

yeast extract

[47]
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Table 1. Cont.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

Amino Acids Glutamic acid
Corynebacterium

glutamicum
NCIM 2168

Submerged 16.49 g/L

30 ◦C, 5.0% (v/v)
inoculum and

200 rpm in shake
flask. Medium

containing 50 g/L
glucose, 10 g/L

urea and 19.24% of
salt solution

[48]

Glutamic acid
Corynebacterium

glutamicum
PTCC 1532

Submerged 19.84 mg/mL

30 ◦C, pH: 7.0,
10 mL of the

overnight culture
inoculum, 180 rpm

in shake flask.
Medium containing

90 g/L glucose,
9 μg/L biotin and

3 g/L urea

[49]

methionine

Genetically
engineered

Escherichia coli
W3110-BL

Submerged 1.48 g/L

37 ◦C, 5.0% (v/v)
inoculum, 1.4 vvm
aeration rate and

agitation controlled
DO 20%. Medium
containing 120 g/L
glucose, 50 mg/L

L-lysine,
100 mg/mL
Amp, and

0.1 mmol/L
isopropyl b-d-1-

thiogalactopyranoside

[7]

methionine Recombinant
Escherichia coli

Submerged
(Fed-Batch) 3.22 g/L

30 ◦C, pH: 7.0,
10 mL of the

overnight culture
inoculum, 180 rpm

in shake flask.
Medium containing

20 g/L glucose,
2 g/L yeast extract,
0.01 g/L L-lysine
and 1.0 mL/L salt

solutiın

[50]

tryptophan

Genetically
engineered

Escherichia coli
TS-10

Submerged 1.710 g/L

Tryptophan
fermentation was

carried out in shake
flask with lysogeny
broth medium for

48 h

[51]
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Table 1. Cont.

Category Product Microorganisms
Fermentation

Mode
Productivity

Fermentation
Conditions

Refs.

tryptophan Pediococcus
acidilactici TP-6 Submerged 68.05 mg/L

30 ◦C, 10.0% (v/v)
inoculum in shake

flask. Medium
containing

14.06 g/L molasses,
23.68 g/L meat

extract, 5.56 g/L
urea 0.024 g/L and

FeSO4

[52]

tryptophan

Genetically
modified

Escherichia coli
CCTCC

M20211388

Submerged 52.1 g/L

35 ◦C, pH: 7.0,
20 mL (OD600: 1.0)
inoculum, aeration
rate and agitation

controlled DO
20–30%. Medium
containing 20 g/L

glucose, 1 g/L
yeast extract and

2 g/L sodium
citrate

[53]

Lysine
Metanolic

engineered C.
glutamicum

Submerged
(Fed-Batch)

221.3 ± 17.6
g/L

fermentation was
carried out in

bioreactor with 10%
(v/v) inoculum.

Medium containing
80 g/L glucose,

40 g/L beet

[54]

This review focusses on the production of food ingredients produced via microbial
fermentations by utilizing novel approaches as well as low-cost feedstocks. Furthermore,
the utilized microbial strains, fermentation conditions, alternative substrates, and the
properties of each ingredient were also discussed.

2. Food Ingredients as the Fermentation Products

Food ingredients are significant factors for human health and lifestyle and could be
produced through different ways. Fermentation is one of production methods, and it
has some advantages such as sustainability, flexibility, and productivity. Therefore, using
fermentation to produce food ingredients has become a significant option for researchers
and manufacturers. In this section of review, critical points of fermentative production of
food ingredients are summarized.

2.1. Enzymes

Enzymes are the biological catalysts that can accelerate the corresponding reac-
tions [55]. Since their discovery, enzymes have become a crucial part of many industrial
sectors due to their accelerated mode of action under operable conditions such as tempera-
ture and pH [55]. Based on one estimate, the enzyme industry comprised more than USD
6.1 billion annually, which is expected to increase to at least USD 8.5 billion [2]. For the
food industry, proteases, lipases, and carbohydrases are some of the enzymes that can be
expanded into many different applications based on their mode of action and market size
along with their novel fermentation strategies in the food industry. While most of these
enzymes are produced with the help of microbial fermentations at industrial scales, the
new and innovative technologies such as biofilm reactors, cell-immobilization techniques,
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and the use of economical feedstock are also continuously evaluated to enhance the overall
enzyme production process (Tables 1 and 2).

Among a broad spectrum of microbial enzymes in the food industry, proteases can be
considered as one of the most prominent ones as they approximately represent more than
60% of the hydrolytic enzyme production in the world [56]. There are many applications of
proteases in the food industry, specifically in the coagulation of milk to produce cheese,
meat tenderization, brewing, and baking processes (Table 3). All such applications require
specific operating conditions especially related to the optimum pH, and proteases can be
categorized according to their optimum pH into acidic, neutral, and alkaline proteases [56].
The mechanism of action of proteases can be generalized according to their catalytic types
based on the types of amino acids present at their active sites. Proteases can be divided into
aspartate proteases, serine proteases, cysteine proteases, and metalloproteases [57]. Aspar-
tate proteases cleave a peptide bond between two hydrophobic amino acid residues [57].
Cysteine proteases have a thiol group which upon activation by binding to the substrate
attacks the peptide bond as a nucleophile. Serine proteases act in a similar way with
the nucleophilic serine at the active site. On the other hand, metalloproteases use the
nucleophilic action of water as the steps for peptide bond hydrolysis. On the other hand,
protease can also operate under a wide temperature range (20 to 65 ◦C). The production of
protease, therefore, has been a topic of interest for the past few decades because of their
chemical nature and culture conditions as shown in Table 1. Owing to their wide range
of functional parameters, they have been found in many food processing applications.
For example, in case of cheesemaking, their function to digest casein through peptide
hydrolysis is imperative for operating at the required pH [58].

Numerous studies are showing the potential of many microbial strains that can be
used to produce proteases under different cultural conditions. Among various microbial
species for enzyme production, fungal strains represent more than 60% of the total enzyme
productions, while other species such as bacteria (24%), Streptomyces (4%), and yeast (4%)
are also prominent [55]. Table 1 also shows that most of the new research is happening to
replace the current solid-state fermentations process by submerged fermentations which
are more easily adaptable at the industrial scales. For example, in the research by Elumalai
et al. [14], it was observed that agricultural wastes can be used as the feedstock for protease
production under submerged conditions at 40 ◦C and pH 8 [10]. In another submerged
fermentation approach, Rhodotorula mucilaginosa CBMAI 1528 was used to produce protease
by using glucose and casein peptone [11]. The temperature for the growth of this strain
was only 20 ◦C. On the other hand, 60 to 65 ◦C was evaluated as the optimum temperature
by Suleiman et al. showing a wide range of temperature for the production and action of
this enzyme [12]. Many other examples of such studies are given in Table 1.

Lipases, on the other hand, are needed in many food industries mainly to enhance
or modify the flavors [59]. Lipases help in the hydrolysis of ester linkages [60]. Lipases
belong to the α/β hydrolase family with an active serine residue at the active site. Most
of the microbial lipases are the esterases that are activated by binding to the lipid–water
interface [61]. The cleaving of ester linkages is carried out through a variety of reactions
such as esterification, acidolysis, alcoholysis, and hydrolysis [62]. Microbial lipases are
prominent in biotechnology for their applications in the lipid–water interface [62]. Among
various applications in the food industry, the prominent ones are the obtaining the desirable
flavors and the production of modified acylglycerols with the help of interesterification
processes carried out by lipases [62]. Lipases can be classified according to the specificity in
the substrates and sources of the lipids. There are many different classification systems and
microbial lipases are generally classified into fungal, yeast, and bacterial lipases.

The optimum production temperature for lipases is around 30 to 40 ◦C and the
optimum pH can be from 5 to 7 (Table 1). Lipases are produced by many different types of
microbial species, but most of the research focus is on fungal strains due to their potential for
high enzyme productions (Table 1). While fungal strains are used in solid-state fermentation
conditions because of their adaptability to low moisture environments, the submerged
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fermentation techniques are being explored at accelerated rates due to their realization
at large industrial scales [59]. A. niger and P. fellutanum are explored under submerged
fermentation for lipase production with a temperature range from 30 to 35 ◦C and pH
from 5 to 7 [15,16]. The novelty of such studies is their optimization approach through
statistical designs such as response surface methodology. Through such optimization
approaches not only optimum fermentation conditions but the optimum concentrations of
media components are also determined hence giving an ideal fermentation mode for the
specific product and microbial strain.

Many different types of carbohydrases are currently prevalent in the food industry.
Carbohydrases are the enzymes that catalyze polysaccharides into oligo- and monosaccha-
rides. Prominent examples include amylases, glucosidases, cellulases, and hemicellulases
(Table 1). Among various applications of such enzymes in the food industry, the most
prominent ones are the breakdown of starch by amylases and glucosides to produce simple
sugars and clarification of juices by cellulases and hemicellulases (Table 3).

