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Aim. To systematize data on the impact of mixing devices on the growth, morphology, and
productivity of mycelial cultures in biotechnological processes, with the objective of identifying
contemporary developments in mixing device configurations. This will facilitate the subsequent design
of an original, modern, and innovative impeller that minimizes the limitations of current systems,
including high energy consumption and mechanical shear damage to the mycelium.

Methods. A systematic analysis of scientific articles from 2004 to 2025 was conducted using Scopus,
ResearchGate, PubMed, and Google Scholar, with a focus on types of mixing systems.

Results. Mechanical Rushton turbines increase metabolite yields by 356—200% for aerobic cultures,
while hydrofoil impellers and pneumatic systems reduce energy consumption by 10-15% and are optimal
for sensitive species, resulting in up to 15% increased biomass. Excessive shear reduces productivity by
20%.

Conclusions. Mixing devices are critical for the sustainable production of antibiotics, enzymes, and
biomass. Prospects involve hybrid designs and automation for scaling.
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The cultivation of mycelial cultures plays
a central role in modern biotechnological
processes, with applications in the production
of food products, pharmaceuticals,
biomaterials, and bioremediation. Among
mycelial cultures are both prokaryotic cultures
(actinomycetes) and eukaryotic ones (fungi).

Actinomycetes are a diverse family
of filamentous bacteria that produce a
multitude of natural products important for
agriculture, biotechnology, and medicine,
including the majority of antibiotics used
in medical practice. They are producers of
a large number of secondary metabolites,

including two-thirds of all known antibiotics,
as well as many antitumor, antifungal, and
immunosuppressive agents [1 6]. They are
also major producers of industrially essential
enzymes [7].

Fungi, as eukaryotic organisms, exhibit
unique metabolic properties that enable the
synthesis of a wide range of biologically
active compounds, including organic acids,
polysaccharides, antibiotics, and enzymes.
At the same time, mycelium, the primary
vegetative structure of fungi, is a promising
material for creating sustainable products
and biofuels. The growing demand for these
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products stimulates the development of
cultivation technologies aimed at increasing
productivity and scalability of processes [8].

The cultivation of mycelial cultures in
a bioreactor is a complex dynamic process
influenced by mixing conditions and changes
in the rheological properties of the medium.
These properties are primarily affected
by biomass concentration and culture
morphology.

One of the most essential features of
mycelial culture cultivation is its complex
and variable morphology. In submerged
cultures, filamentous microorganisms can
assume various macroscopic forms — from
dispersed mycelium in the medium to dense
spherical formations consisting of interwoven
and branched networks of hyphae of varying
density. Currently, the use of freely dispersed
mycelium in submerged processes is gaining
increasing importance, as this morphology
promotes more intensive growth and enhanced
synthesis of valuable metabolites [9].

The form and productivity of filamentous
structures significantly depend on cultivation
conditions. Factors influencing morphology
include medium pH, temperature, dissolved
oxygen level, nutrient medium composition,
and mechanical stress.

Industrial use of mycelial cultures is
greatly complicated by the formation of
large mycelial networks or pellets, which
is undesirable from a technological process
perspective. Mycelial entanglement increases
the viscosity of the culture medium, reducing
mass transfer rates. Since many strains tend
to aggregate into pellets, part of the biomass
may be wholly deprived of nutrients. The
morphology of filamentous microorganism
cells plays a crucial role in their productivity
and can influence it in various ways. Pellet
and clump formation classically correlate
with secondary metabolite production, but
the relationship between these two processes
remains unclear [10]. Pellets and clumps are
fundamental for the production of secondary
metabolites such as retamycin in S. olindensis,
avermectin in Streptomyces avermitilis,
and rebeccamycin in Lentzea (formerly
Lechevalieria) aerocolonigenes. In contrast,
pellet and clump formation reduces the
production of antibiotics such as nystatin in S.
noursei and tylosin in S. fradiae [11 13].

In recent years, various methods for
creating individual cellular morphologies
of filamentous microorganisms to enhance
productivity have been developed, unified
under the term morphological engineering [14].