For cellulase and hemicellulase production, economical feedstocks, which are high
in fiber, can be used. Economical feedstocks are agricultural wastes such as food waste
or the byproducts of an industrial process. One example, in this regard, is the use of the
byproduct of the corn ethanol industry, which is known as distillers dried grains with
solubles or DDGS [19]. These inexpensive feedstocks can provide the essential carbon
sources, while additional media elements such as nitrogen sources can further increase
enzyme production. For most of these enzymes, A. niger strains are being employed and
researched for high enzyme activities. Fungal strains especially A. niger and Trichoderma
reesei can produce a wide array of such enzymes in a single fermentation batch [63,64].
This is the main reason that these two strains are researched more extensively for their
optimum enzyme production conditions [63,64]. Overall, the production of enzymes
through microbial fermentation has been adapted in various industries including the food
industry for the last several decades. There are also recent advancements in the field of
microbial enzyme productions, and it is important to mention that the market size of
enzymes is increasing with every passing year.

Table 2. Some examples of inexpensive feedstocks with their pretreatment methods.

Inexpensive Feedstock Products Examples
Pretreatment
Conditions

Refs.

Agricultural waste Enzymes Crop straw, Poplar
wood, sawdust Grinding [65,66]

Other value-added
products

Cattle dung, rice straw,
wheat straw

Hydrothermal
treatment, Mild
chemical treatment

[67,68]

Food waste Enzymes Banana skin, bagasse Sulfuric acid hydrolysis [65,69]

Monosaccharides Wheat bran, coffee
waste

Mild chemical
treatment,
Hydrothermal
treatment

[70]

Other value-added
products

Cucumber, tomato,
lettuce, lemon peel

ultrasonic and ozone
pretreatment [71]

Oceanic seaweed Lactic acid Brown, red or green
alga

Acid and/or enzymatic
hydrolysis [72]

Other value-added
products Brown seaweed Ethanol extraction [73]
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Table 3. Applications of value-added food ingredients from microbial fermentations.

Category Value-Added Ingredient
Application in Food
Industry

Refs.

Enzymes Protease
Coagulation of milk, Bread
quality enhancement, Meat
tenderization, Brewing

[74]

Amylase Baking, Brewing, Clarification
of fruit juices [74]

Cellulase Clarification of fruit juices,
Animal feed [74]

Hemicellulase Beer improvement [75]

Antimicrobials Nisin Shelf-life extension [76]

Lysozyme Decreasing the microbial
population in food [76]

Natamycin Inhibiting the growth of
harmful mold [77]

Vitamins B2, B12, K Improve food quality [3]

Sweeteners Sugar Alcohols
Improve the flavor, health
concerns, diabetic food
industry

[78]

Cultured meat Non-animal-based meat Vegetarian/vegan industry [79]

Stabilizers Xanthan gum Shelf-life extension [80]

Gellan [80]

Curdlan [80]

2.2. Antimicrobials

For decades, the food industry has been using chemical and physical methods for the
preservation to inactive the harmful pathogenic and spoilage microorganisms, which have
contributed to the loss of thousands of lives and billions of dollars [76]. On the other hand,
some microorganisms and their natural metabolic products can prevent the growth of
other microorganisms. There are many antimicrobial agents such as nisin, natamycin, and
lysozymes that can be produced by the microbial fermentation process. Such antimicrobial
agents have been approved by Food and Drug Administration (FDA) and the European
Food Safety Authority (EFSA) for their safe use in the food preservation industry [76]. The
improvement in the fermentation processes for the production of such antimicrobials is an
ongoing research area as summarized on Table 1.

Among all of such antimicrobials, nisin is considered one of the most prominent
antimicrobials in terms of its ability to improve food safety, quality, and increasing shelf-
life [81]. Nisin is an antimicrobial peptide with bactericidal properties by binding to the
bacterial cell wall through electrostatic interactions [82]. Then, nisin generates pores in the
cell membrane and interrupts cell wall biosynthesis through specific lipid interactions [82].

This microbial peptide has been used in the food industry for many years as a natural
and safe preservative. Nisin is effective against a wide array of Gram-positive bacteria and
endospores. Therefore, it has been used in the dairy and canned food productions [81]. It
is mainly produced by Lactococcus lactis, and there are many recent developments in the
fermentation process to enhance nisin production (Table 1). One example is the develop-
ment of biofilms reactors to immobilize L. lactis [20]. It has been demonstrated that high
level of microbial cells bound to a solid matrix of porous material can result in higher nisin
production as compared to the suspended cells reactors [20].
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Among various other novel fermentation strategies to enhance the production of nisin,
online recovery of nisin during fermentation, foam fractionation, addition of hemin to
induce cell respiration, aeration with variable feeding rate, and co-culturing with other
microorganisms are most prominent. Zheng et al. [83] reported the increase in the fermenta-
tion efficiency with the help of online recovery and foam fractionation. On the other hand,
media optimization strategies such as the addition of hemin to stimulate the cell respiration
have also been reported [84]. Culture condition optimization such as variable feeding
and aeration rates has also proven to be effective in the increase of nisin production [85].
Microbial strains Yarrowia lipolytica ATCC18942 and L. lactis UTMC106 are co-cultured to
enhance nisin production as well [86].

Natamycin is another antimicrobial peptide produced mainly by Actinomycetes in-
cluding Streptomyces chattanogenesis and Streptomyces natalensis [77]. Natamycin acts by
binding to ergosterol which is a primary sterol in fungal cell wall [87]. Among various food
preservations applications, cheese is the most common [77]. Natamycin has low solubility,
and therefore it is ideal to apply over the cheese surface. While simple sugars such as
glucose can be used as the carbon source, natamycin can be produced at industrial scales
by using molasses or soybean meal with the most commonly used microbial strains of S.
natalensis or Streptomyces gilvosporeus [77]. The optimum temperature for this antibiotic pro-
duction can be between 26 to 30 ◦C, and pH can be between 6 and 8. All such temperature
and pH ranges are determined over the period of extensive research on the increase of this
antibiotic production using novel fermentation strategies [77].

Lysozyme is found in many of the organisms in this world including humans. The
enzyme acts as the protective mechanism in these organisms against Gram-positive bacteria
by breaking the glycosidic bonds in the cell wall, which causes the cell lysis [88]. Lysozyme
has been attributed to the extension of shelf life of meat products under refrigerated
conditions [89]. Microbial lysozymes can be produced from different strains of Pichia pastoris
(Table 1). Furthermore, the human lysozyme can be produced by genetically modified strain
of K. lactis K7, and its production has been greatly enhanced by using biofilm reactors [21].
Strain selection and biofilm reactors are some of the fermentation strategies used recently to
enhance lysozyme production. In conclusion, antimicrobial production through microbial
fermentation is gaining interest at both research and industrial scales. The potential of
using fermentation processes to produce antimicrobials has been explored extensively in
recent years, as summarized on Table 1.

2.3. Vitamins

Vitamins are the essential nutrient components that are required for the growth and
health of humans. There are more than 30 vitamins, and at least 20 of them are essential for
the metabolic functions [3]. Vitamins can either be produced from the chemical process,
which can be energy-intensive and toxic for the environment. Microbial fermentation
processes, on the other hand, have been recognized as the green “cell factories” for the
low-cost production of vitamins [3]. In addition, microbial fermentations result in lesser
intensive waste management strategies. Vitamins can be categorized into water-soluble
or fat-soluble, and they each have a specific function in almost all the metabolic processes.
Therefore, their deficiency can cause serious health problems in humans. Typically, different
biotechnological techniques such as genetic engineering, metabolic engineering, media,
and culture optimization with the development of special types of bioreactors have been
developed and explored for the production of vitamins at industrial scales.

Production of most of the vitamins such as various types of Vitamin B and K takes
place in submerged fermentation (Table 1). The majority of the carbon sources are simple
sugars such as glucose or other monosaccharides with minerals and nitrogen sources,
as mentioned in Table 1. Technical parameters such as optimized temperature, pH, and
aeration rates are also mentioned in Table 1. As can be seen in the table, these fermentation
parameters can have different ranges for different types of vitamins and microbial strains.

158



Processes 2023, 11, 1715

Therefore, it is crucial to know the optimized value according to every vitamin and other
microbial products.

A recent trend that is gaining more interest due to the relative applications in scale-up
is the development of biofilm reactors for vitamin production [25,26,90]. These biofilm
reactors are equipped with plastic composite support (PCS) where the bacterial species
can form biofilms and enhance the production of vitamins. In a recent study, Vitamin K
was produced successfully under agitated conditions by using biofilm reactors, which will
enable the fermentation scale-up easily for commercial production of Vitamin K as opposed
to the currently used static fermentation [26]. The fed-batch bioreactors are another type
of product enhancement strategy where the media is supplemented at regular intervals
for the maximum production of the microbial product. Both of these strategies are being
explored for vitamin production especially vitamin K [26].

2.4. Organic Acids

Organic acids are one of the most important platform chemicals that are needed for
the production of several products in food and many other industries [91]. For example,
lactic acid is used as an acidifier with antimicrobial agent in foods and in packing material.
On the other hand, acetic acid is crucial in the production of vinegar, pickles, and some
flavors. All such applications make organic acids important in the food industry. Citric
acid is another important organic acid in the food industry. According to one estimate,
organic acids had a market size of USD 6.94 billion in 2016 which is projected to increase
to USD 12.54 billion by 2026 [91]. The overall impact of the increase in the demand for
organic acids entails different research strategies to enhance the production through various
improvement techniques in microbial fermentation (Table 1). The fermentation conditions
are usually within the pH of 5 to 6 and temperature from 30 to 37 ◦C (Table 1). Among
various microbial species, Lactobacillus, Acetobacter, Gluconoacetobacter, and Gluconobacter
species are the most common for the production of organic acids. Most of these microbial
species have been optimized for maximum production of organic acids under optimized
culture parameters.

2.5. Sweeteners

Low calories alternatives of sugars in human diet become more attractive for food
manufacturers and scientists, with the increasing of diseases and dependance on sugar con-
sumption [78]. Polyols, such as sorbitol, mannitol, maltitol, lactitol, xylitol, and erythritol,
are mostly used as a sweetener substitute of sugars, due to their low caloric, cariogenic
properties with no effect on insulin resistance features. On the other hand, synthetic sweet-
eners (thaumatin and aspartame) are also widely used as a food ingredient in various
industries [78,92]. Synthetic sweeteners are produced by chemical, enzymatic, and micro-
bial techniques. There has been extensive research in the literature about enhancing the
production of sweeteners, and most sweeteners, produced by fermentation, are notably
erythritol [93,94]. Table 1, including recent research about fermentative production of sweet-
eners, shows that fungi, yeast, and bacteria are used for sweetener production. Considering
producer microorganisms in Table 1, Yarrowia lipolytica and Moniliella ssp., Rhodosporidium
toruloides and Candida ssp., and Lactobacillus ssp. are preferred for erythritol, arabitol, and
mannitol production, respectively [36,95]. Moreover, genetically modified microorganisms
are also used for boosting yield by researchers. On the other hand, evaluating different
fermentation strategies (Batch, fed-batch, and solid-state fermentation) and the low-cost
fermentation media ingredients (Crude glycerol, okara–buckwheat husk, waste oil, peanut
press cake, sugarcane molasses, etc.) are also prominent strategies for increasing yield and
reducing production costs as summarized in Tables 1 and 2.
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2.6. Flavonoids

Flavonoids such as flavones, chalcones, flavanols, and isoflavones are bioactive com-
pounds found in plants that play an active role in many health-promoting properties such
as antitumor, antifungal, antiviral, and antibacterial attributes [96]. Therefore, research
efforts have been promoted to develop different variations of such compounds. While
the major source of such compounds is plants which possess the difficulty of large-scale
culture, specific culture requirements, and low abundance of molecules of interest, the
increasing demands for such chemical compounds are now met with the idea of producing
such compounds in the microbial systems [96]. Various microorganisms have been geneti-
cally modified to produce flavonoids with the help of microbial fermentation. Traditional
examples include Escherichia coli and Yarrowia lipolytica [96].

2.7. Cultured Meat Products

The current global population of 7.3 billion is expected to increase to 10 billion by 2050,
which will result in the doubling of the demand for proteins which are currently met by
an unsustainable meat industry [79]. While plant proteins are proposed as the alternative
protein source, they also possess various issues including allergic reactions and low protein
content. To solve such problems, a new technology employs cultured muscle cells as an
alternative to real meat. This is a relatively a new technique, which is a type of in vitro cell
culture technology where the skeletal muscle-derived cells are grown and used as meat for
human consumption. The original source of the cells is from the slaughterhouse [79]. While
it is still in its infancy stages, various bioreactor techniques can be used to enhance the
production of cultured meat products with the help of various optimization strategies [79].
Products such as bio-artificial muscles (BAMs) can be produced using skeletal muscle
resident stem cells or satellite cells, but much research is needed to develop technologies
where such products can be used as the cultured meat products [97].

2.8. Oligosaccharides and Polysaccharides

Oligosaccharides are generally formed by 2–10 monosaccharides unit such as pen-
tose and hexose and can be defined as an intermediate polymeric carbohydrate between
monosaccharides and polysaccharides. They are naturally found in animals, microorgan-
isms and plants [98]. These carbohydrates are commercially obtained from lignocellulosic
biomass by physical, chemical, biological, or enzymatic pretreatment methods, and they
supplement food products as a prebiotic due to their functional properties [98–100]. Biolog-
ical pretreatment is known as the degradation of polysaccharides by microbial enzymes
or using microorganisms directly (in situ) for producing oligosaccharides [101]. Because
of requiring less energy, being eco-friendly, and being an efficient method, biological
pretreatment is also used to produce well known oligosaccharides like fructooligosac-
charides (FOSs), xylooligosaccharides (XOSs), and mannooligosaccharides (MOSs) [98].
In addition to these most used oligosaccharides, galactooligosaccharides (GOSs), pectic
oligosaccharides, and human milk oligosaccharides (HMOs) are also produced by biologi-
cal pretreatment [101,102]. FOSs are produced with sucrose bioconversion, which catalyzed
by β-fructofuranosidase and fructosyltransferase enzymes, generally. This bioconversion
process begins with enzyme production by fermentation and ending with enzymatic degra-
dation [103]. In recent years, FOS production was carried out with different fermentation
strategies such as submerged, solid-state, and co-cultured by using Aspergillus sp., Lacto-
bacillus sp., Bifidobacterium longum, Leuconostoc mesenteroides, Aureobasidium pullulans, and
a mutant strain of Aspergillus oryzae (Table 1). Moreover, cashew apple juice, aguamiel,
sugarcane bagasse, coffee husk, pineapple peel, prickle pear peel, and banana peel waste
were evaluated as alternative substrates (Table 1). XOSs, one of the other important at-
tracted oligosaccharides, can be obtained from xylan and alternative substrates by using
enzymes, which are produced by fermentation. Generally, microorganisms, able to produce
endo-1,4-β-xylanase enzyme, such as Aspergillus, Fusarium, Penicillium, and Trichoderma
are main XOS fermentation fungi [104]. Nevertheless, using recombinant enzymes, pro-
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duced by Bacillus subtilis, and adding an alternative carbon source instead of xylan are
promising alternatives (Table 1). MOSs are non-digestible and water-soluble dietary fiber
and are used as a nutrient for human intestinal microflora in daily nutrition. MOSs can be
produced by enzymatic hydrolysis of mannan and different plant sources. Production of
these oligosaccharidesis is carried out by using of β-mannanase or directly cultivating the
β-mannanase producer microorganism, which is Aspergillus sp. [5].

Texture properties of food products affect consumer perception, considerably. Ac-
cordingly, the production of quality foods in terms of visual and sensory perception is
related with the controlling and characterization of rheological properties by some ingredi-
ents [105]. Quite a few polymers like exopolysaccharides are used as stabilizers, emulsifiers,
and thickening agents in the food industry. This section focused on these polymers, which
are produced by fermentation such as β-glucan, pullulan, xanthan gum, bacterial cellulose,
gellan, dextran, and curdlan [80]. β-glucans, which are generally used as emulsifier and
thickening agents, consist of D-glucose units linked by β-glycosidic linkages [40,106]. De-
spite bacteria, fungi, and yeast being able to produce β-glucans, fungi (Aspergillus niger,
Rhizopus oryzae, and Lasiodiplodia theobromae) were mostly used in recent research (Table 1).
The main substrate of β-glucan fermentation is glucose, but alternative substrates such as
oat bran, sugarcane straw, soybean molasses, and potato juice were also evaluated (Table 1).
Pullulan, produced by Aureobasidium pullulans substantially, is composed of repeated mal-
totriose units. Due to its characteristic properties, Pullulan is used in food products as an
additive for stabilization and thickening. Carbon sources of pullulan fermentation include
widely alternatives like glucose, fructose, sucrose, and some agro-wastes. Nevertheless,
some studies, about the use of genetic modification techniques and/or low-cost medium
component, appear in literature for lowering production cost of pullulan [101,107] (Table 1).
Unlike β-glucans and pullulans, xanthan gum, consisting of D-glucose, D-mannose, D-
glucuronic acid, and pyruvic acid, is a heteropolysaccharide. Xanthan gum is naturally
produced by Gram-negative bacteria Xanthomonas sp. Through major properties of this
polymer such as high viscosity, water solubility, and stability, market size reached about
USD 23 million per year and was used for contributing to stabilization and thickening
of food products. Using expensive substrates like glucose and sucrose is significantly
responsible fir high production cost [108,109]. Some studies present strategies in Table 1 for
avoiding of fermentation outgoings, which are regarding using alternative carbon sources,
optimization of conditions, and using genetical tools.

2.9. Amino Acids

Since the production of monosodium glutamate, amino acids have been evaluated
in the food industry as additives to be a flavorant [110]. The market size of amino acids
reached nearly USD 25.6 billion, and amino acids, used for animal feed, are the largest part
of demand at USD 10.4 billion [111]. This value-added compound can be produced by
different methods such as extraction of proteins, chemical synthesis, enzymatic reactions,
and fermentation. Fermentation processes can be used for amino acid production in two
different ways: one, for production of enzymes to catalyze amino acid synthesis and second
for direct amino acid production through fermentation using microorganisms. A great
number of different amino acids can be produced by Corynebacterium glutamicum, Brevibac-
terium spp., and Escherichia coli. Moreover, the most commercially known amino acids,
such as glutamic acid, methionine, tryptophan, lysine, tyrosine, phenylalanine, leucine,
valine, arginine, histidine, and others, can be produced by these microorganisms (Table 1).
Moreover, C. glutamicum and E. coli can utilize different type of carbon sources, and these
bacteria are easily modified by metabolic engineering [112]. Due to those advantages of C.
glutamicum and E. coli, several amino acid production studies were carried out in recent
years (Table 1). On the other hand, agricultural biomass was used to boost the yield of
amino acid production by genetically modified C. glutamicum. For instance, Han et al.
extracted biotin from corn leaves to enrich the fermentation medium of glutamic acid.
Glutamic acid fermentation was carried out in a bioreactor by using genetically engineered
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C. glutamicum S9114, and they reported that glutamic acid can be efficiently produced by
the addition of biotin extracted from corn leaves [113]. In another study, C. glutamicum
with modified carbohydrate metabolism was used for L-lysine fed-batch fermentation
in a medium containing beet molasses and corn step liquor. It was found that highly
efficient production of L-lysine from mixed sugars could be achieved [54]. Except for these,
some specific microorganisms could be used for amino acid production. For example,
phenylpyruvic acid, which is a deaminated form of phenylalanine, can be produced by
Proteus vulgaris in fed-batch or continuous fermentation [114].