Mycelial culture cultivation faces
numerous technological challenges, including
ensuring uniform nutrient distribution,
maintaining optimal aeration levels, and
minimizing stress on cellular structures. In
liquid fermentation, the dominant method for
industrial mycelium growth, these problems
are particularly pronounced due to the high
viscosity of the substrates and the complexity
of mass transfer. Traditional cultivation
approaches often fail to meet the requirements
of energy efficiency and growth stability,
limiting their use on industrial scales.

Mixing devices play a key role in
addressing these issues, providing medium
homogenization, improved oxygen and
nutrient accessibility, and control over
mycelium morphology. Mechanical,
pneumatic, and hydrodynamic mixing
systems demonstrate varying impacts on the
growth and productivity of mycelial cultures,
necessitating a systematic analysis of their
efficiency. Despite significant progress in
developing such technologies, the literature
reveals fragmentation in data regarding the
optimal designs and operating modes of mixing
devices for various fungal species and target
products.

The objective of this review is to
systematize and analyze contemporary studies
focused on the impact of mixing devices on
myecelial culture cultivation processes. The
article examines key aspects of technological
design, experimental approaches, and their
outcomes, and identifies promising avenues for
further enhancement of these systems. Such
analysis will foster a deeper understanding
of the interrelationships between mixing
parameters and bioproductivity, representing
a critical step toward the optimization of
biotechnological processes, particularly in
delineating recent advancements in mixing
device designs and configurations to inform
the development of an original, modern,
and innovative impeller that mitigates the
drawbacks of existing systems, including high
energy consumption and mechanical shear
damage to the mycelium.

Methods

The methodology of this review is
designed for a systematic analysis of current
research on mycelial mixing systems in
submerged cultivation of mycelial cultures,
with an emphasis on theoretical foundations,
experimental data, and technological
innovations. The approach is based on a clear
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literature selection, the use of authoritative
search sources, and the structured information
systematization, ensuring comprehensive
coverage of the topic.

Literature selection criteria were
determined considering relevance, scientific
reliability, and thematic relevance. Primary
attention was given to scientific articles from
peer-reviewed journals providing substantiated
experimental results. Additionally, patents
reflecting the latest developments in mixing
devices and select books with fundamental data
on fungal cultivation were considered. The
publication period was limited to 2004—-2025
to cover current research relevant at the time
of the review. A key criterion was the focus on
mixing systems in the context of submerged
fungal cultivation, particularly their impact
on mycelium morphology, mass transfer, and
productivity.

Although patents on mixing devices for
bioreactors exist in the literature, their
quantity is insufficient to cover the topic
comprehensively, and their content is often
minimally informative and ill-suited to the
specific requirements of mycelial culture
cultivation. Moreover, patents exhibit
heterogeneous structures and varying levels
of detail (ranging from general descriptions
to narrowly specialized schematics),
which hinders their logical integration
into a systematic review of scientific
data. Consequently, this article excludes
patents from the primary analysis, focusing
exclusively on peer-reviewed articles that
furnish empirical evidence regarding the
efficacy of mixing systems.

Search sources included leading scientific
databases and platforms. The primary search
was conducted in Scopus, providing access to
peer-reviewed articles in biotechnology and
engineering, and ResearchGate for preprints
and open publications. These systems used
keywords: “mixer OR stirrer OR agitator
OR homogenizer OR impeller OR turbine
OR rushton AND fungi OR fungal OR
mycelium OR mushrooms”. This combination
encompassed various types of mixing devices,
including mixers, agitators, homogenizers,
impellers, turbines (such as Rushton), and
their applications in connection with mycelial
cultures. Additionally, Google Scholar was
used for conference materials, and PubMed
was used for articles related to fungal
metabolite synthesis (e.g., antibiotics), where
mixing plays a significant role.