2.10. Food Colorants

For many food preparations, food colorants are an integral part of the recipe and
are added for the much-required aesthetic identity of the food products. Among various
concerns regarding food colorants in terms of their safety, flavor, and nutritional profiles
are the most important ones to consider. Currently, the food colorant market is USD
3.88 billion which is expected to increase to USD 5.12 billion by 2023 [115]. Mostly natural
pigments that are being used as colorants are usually sources from plants, animals, or
microorganisms, while synthetic pigments were also introduced in the food industry in the
mid-nineteenth century. However, their safety is an issue still being debated among many
nutritionists and medical researchers. Compared to the plant ones, on the other hand, mi-
crobial colorants are more stable, indifferent to seasonal variations, and cost-effective [115].
Therefore, many advances in the development of microbial fermentation for the production
of colorants have been made in recent years. Some examples of microbial food-grade
pigments are astaxanthin (Xanthophyllomyces dendrorhous), arpink red (Penicillium oxalicum),
riboflavin (Ashbya gossypii), carotene (Blakeslea trisporatrispora), canthaxanthin (Bradyrhi-
zobium Spp.), prodigiosin, (Serratia marcescens), phycocyanin (Aphanizomenon flosaquae),
violacein (Chromobacterium violaceum), and lycopene (Fusarium, Sporotrichioides and Blakeslea
trispora) [115,116].

2.11. Antioxidants

Antioxidants can defend biological molecules, which are important for human health,
against oxidation. Thus, they contribute protection from diseases, caused by reactive
oxygen. Some vitamins (ascorbic acid or vitamin E) and polyphenols such as phenolic
acid, flavonoid, stilbenes, and carotenoids (lycopene and β-carotene) are commonly used
compounds in food industry as antioxidant additives and supplements. These compounds
are produced by extraction from plant source traditionally. However, microbial production
of antioxidants becomes more favorable, due to typical advantages of biotechnological
processes such as renewability, controlling of fermentation conditions, and manipulability
of microorganisms. Antioxidants, involved in a wide range of biological molecules, are
produced as directly or as secondary metabolites by Actinomycetes, bacteria, fungi, and
engineered microorganisms [117,118]. Commercial production of lycopene and β-carotene
was carried out by Blakeslea Trispora [119]. Streptomyces sp. can produce several antioxidants
like terpenoids, gallocatechin gallate, isoflavonoids, etc. On the other hand, some phenolic
compounds such as gallic acid and ferulic acid are produced by Aspergillus oryzae, Mucor
racemosus, Rhizopus oligosporrus, and Aspergillus niger. In addition to that, phenolic content
and antioxidant properties of some cereals can be improved by solid-state fermentation
with these fungi [119,120].

2.12. Lipids and Fatty Acids

Microbial lipids, which are obtained from oleaginous microorganisms, are single cell
oils, typically. Microbial lipids are produced by fungi such as Mortierella spp., Mucor spp.,
and Cunninghamella spp. as well as yeasts such as by Rhodosporidium, Lipomyces, Yarrowia,
and Cryptococcus species. Although single cell oils have become more popular for obtaining
biodiesel with increasing energy demand, they can be used as supplement or additive
in foods because of contained essential or non-essential fatty acids [121,122]. There are
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several studies in the literature on increasing the efficiency of microbial lipid production.
Chen et al. studied the effect of methanol addition to the medium on lipid production.
Crude glycerol was used as a carbon source in non-sterilized fed-batch fermentation.
They showed that methanol could be used to control the growth of contaminants in
non-sterilized fermentation while achieving 20.42 g/L of lipid production [123]. On the
other hand, the effect of different dissolved oxygen concentrations on lipid production
by Trichosporon oleaginosus was investigated in order to improve lipid production and
reduce energy consumption. It was reported that energy consumption was reduced by
41%, and 11.77 g/L of lipids were produced [124]. Definition and usefulness of fatty
acids vary according to length of hydrocarbon chain including double bonds and the
location of those bonds. For example, polyunsaturated fatty acids like arachidonic acid, γ-
linolenic acid, and eicosapentaenoic acid or lipids, involving these fatty acids, are commonly
used in food industry to enrich of foods or to form stabile emulsions [125]. Microbial
production of polyunsaturated fatty acids has been trending upward in the last decade
in furtherance of meeting the demand and sustainable production. Consequently, there
is a lot of research in the literature to improve production by different ways, such using
alternative substrate [126,127], isolating new microorganisms [128,129], trying different
fermentation techniques [130–132], and metabolic engineering [133–135].

2.13. Alcohols

Alcohols, which refer generally to ethyl alcohol or ethanol, are commonly used biotech-
nological products in the beverage industry and as bioethanol to reduce fossil fuel consump-
tion. Global alcoholic beverages are beer, wine, and spirits, and especially beer and spirits
are the most preferred drinks after water and tea. Ethanol is a product of alcoholic fermen-
tation and can be mainly produced by yeasts [136,137]. Although Saccharomyces cerevisiae is
the main producer of alcohol, other yeasts such as Pichia, Torulaspora, Hanseniaspora, Candida,
Metschnikowia, Lachancea, Schizosaccharomyces, and Brettanomyces are used in brewing and
winemaking fermentations. Mixed culture fermentation is another preferred application for
alcoholic fermentation [138]. Moreover, while genetic engineering techniques and recom-
binant DNA technologies are proven methods for improving production yield, synthetic
biology applications such as the Yeast 2.0 Project are also promising technologies. On the
other hand, some bacteria such as Zymomonas spp. can produce ethanol with a different
metabolic pathway (the Entner–Doudoroff pathway) [136]. Glycerol, a yeast metabolism
byproduct, can be used as a food additive in the food industry. Although it is commonly
produced by recovering from byproducts of fat and oil industries, many researchers have
become interested in fermentation methods to produce glycerol. Apart from its use as
a thickening agent, it is an important compound for the winemaking process. Glycerol
may affect sensorial properties of red wine, which is produced by Saccharomyces and non-
Saccharomyces yeast [139,140]. Glycerol can be produced by wide variety of microorganisms
such as Zygosaccharomyces, Candida, and Kluyveromyces as yeast; Rhizopus, Aspergillus, and
Debaryomyces as fungi; Bacillus spp., Bacterium spp., and Lactobacillus spp. as bacteria; and
Dunaliella as algae [139].

3. Inexpensive Substrates for Such Fermentations

Only the nutritional need of humans is not sufficient as it is estimated that four billion
tons of agricultural and food processing waste will be generated by 2050 [141]. For example,
88 million tons of food waste are generated in only Europe according to the European
Commission [142]. Moreover, agricultural and food wastes cause many environmental
problems and greenhouse gas emissions. Due to these reasons, management of agricultural
and food wastes and evaluation of the production of value-added products are important in
terms of a sustainable economy and prevention of environmental pollution. In this section,
some agricultural and food wastes, which are used as carbon or nitrogen sources for food
ingredient fermentation, are summarized.

163



Processes 2023, 11, 1715

3.1. Agricultural Wastes

Agricultural wastes can be categorized as crop residues, livestock wastes, poultry
wastes, agro-industrial wastes, pulps, and oil-seed cakes, in general. Some of these mate-
rials could be mentioned as leaves, corn stover, rice, wheat, oat, and barley straws (crop
residues); eggshells and farm animal skins (poultry wastes); wastewaters of farms (livestock
wastes); molasses, sugarcane bagasse rice husk, vegetables, and pomaces (agro-industrial
wastes); and cotton, safflower, sesame, palm kernel, and soybean (oil-seed cakes) (Figure 1).
Agricultural wastes require physical, chemical, or biological pretreatment, generally [143].
Much of the research present in the literature is about value-added food ingredient fer-
mentation by using agricultural wastes, which include lignocellulosic structure. Some of
these ingredients are erythritol (sugarcane and beet molasses) [33], FOSs (cashews and
apple juice) [144], MOSs (wheat bran, rye bran, oat husk, and barley husk) [5], inulinase
(sugar beet molasses) [145], β-mannanase (carob pods) [4], Pullulan (corn bran) [46], and
microbial lipids (wastepaper enzymatic hydrolysates) [146].

Figure 1. Supply chain of inexpensive feedstock for microbial fermentations.

For instance, by-products of sugar factories and wineries were evaluated in erythritol
production by Valsero et al. [33]. Sugar cane molasses, beet molasses, and grape musts
were added to the fermentation medium as carbon sources, and 106 g/L of erythritol was
produced by shake-flask fermentation with sugar cane molasses medium. Dried and milled
agro-industrial wastes, such as sugarcane bagasse, coffee husk, pineapple peel, prickle
pear peel, and banana peel waste, were used as substrate for FOS production by solid-state
fermentation. It was found that sugar cane bagasse was the most promising substrate [103].
In another study, MOSs were produced by solid-state fermentation from dried and chopped
wheat bran, rye bran, oat husk, barley husk, and spent coffee grounds. According to this,
the highest MOS production was achieved in the fermentation of spent coffee grounds [5].
Gürler et al. studied the large-scale production of β-mannanase from carob extract. Broken
and seedless carob pots were used in fed-batch fermentation after pre-treatment with
water extraction. They reported that microparticle-added carob extract is a promising
carbon source to produce β-mannanase [4]. Corn bran, an agricultural by-product, was
enzymatically pretreated to produce pullulan by shake-flask fermentation. It was found
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that more than 19 g/L of pullulan can be produced from hydrolyzed corn bran [46]. Apart
from these, fermentation strategies, pretreatment conditions, and productivity of some
ingredients produced from wastes are shown in Table 1.

3.2. Food Wastes

Food wastes consist of food processing wastes and kitchen wastes (Figure 1). While
processing wastes are generated from the dairy industry, meat processing, vegetable and oil
processing, and cereal processing, kitchen wastes are generated from dairies, meats, cereals,
fruits, and vegetables at homes, restaurants, and cafeterias [146,147]. Food wastes are
mostly rich content sources owing to their inclusion of carbohydrates, proteins, fats, lipids,
and inorganic components. Thus, they could be evaluated for bioconversion to energy and
production of value-added products by fermentation. Many of food ingredient could be
produced by different fermentation strategies with or without using pretreatment [146,148].
Table 2 includes some of these studies about enzymes, monosaccharides, and other value-
added products produced by using various food wastes such as cucumber, tomato, lettuce,
and lemon peel. Food processing and kitchen wastes can be utilized for food ingredient
production as carbon sources. However, more research is needed to find economically
feasible and productive methods of this promising bioconversion process [146].

4. Conclusions and Future Perspective

Current advancements in the field of microbial fermentation to produce value-added
food ingredients have been discussed with the help of specific examples of enzymes (pro-
teases in cheese making industry, lipases in flavor modification and carbohydrases in juice
and baking industries, etc.), antimicrobial agents (nisin, natamycin, lysozyme, etc.), vita-
mins (Vitamin B, K, etc.), organic acids (citric acid, acetic acid, etc.), sweeteners, flavonoids
(flavones, chalcones, flavonols, and isoflavones), cultured meat products (BAMs), stabi-
lizers, emulsifiers, oligosaccharides, amino acids, food colorants (Astaxanthin, carotene,
Canthaxanthin, Lycopene, etc.), antioxidants, lipids, fatty acids, thickening agents, and
alcohols. While microorganisms can produce many of such food ingredients efficiently and
abundantly, the improvement in the basic fermentation processes with the help of genetic
engineering, metabolic editing, and optimization is still an ongoing research topic. The
future holds many possibilities to produce microbial products as food ingredients which
will be safe, natural, and environmentally friendly. More studies should be performed
to optimize the microbial production process parameters such as temperature, pH, and
aeration at larger scales. The design of new bioreactor techniques such as biofilm reactors
should also be a focus to cause the adaptation of microbial production at larger scales. In
addition, the design of new bioreactors for innovative research products such as cultured
meats should be researched. The fermentation sector also promises to utilize organic waste
of food industries thus recycling most of the resources back into value-added products.
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Abstract: Brewer’s spent grain (BSG) as the major byproduct in the brewing industry is a promising
feedstock to produce value-added products such as volatile fatty acids (VFAs). Synergistic ball
mill–enzymatic hydrolysis (BM-EH) process is an environmentally friendly pretreatment method
for lignocellulosic materials before bioprocessing. This study investigated the potential of raw
and BM-EH pretreated BSG feedstocks to produce VFAs through a direct thermophilic anaerobic
fermentation process without introducing a methanogen inhibitor. The highest VFA concentration of
over 30 g/L was achieved under the high-solid loading fermentation (HS) of raw BSG. The synergistic
BM-EH pretreatment helps to increase the cellulose conversion to 70%. Under conventional low TS
fermentation conditions, compared to the controlled sample, prolonged pretreatment of the BSG
substrate resulted in increased VFA yields from 0.25 to 0.33 g/gVS, and butyric acid became dominant
instead of acetic acid.

Keywords: brewer’s spent grain; ball mill–enzymatic hydrolysis pretreatment; thermophilic anaero-
bic fermentation; volatile fatty acid profile

1. Introduction

Brewer’s spent grain (BSG) is a major byproduct of the brewing industry, with 40 mil-
lion wet tons produced annually worldwide [1]. Due to its abundance in lignocellulosic
fibrous material and relatively high protein content, BSG is commonly used as animal feed
for cattle or poultry [2]. However, fresh BSG has a high moisture content and can perish
during storage and transportation, while drying the wet BSG can be energy-intensive
and costly. Currently, despite being used as animal feed and a small portion for biogas
production, over 20% of BSG is not well-utilized and is disposed of in landfills, releasing
millions of tons of CO2 greenhouse gas equivalent and posing a threat to the environment.
In recent years, biorefinery has been investigated as an alternative valorization route to
convert this cheap and easily accessible biomass into multiple value-added compounds
such as volatile fatty acids (VFAs), amino acids, and second-generation biofuels [2].

In recent years, the biosynthesis of VFAs from biomass has gained much interest
in the biorefinery area. Acidogenic fermentation, as a part of the anaerobic digestion
(AD) process, can be readily accomplished in well-established AD facilities while yielding
products with higher value than biogas [3]. VFAs produced from such mixed-culture
systems consist mainly of acetic, propionic, isobutyric, butyric, and valeric acids, which are
key platform chemicals widely used in various conventional industries and are currently
being researched as a C-source for the synthesis of bioproducts such as lipids [4] and
bioplastics [5], among others. It has been found that when food waste is used as feedstock
in an acidogenesis process, adjusting the initial substrate/inoculum (S/I) ratio to over three
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can suppress methane production and achieve the highest VFA yield of 0.8 g/gVS under
optimized conditions [6].

Thermophilic conditions (>50 ◦C) have been found to facilitate a stable system under
higher organic loading, as it enables better mass and heat transfer [3]. Furthermore, a
higher temperature could lead to the physicochemical solubilization of the feedstock at
the beginning and help build a greater population of cellulolytic and xylanolytic microbes
that would boost VFA production under short hydraulic retention time (HRT) [7]. Similar
conclusions have been drawn in previous research that shortening the sludge retention
time and increasing the temperature efficiently converts microbial communities in the AD
system towards accumulating specific VFAs instead of producing methane [8].

In recent years, there have been several studies exploring the production of VFA from
BSG using mesophilic acidogenic fermentation systems under various conditions [9–11].
The results indicate that raw BSG can be used as a feedstock in fed-batch AD systems
to produce VFA, with the main components being propionic, acetic, and butyric acid.
However, due to differences in the origin of the BSG samples and AD conditions, the
concentration and composition of VFA produced vary. For example, Sarkar and coworkers
studied batch acidogenic fermentation of raw BSG and achieved a VFA recovery of 8.9 g/L
rich in acetic and butyric acids under alkaline conditions of pH = 9 [10]. To maximize
the utilization of lignocellulosic feedstocks such as BSG, efficient pretreatment processes
are needed to improve the hydrolysis and biodegradability and to facilitate the release of
fermentable sugars [12,13]. For instance, Guarda et al. [9] used sulfuric acid (3%) at 121 ◦C
to pretreat the BSG sample before feeding the resulting supernatant (neutralized with
Ca(OH)2) into an expanded AD granular sludge bed reactor, achieving higher volumetric
VFA productivity with a lower HRT of 2.5 d compared to a previous study [11].

In addition to the aforementioned chemical pretreatment methods using acid or al-
kaline, ball milling (BM) is a physical pretreatment method to reduce the material size
to micro or even nano scale. The reduced particle size provides a high specific surface
area and easy access for enzymes and microorganisms, thus facilitating the bioconver-
sion process [12,14,15]. Martin-Sampedro et al. demonstrated that smaller lignocellulosic
nanofibrils undergo more rapid and complete hydrolysis when incubated in multicompo-
nent enzyme systems [16]. Therefore, a process intensification approach was developed that
integrates ball milling and enzymatic hydrolysis (BM-EH) in a one-pot process, providing
an environmentally friendly pretreatment process [17]. This BM-EH process was proved to
significantly simplify the pretreatment process and enhance the efficiencies for releasing
monosaccharides and the fermentation of different feedstocks such as solid digestate, corn
stover, switchgrass, and miscanthus [17].

In this research, the synergistic BM-EH method was optimized for BSG pretreatment
and compared with EH pretreatment method alone, with respect to polysaccharides’ con-
version. The raw and pretreated BSG were subjected to a direct thermophilic anaerobic
VFA fermentation process without inducing any methanogen inhibitor. Based on the
resultant VFAs profiles and yields, a three-cycle fermentation process was proposed to
exhaust the VFAs production potentials by replacing the supernatant during fermenta-
tion. This research is the first to explore the whole process to produce VFAs from BM-EH
pretreated BSG feedstocks in terms of pretreatment efficiency and the effect of different
fermentation strategies.