The literature analysis approach involved
several stages. Initially, over 300 publications
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from 2004-2025 were identified in Scopus
using keywords, from which several dozen
most relevant articles were selected after
analyzing abstracts and keywords. Each
found article was thoroughly processed to
extract data on mixing device types, fungal
species, cultivation conditions, and results.
Furthermore, Scopus-recommended articles
and publications citing the identified works,
available on ResearchGate, were analyzed.
Additionally, sources cited by the authors of
selected articles were considered, allowing for
the inclusion of classic works and expanding
the context [1-6]. All information was
systematized into a table, which served as
the basis for analysis, enabling a comparison
of mixing system efficiency by fungal species
(Aspergillus, Trichoderma, Pleurotus, etc.)
and device types (mechanical, pneumatic,
magnetic).

This approach ensured the structured
generalization of data and revealed key
patterns. The compiled table not only
systematized information but also evaluated
the positive (increased productivity, improved
aeration) and negative (mycelium damage,
increased energy consumption) aspects of
different systems, forming the basis for
further presentation. The methodology
combined targeted search, iterative analysis,
and tabular systematization, ensuring
thoroughness and accuracy of the review.

Fundamentals of Mycelial Culture
Cultivation

Submerged cultivation of mycelial
cultures is a complex biotechnological
process dependent on numerous factors
influencing fungal morphology and target
metabolite synthesis. Filamentous cultures
are morphologically complex organisms that
exhibit diverse structural forms throughout
their life cycle, particularly in both surface
and submerged growth conditions. As noted
by Papagianni, the primary vegetative growth
structure is the hypha — a tubular filament
formed from the germination of a single spore
[15]. Subsequent hyphal branching leads to
mycelium formation — a mass of interwoven
hyphal threads, which in submerged cultures
can appear as dispersed filaments or dense
mycelial aggregates known as pellets.

In modern research, a wide range of
mycelial cultures is utilized for submerged
cultivation, each with unique biotechnological
properties and potential for producing
valuable products. For example, Aspergillus
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niger is one of the most common species due to
its ability to synthesize citric acid, pectinases
(e.g., polygalacturonidase), and cellulases,
which are applied in the food, pharmaceutical,
and textile industries. Streptomyces flocculus
is used for antibiotic production, including
lavendamycin (LME), which has antitumor
properties. Acremonium chrysogenum is a key
producer of cephalosporin C — a precursor
to cephalosporin antibiotics. Penicillium
chrysogenum is known for penicillin synthesis,
while Beauveria bassiana produces biomass
and blastospores used as biopesticides in
agriculture [16]. Aspergillus oryzae is used
for enzyme production (e.g., a-amylase
and glucoamylase) and the production of
organic acids, such as malic acid, which is
valuable in the food and chemical industries.
Trichoderma reesei is an essential producer
of cellulolytic enzymes for the bioethanol
industry, and Hericium erinaceum synthesizes
polysaccharides with immunostimulatory
properties. Inonotus hispidus produces
biomass and pigments like hispidin, which
can be used as natural dyes. These examples
illustrate the diversity of mycelial cultures and
their metabolites, highlighting the importance
of optimizing cultivation conditions in
biotechnology.

Fungal morphology in submerged cultures
is determined not only by genetic features of
the species but also by cultivation conditions,
such as nutrient medium composition (carbon
sources, nitrogen sources, phosphates, trace
elements), physical parameters (temperature,
pH, dissolved oxygen and carbon dioxide
concentrations), as well as mixing regime
and fermenter geometry. For example, in
Aspergillus niger, filamentous growth is
desirable for pectin enzyme production, while
pellet form promotes citric acid synthesis.
Similarly, in Streptomyces tendae, pellet
morphology optimizes biomass synthesis, and
in Monascus purpureus, pigment production
for food dyes. Morphological changes affect
nutrient consumption, oxygen uptake,
and rheological properties of the culture
medium, which in turn influence bioreactor
productivity.

Mycelial growth is characterized by key
processes, including hyphal tip extension and
branching. Tip extension is a highly polarized
process that depends on cell wall synthesis in
the apical zone and the regulation of calcium
gradients. Branching ensures exponential
biomass growth under favorable conditions
with excess nutrients and is correlated with the
specific growth rate. In pellet cultures, such as

Ceriporiopsis subvermispora, growth is often
described by cube root kinetics due to nutrient
diffusion limitations in the inner layers of the
aggregate, leading to heterogeneity in pellet
structure and potentially affecting metabolite
synthesis, including biomass for lignocellulose
biodegradation [17].