2. Materials and Methods

2.1. Materials

Wet distillery stillage was collected from Wilderness Trail Distillery (Danville, KY,
USA), filtered, and dried at 105 ◦C to obtain the BSG sample. The BSG sample was then
grounded using a 0.75 qt food grinder (WARING COMMERCIAL®, McConnellsburg, PA,
USA) and passed through a No. 7 sieve (2.8 mm) before being stored in an airtight glass
jar at room temperature. The enzyme used for enzymatic hydrolysis was a mixture of
cellulase (CTec2, Cellic®) and hemicellulase (HTec2, Cellic®). Both enzymes were from
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Novozymes North America (Franklinton, NC, USA). A planetary ball mill (MSK-SFM-1S
model, MTI corporation, Richmond, CA, USA) was applied for the ball milling process.
The enzymatic hydrolysis process took place in an Innova® 42 incubator. The activated
sludge was the effluent from an anaerobic digester operated by Quasar Energy Group, LLC
(Wooster, OH, USA) that was fed with biosolids (sludge from wastewater treatment plant)
and food wastes. The activated sludge was stored at 4 ◦C upon receipt.

2.2. BSG Pretreatment

The BSG sample underwent various processing methods, including enzymatic hy-
drolysis only (EH), one cycle (BM-EH-1) or two cycles (BM-EH-2) of BM-EH pretreatment,
and a control group treated with autoclaving alone (CTRL), as illustrated in Figure 1. In
brief, the dried BSG sample was first prepared to 15% paste with citrate buffer (0.1 M,
pH = 5.0) in the ball mill jars and added with milling balls to a balls/wet biomass ratio
of around 2.25 (w/w). Then, the whole jars were autoclaved at 121 ◦C for 30 min and
cooled to room temperature in an ice bucket before adding enzymes. The sealing ring
gaskets used to seal the jars were sterilized by wiping with 75% ethanol. The enzymatic
hydrolysis process was carried out under control conditions of 50 ◦C and 150 rpm shaking.
An enzyme mixture consisting of CTec2 and HTec2 at a volume ratio of 1:1 (v/v) and a
protein dosage of 20 mg/g dry biomass was used. In each BM-EH cycle, the BSG paste
was ball milled at 600 rpm for 3 h [17]. To prevent overheating at the high ball milling
speed, an optimized strategy was implemented where every after 1 min of continuous ball
milling, the machine ceased for 1 min to cool down. As a result, each BM-EH cycle lasted
for a total of 6 h. The optimized ball milling strategy and enzyme mixture composition was
determined based on previous experiments. In these experiments, the temperature of the
BSG paste was monitored under different BM-rest settings and a typical enzyme mixture of
CTec2: HTec2 = 9:1 (v/v) [17] was compared for the EH pretreatment part.

 
Figure 1. A flowchart of the experiments to pretreat brewer’s spent grain (BSG) with an optimized
ball milling–enzymatic pretreatment method (EH—enzymatic hydrolysis; BM—ball milling; BM-
EH—synergistic ball milling and enzymatic hydrolysis for 1 or 2 cycles).
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2.3. Characterization of the Raw and Pretreated BSG Samples

The total solid (TS) content (%) and volatile solid (VS) content (%) of the raw BSG,
CTRL sample, and pretreated BSG samples were determined according to the standard
methods examination of water and wastewater [18]. The CTRL and pretreated BSG samples
were collected and weighed, then the TS weight (g) and VS weight (g) were calculated
accordingly. To determine their compositions, a known weight (g) of each sample was
centrifuged at 4500 rpm for 40 min, and the supernatant and precipitate were characterized
separately. The supernatant was filtered through 0.2 μm nylon filter and the glucose,
cellobiose, xylose, and arabinose concentrations were determined using a Dionex UltiMate
3000 HPLC (Dionex Corporation, Sunnyvale, CA, USA) equipped with a refractive index
detector and a Biorad Aminex HPX-87H column, applying 5 mM H2SO4 as the mobile
phase at a flow rate of 0.4 mL/min, and the column temperature was set to 50 ◦C. The
collected precipitate was rinsed four times and dried in a freeze drier before weighing
and other characterization. The rest of the samples were frozen at −20 ◦C for use in the
following fermentation test.

2.3.1. Composition and Proximate and Ultimate Analysis

The structural carbohydrate composition—cellulose, hemicellulose, acid soluble lignin
(ASL), and acid insoluble residue (AIR)—of the dried precipitates was measured according
to an NREL laboratory analytical procedure [19]. Based on the weight of the wet samples
and dried precipitates, the amount of each dissolved or precipitated carbohydrate com-
ponent was calculated, and the percentage was calibrated accordingly based on raw BSG
sample. The calibrated percentage of each component in all samples was calculated by the
Equations (1)–(3), where Pi (%), Pj (%), and PU (%) are the percentage of the precipitating
component i (cellulose, hemicellulose, ASL, or AIR), the dissolved component j (glucose,
cellobiose, xylose, or arabinose), and the undetected components U, respectively.

Pi =
Wd,s × Ci,s

Wd,r
× 100% (1)

Pj =
(Ww,s − Wd,s)× Cj,s

Fj

Wd,r
× 100% (2)

PU = 1 − Pi − Pj. (3)

The subscripts s and r represent the sample s (CTRL, EH, BM-EH-1, or BM-EH-2)
and the raw BSG, respectively. Ww (g) is the weight of the wet sample s. Wd (g) is the
weight of the freeze-dried sample s or r (raw BSG). Ci (%) is the percentage of component
i in the precipitated sample s or r. Cj (g/mL) is the concentration of component j in the
supernatant (assuming the density of supernatant to be 1000 kg/m3). Fj is the stoichio-
metric conversion factor for specific monosaccharides such as glucose, cellobiose, and
xylose/arabinose, which are 1.11, 1.055, and 1.14, respectively [17]. The conversion of
cellulose and hemicellulose during pretreatment (CTRL, EH, BM-EH-1, or BM-EH-2) was
calculated by Equations (4) and (5), respectively, with consistent parameter notation.

CNVcellulose,s =
(Ww,s − Wd,s)× (Cglucose,s/Fglucose + Ccellobiose,s/Fcellobiose)

Wd,r × Ccellulose,r
× 100%. (4)

CNVhemicellulose,s =
(Ww,s − Wd,s)×

(
Cxylose,s + Carabinose,s

)
/Fxylose/arabinose

Wd,r × Chemicellulose,r
× 100%. (5)

The content of hydrogen, carbon, and nitrogen in the freeze-dried samples, as well as
the calibrated volatile matter, fixed carbon, and ash percentage on a dry weight basis, was
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measured according to the standard proximate and ultimate analysis procedure (ASTM
E870-82) [20].

2.3.2. Surface Morphology Analysis

The surface morphology of the BSG samples subjected to different pretreatment
processes was assessed by comparing their respective Scanning Electron Microscopy (SEM)
images. To investigate the effect of ball milling alone on the surface morphology, imaging
was also performed on the BSG sample treated solely with ball milling. These samples
underwent one or two cycles of ball milling, termed as BM-1 and BM-2, respectively (i.e.,
intermittently milled for 6 or 12 h at the optimized setting). The precipitate of the EH-
induced samples (i.e., EH, BM-EH-1, and BM-EH-2) that were rinsed and freeze-dried,
as well as the directly freeze-dried BSG samples (i.e., raw BSG, BM-1, and BM-2), was
sputter-coated with an ultrathin gold layer and then analyzed using an FEI Quanta 20 FEG
instrument at beam accelerating voltages of 5 kV. Furthermore, the surface area of the
raw and the only BM-treated BSG samples was analyzed using the Brunauer–Emmett–
Teller (BET) method based upon the N2 adsorption–desorption isotherm. The analysis
was conducted at 77 K using a Micrometrics ASAP2020 surface area and porosity analyzer.
The raw BSG sample was further ground down to 0.5 mm before use in both morphology
analyses to ensure accuracy.

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Powder Diffraction (XRD)

The impact of ball milling alone and various pretreatment methods on the chemical
fingerprinting of the BSG samples was determined using FTIR. Representative samples
including the freeze-dried ground raw sample (<0.5 mm) and the sample BM-2, as well
as the rinsed and freeze-dried sample CTRL, EH, and BM-EH-2, were selected. FTIR was
conducted by a Thermo Nicolet Nexus 870 ATR-FTIR (Thermo Fisher Scientific, Waltham,
MA, USA) spectrophotometer, and the spectra were collected using an average of 32 scans
over the wavenumber range between 650 and 4000 cm−1 with a spectral resolution of
1.93 cm−1. Baseline correction was performed afterwards using the OMNIC 6.1a software.
The powder X-ray diffraction patterns of samples of raw ground BSG (<0.5 mm), BM-1,
and BM-2 were collected from 10 to 80◦ at 0.01◦/step using Cu Kα X-ray energy produced
from a Rigaku SmartLab system.

2.4. Thermophilic AD for VFA Production

The control and pretreated BSG samples were used in an anaerobic fermentation
test to produce VFA. To eliminate the pH buffering effect induced by citrate buffer in
the CTRL sample and evaluate the actual potential of raw BSG for VFA production, two
additional conditions were included: a high-solid fermentation system using dried raw
BSG (labeled as ‘raw BSG (HS)’) and a wet system using raw BSG slurry with the TS
adjusted to be in the same range of the pretreated BSG samples (approximately 20% TS,
labeled as ‘raw BSG’) using DI water. The TS and VS of the activated sludge (SLG) and all
substrates, as well as the inoculated mixture before and the digestates after the fermentation
experiments, were measured according to the standard methods for the examination of
water and wastewater [18].

The substrate was inoculated with a fixed substrate/inoculum (S/I) ratio of 3.0 (on VS
basis) for all conditions, following acclimation of the SLG inoculum at 55 ◦C for 1 day. For
the raw BSG (HS) condition, 50 mL serum bottles were used, and each bottle was sealed
with a rubber stopper and connected to a 1 L gas bag to collect any possibly produced
biogas. Since a negligible amount of gas was collected during this test, the subsequent
experiments were performed in disposable plastic centrifuge tubes with tightly screwed
caps. All containers were placed in an incubator (435 model, Thermo FormaTM, Thermo
Scientific, Waltham, MA, USA) at 55 ◦C and were manually vortexed twice a day. This
was necessary because the resulting TS values of the mixture after inoculated with sludge
remained high, ranging from 12% to 14%, indicating an excessive thickness that impeded

176



Processes 2023, 11, 1648

proper flow and mixing under standard shaking conditions. Digestate samples were
collected daily to monitor the TS, VS, pH, and VFA concentrations. The samples were
centrifuged at 4500 rpm for 10 min, and the pH value and VFA concentrations in the
supernatant were measured using the same method as described previously. The VFA
concentration contributed by the activated sludge was deducted for all effluent samples.

In order to prevent acid accumulation in the system and enhance the VFA production,
a three-cycle fermentation method was evaluated. After 2 days of fermentation and prior
to acidification, the supernatant containing the VFAs was separated from the sedimented
solids by centrifugation at 4500 rpm for 20 min. The VFA-rich supernatant was then
collected, and the precipitate was washed with DI water and refilled with the same amount
of DI water for the next two cycles of 2 days’ fermentation (6 days in total). The supernatant
from the original digestate and the washing effluent after each fermentation cycle were
collected and analyzed for the VFA composition to calculate the overall VFA production.

2.5. Statistical Analysis

Statistical analysis was conducted using the data analysis tool in Microsoft Excel or in
SigmaPlot 14.0. All experiments were run in replicate (n = 2 or 3). An analysis of variance
(ANOVA) with a significance level of p-value less than 0.05 was conducted to compare
the means.

3. Results and Discussion

3.1. Effects of the BM-EH Pretreatment on BSG to Liberate Monosaccharides

The BM treatment significantly increased the uniformity of the substrate slurry. The
milling–rest cycle of either 1 min–1 min or 5 min–5 min strategy was proven to efficiently
avoid overheating of the BSG paste, and the temperature remained below 35 ◦C under both
conditions (Figure S1). Compared to the samples that underwent separate BM and EH
pretreatment (BM + EH), the samples treated with the synergistic BM-EH process had a
darker color and were more liquified. The conversion of cellulose was slightly higher when
using the 1 min–1 min milling-rest settings compared to that of 5 min–5 min (Table S1). So,
the 1 min–1 min BM strategy was selected for the following experiments.

It is worth noting that when the HTec to CTec ratio was (1:9), the conversion of
hemicellulose was relatively low for all conditions (Table S1). Unlike most other raw
lignocellulosic biomass or some food waste, the structural carbohydrate analysis of the
dry BSG samples revealed that they had a higher hemicellulose content on a weight basis
of dry matter (39.0 ± 0.5%) than cellulose (28.1% ± 0.5%). The measured values were
consistent with the range of hemicellulose and cellulose content previously reported for
BSG by Olszewski et al. [21], which was 21.8~40.2% for hemicellulose and 12.0~25.4%
for cellulose. Similar findings were also reported by Zeraatkar Dehnavi [22], where the
hemicellulose and cellulose content of the raw BSG samples were found to be in the range
of 28.4~32.5% and 15.1~16.8%, respectively. Therefore, to enhance the effectiveness of the
BM-EH method in breaking down the hemicellulose-rich BSG substrate, the HTec to CTec
ratio was increased to 1:1.

The composition of the raw and pretreated BSG samples were calculated based on
the initial total solids and are shown in Figure 2. The slight reduction in the cellulose,
hemicellulose, and ASL found in the precipitated CTRL sample was consistent with the
decrease in the fixed carbon percentage, which decreased from 16.1% to 9.0% in the pre-
cipitate (Table 1). The loss of fixed carbon, as well as the hydrogen, carbon, and nitrogen,
contents in the precipitate may be attributed to the soaking process in pH = 5 buffer, which
may have converted the mass to small amounts of soluble monosaccharides and other
unknown compounds. The reduction in fixed carbon also contributed to the increase in the
ash percentage in the precipitate, which was due to the calibration process. Overall, there
were limited changes in the overall composition of BSG in the CTRL treatment considering
both the solid and leachate.
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Figure 2. Composition of the BSG samples before and after different pretreatment processes (CTRL—
control BSG sample subject with only autoclavation; ASL—acid soluble lignin; AIR—acid insoluble
residue). Data are expressed as the mean ± SD of independent experiments. The statistical signifi-
cance of the effects of the control and pretreatments on the AIR content was calculated vs. the raw
BSG sample (* p ≤ 0.05, ** p ≤ 0.01).

Table 1. Characteristics of the raw, control, and pretreated BSG precipitates and the activated sludge
(SLG) sample 1.

Component BSG CTRL EH BM-EH-1 BM-EH-2 SLG

Volatile Matter, % 2 80.72 ± 1.18 83.60 ± 1.68 83.12 ± 0.81 81.84 ± 0.93 81.36 ± 0.70 57.89 ± 0.58
Fixed Carbon, % 2 16.09 ± 0.19 8.99 ± 0.34 10.44 ± 0.16 11.42 ± 0.47 11.65 ± 0.13 1.65 ± 0.28

Ash, % 2 3.18 ± 0.33 7.41 ± 0.49 6.44 ± 0.51 6.74 ± 0.09 6.99 ± 0.28 40.47 ± 0.48
Hydrogen, % 7.00 ± 0.10 6.64 ± 0.04 6.62 ± 0.17 6.63 ± 0.08 6.64 ± 0.06 5.30 ± 0.16

Carbon, % 47.35 ± 0.46 45.11 ± 0.25 44.61 ± 0.48 44.15 ± 0.13 43.95 ± 0.05 28.71 ± 0.07
Nitrogen, % 4.14 ± 0.10 3.82 ± 0.06 3.88 ± 0.07 3.78 ± 0.02 3.80 ± 0.04 4.03 ± 0.07

1 Data shown are the average and standard deviation based on replicates. 2 All samples were freeze-dried before
proximate and ultimate analysis, and the values were calibrated based on dry weight.

As indicated in Figure 3, the conversions of cellulose were 0.3%, 60.2%, 64.9%, and
70.3% for the CTRL, EH, BM-EH-1, and BM-EH-2 conditions, respectively. The cellulose
conversion was increased when the synergistic BM-EH process was prolonged from 6 h to
12 h. However, the ball milling had an insignificant effect on the conversion of hemicellulose,
as the hemicellulose conversion was around 37% regardless of whether BM was applied
or not. The AIR content was lower in the EH sample compared to the CTRL and further
decreased with a longer ball milling time. The AIR fraction consists of acid insoluble lignin
and ash in BSG, as well as any added insoluble enzymes. The reduction in the AIR content
may be attributed to the increased proportion of small-sized AIR particles (e.g., <1.5 μm)
in the slurry after the more rigorous pretreatment, which could result in a smaller portion
being retained on the glass fiber filter and detected.

3.2. Characterization of Materials

The SEM images with lower magnification visually confirmed that the BM-treated
samples had significantly smaller particle sizes and decreased density compared to the raw
BSG samples (Figure S2a–c). Correspondingly, the BET analysis indicated that the surface
area of the samples increased after the BM-1 and BM-2 treatments compared to the raw
BSG, with values of 0.714 and 0.994 m2/g, respectively, compared to 0.541 m2/g for the
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raw BSG. Additionally, the pore volume at a relative pressure of 0.99 also increased from
7.75 × 10−4 cm3/g for the raw BSG to 1.26 × 10−3 and 1.71 × 10−3 cm3/g for the BM-1
and BM-2 treatments, respectively. The BET analysis results also showed that there was a
gradual reduction in the BSG particle size as the BM treatment time increased. Nevertheless,
it is important to acknowledge that prolonged BM pretreatment results in elevated energy
consumption. Ball milling is characterized as an energy-intensive process with high capital
investment in mechanical equipment. Therefore, optimizing the operational parameters
such as milling time, mode, speed, and other factors becomes vital to minimize the overall
costs, particularly in preparation for commercial application [17,23].

Figure 3. The conversion of cellulose and hemicellulose in the control BSG sample and BSG samples
after different pretreatments. Data are expressed as the mean ± SD of two independent experiments
(ns p > 0.05, ** p ≤ 0.01). Different letters on the top of error bars designate significant differences
(p ≤ 0.05) between different pretreatments.

The surface morphology of the materials was more clearly illustrated in the SEM
images at higher magnification, as shown in Figure 4. The bulky layer-like structure and
rough surface of the raw BSG sample (Figure 4a) were disrupted after BM treatment, result-
ing in thinner chips with edges that were rich in irregular caves (Figure 4b,c). The small
particles on the surface of the raw BSG were not observed in the images of the BM-EH
samples, and the structure became less dense after prolonging the ball mill treatment. This
finding was in accordance with the loss of the AIR portion, as discussed in the previous
section. A simple comparison between the raw and enzymatically hydrolyzed BSG samples
(Figure 4a,d) revealed an engraving process of the material surface with the enzymes that
resulted in abundant caverns. In addition, when both BM and EH were applied simul-
taneously (Figure 4e,f), as the pretreatment duration prolonged, the uneven appearance
of surface changed from large hollows to numerous tiny holes that formed a sieve-like
structure. The change in the surface morphology was expected to provide easier access for
acid-producing bacteria and potentially benefit the subsequent fermentation process.

No significant difference was observed in the FTIR spectra between the raw and
pretreated BSG samples (Figure S3), suggesting that the chemical structure of the solid
residues remained similar after the pretreatment. All the samples showed the charac-
teristic functional group of lignin such as the ester bonds of carboxylic group around
1744 cm−1, C=C bonds in aromatic rings around 1526 cm−1, and aryl–alkyl ether bonds
around 1244 cm−1 [24]. This observation was consistent with the results from the prox-
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imate and ultimate analysis. This is because the lignin component was not specifically
removed during the pretreatments. The peaks at 3300 cm−1, 1645 cm−1, and 1036 cm−1 in
the FTIR spectra are related to polysaccharides, water, and cellulose, respectively, according
to previous research [25].

 
Figure 4. Scanning electron microscopic images at higher magnification for raw BSG and the BSG
samples after different pretreatments. BM-1 and BM-2 represent BM for 1 and 2 cycles, respectively.

The XRD spectra of all the unpretreated and pretreated BSG samples showed no
distinct amorphous regions (Figure S4). This result can be explained by the presence of
abundant hemicellulose and lignin in the BSG samples, which are amorphous in nature.
The crystallinity of plant biomass is primarily contributed by cellulose and is typically
determined based on the intensity of the peaks at 2θ ≈ 18◦ and 22◦ (cellulose crystallinity
index (CCI) = (1 − (I18/I22)) [26]. However, in the present study, the combined peaks
at around 20◦ were observed in all samples, which made the conventional calculation
method for CCI invalid. Despite this, a reduction in the cellulose crystallinity after BM
treatment was still demonstrated by the blunting of the curve of the combined peak for
the BM treated BSG samples compared to the raw BSG. This is because the blunting of
peaks may be attributed to either the loss of the cellulose partition or the reduction in
the cellulose crystallinity, and no cellulose removal process was applied in the tests [27].
This result was consistent with previous studies, which revealed a reduction in the CCI
in lignocellulosic biomass and a higher recovery of sugars in the following enzymatic
hydrolysis process [28,29].

3.3. VFA Fermentation

The fermentation of the raw BSG (HS) lasted for 10 days, during which a negligible
amount of biogas was collected, indicating the successful suppression of methanogenesis.
The highest total VFA concentration was obtained within 4 days, reaching a value of
33.7 g/L (i.e., 0.26 g VFA/g substrate VS). The rapid accumulation of VFAs and the
dramatic drop in the pH from 7.7 to 6.5 indicated an acidification of the system, which was
assumed to have inhibited the acidogenic fermentation process. The low pH and increased
ionic strength in the system can suppress the dissociation of VFAs, and the un-dissociated
species would penetrate into microbial cell and inhibit the metabolic activity [10]. The
fermentation process in the other systems also ceased after 4 days, and the change in the pH
and VFA composition was determined (Figure 5) to compare the microbial communities’
tolerance for VFA accumulation in the acidogenic fermentation systems using the differently
pretreated substrates.
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Figure 5. Volatile fatty acid (VFA) composition and pH change in 4 days of thermophilic anaerobic
fermentation using raw and various pretreated BSG samples as substrate (raw BSG (HS)—dried raw
BSG sample and in high solid fermentation; raw BSG—wet BSG paste (20%) prepared with DI water).

The comparison between the fermentation performance of the raw BSG (HS) and the
raw BSG conditions showed that the TS had a significant effect. The fermentation process
with a higher TS of 19.5% resulted in a higher maximum overall VFA yield (0.27 g/g VS,
Figure 6) than the conventional conditions with a lower TS, demonstrating the acclimation
of acid-producing bacteria to higher VFA concentrations under the HS condition. This
finding agreed with the suggestion that a high solid condition could enhance the conversion
of lignocellulose to VFA [30]. Among the wet systems with a TS of 12~14%, the raw BSG
condition had the lowest VFA yield and showed a rapid drop in the pH, which was
attributed to the absence of citrate buffer in the system. The citrate buffer induced in
the CTRL and pretreated BSG conditions to facilitate the EH process remained in the
fermentation system and contributed to maintaining a pH level above 6.5 throughout the
fermentation experiment.

The fermentation system utilizing the EH-pretreated BSG substrates (EH, BM-EH-1,
and BM-EH-2) outperformed the CTRL system, exhibiting higher VFA concentration and
yield. It is noteworthy that all the EH pretreated substrates were converted to a VFA
mixture richer in butyric acid than acetic acid, which was the dominant VFA species for the
raw BSG and CTRL systems. This result was consistent with a previous study [9] and can
be attributed to the elevated concentration of xylose in the hydrolysates [31]. Furthermore,
the improved cellulose conversion achieved through the BM-EH pretreatment may have
also contributed to the alteration of the VFA profile. The BM-EH-1 and BM-EH-2 conditions
achieved VFA concentrations of around 25 g/L and a maximum yield as high as 0.33 g/gVS,
which were higher than that obtained with EH pretreatment alone. It is worth noting that
the observed increase in the total VFA production was mainly attributed to the increase in
the butyric acid concentration. There was no significant difference observed in terms of the
VFA concentration and composition between the BM-EH-1 and BM-EH-2 conditions. In all
the fermentation systems, the butyric acid was observed to accumulate rapidly within the
first day of the experiment, while the production of acetic acid continued and reached its
maximum concentration on the third or fourth day.
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Figure 6. The maximum overall VFA production rate and production rate after 1, 2, and 3 (2d) cycles
of fermentation in the thermophilic anaerobic fermentation using raw and various pretreated BSG
samples as the substrate. Data are expressed as the mean ± SD of three independent experiments. The
maximum VFA production was compared among different substrates, and the histograms bearing
different letters are significantly different (p ≤ 0.05). The production after 1, 2, and 3 (2d) cycles of
fermentation were analyzed for each substrate (ns p > 0.05, ** p ≤ 0.01).

As discussed previously, the accumulation of undissociated acids was considered the
primary inhibitor of microbial activity in the systems. Propionic acid, in particular, was
identified to have a stronger inhibitory effect at a lower tolerance limit of 1.0~3.2 g/L [32].
The maximum concentration of propionic acid detected in the current research all fell in
the same range. Previous research has demonstrated that fermentative microbes can be
protected by extracting propionic acid from the digester [33]. So, in the current study, a
three-cycle thermophilic anaerobic fermentation method was implemented to remove VFA
from the system, aiming to further release the fermentation potential of the organic residues
remaining in the precipitate. However, it was found that there was no significant increase in
the cumulative VFA yield, as shown in Figure 6. On the contrary, the fermentation process
appeared to be interrupted by the direct collecting and washing process. Several reasons
may have contributed to this result. Firstly, the removal of alkalinity in the supernatant
along with VFA may have led to a reduction in the buffering capacity of the system, which
could have contributed to the decrease in acidogenesis activity [34]. Secondly, the collecting
and washing process may have broken the anaerobic condition, and the centrifugation
step at 4500 rpm and 20 min may also have had a deactivating effect on the microorgan-
isms. Thirdly, the maximum VFA yield was also limited by the nature of the substrate. In
comparison to food waste, which can reach a maximum VFA yield of 0.8 g/gVS, BSG is not
as easily converted to VFA.

4. Conclusions

BSG was demonstrated to be a suitable substrate to produce short-chain VFAs through
anaerobic acid fermentation. Under high solid fermentation condition, the acid-producing
bacteria could be acclimated to a higher VFA concentration of over 30 g/L. EH pretreat-
ment helped liberate polysaccharides in the BSG samples, leading to an increased VFA
concentration in the fermentation effluent. Furthermore, butyric acid rapidly accumulated
and dominated the VFA profile, instead of acetic acid. Simultaneous application of BM
and EH resulted in a higher cellulose conversion compared to the EH pretreatment alone,
and the conversion increased with the prolonged BM-EH processing time. As a result, the
BM-EH pretreatment approach outperformed the EH pretreatment alone and achieved
the highest VFA yield of 0.33 g/gVS. Further evaluation is needed to assess the costs and
benefits of implementing this approach on a commercial scale, considering the high en-
ergy intensity and expenses of BM and EH pretreatments. A direct replacement of the
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supernatant containing the accumulated VFAs was found to be an ineffective approach in
alleviating VFA inhibition.
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diffraction spectra of the raw and ball milled BSG samples; Table S1: BSG composition before and
after different pretreatments.
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