The advantage of pellets is that they
provide low cultivation medium viscosity
and resistance to shear stress compared to
dispersed mycelium; however, pellets may
have dense and inactive cores due to poor
oxygen diffusion, which can lead to cell
lysis and loss of internal pellet structure.
Overall, this results in reduced growth rates
and productivity. In contrast, dispersed
macromorphologies have a different indirect
impact on productivity. They grow quickly and
are less limited in nutrient transport, but are
more sensitive to shear stress. Additionally,
they increase medium viscosity, which in turn
reduces oxygen transfer rates. Mycelial clumps
are less studied and understood, believed to
arise from the agglomeration of various hyphal
elements, which may further agglomerate into
pellets [18].

Mixing plays a critical role in submerged
processes, influencing oxygen availability,
nutrient distribution, and mechanical stress
on mycelium. Excessive mixing intensity can
lead to hyphal fragmentation, as observed
in Penicillium chrysogenum, where high
turbine speeds (1300 rpm) reduce hyphal
length by 50% . Conversely, insufficient
mixing promotes large pellet formation with
autolysis zones due to limited oxygen access.
For example, in Streptomyces cyaneogriseus
cultivation, a combination of Rushton and
hydrofoil impellers increases nemadectin
yield (antiparasitic metabolite) by 31.7%, but
excessive shear can reduce cell activity [19].
Thus, optimization of mixing devices is a key
aspect for ensuring desired morphological
forms and maximum productivity in fungal
and mycelial cultivation, depending on
the target product — whether enzymes,
antibiotics, acids, pigments, or biomass.

Mixing Devices

Mixing devices play a crucial role in
biotechnological processes of submerged
cultivation, ensuring the uniform mixing
of the nutrient medium, the distribution
of oxygen and nutrients, and influencing
mycelium morphology. Depending on design
features and operating principles, they are
divided into several main types: mechanical
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(paddle stirrers), pneumatic (airlifts),
magnetic, and hybrid systems. Mechanical
devices are the most common due to their
versatility and ability for intensive mixing. For
example, Rushton-type turbines — standard
six-blade disk turbines with diameters
ranging from 50 to 182 mm — are used for
Aspergillus niger, Penicillium chrysogenum,
and Streptomyces flocculus, creating radial
flow for effective air and nutrient distribution
[20]. Hydrofoil impellers, such as Maxflo or
Wide-blade hydrofoil, are used for Beauveria
bassiana and Streptomyces cyaneogriseus,
combining axial and radial flows with lower
mechanical stress [21]. Paddle impellers
(Paddle, Elephant Ear) are applied for
Streptomyces tendae and Aspergillus oryzae,
providing gentle flow for sensitive mycelium
[22]. Modified designs, such as Maxblend (with
a bottom blade and grid) or Swingstir (with a
flexible shaft), are adapted for Aspergillus
oryzae to reduce damage and improve nutrient
distribution [23]. Fullzone, with combined
axial-radial flow, is also used for Aspergillus
oryzae, and a Counterflow Mixing System
(CMS) with wing-shaped blades is used for
Aspergillus niger and Fusarium moniliforme
[24-25]. Pneumatic systems, such as airlift
bioreactors, are utilized for Agaricus
subrufescens, minimizing mechanical impact
through air circulation from injection [26].
Magnetic stirrers, such as one-sided paddle
impellers for Streptomyces tendae, are popular
on small scales, utilizing magnetic drive to
reduce contamination [27].

The operating principle of mixing devices
lies in their influence on oxygen supply
rate to the liquid, nutrient distribution,
and oxygen availability to cells. Mechanical
Rushton turbines create high turbulence
and mechanical stress, breaking air bubbles
and improving oxygen availability, as in
Beauveria bassiana with Rushton-Maxflo
combination [28]. Hydrofoil impellers (2WHd
for Streptomyces cyaneogriseus) cause less
shear but effectively distribute nutrients
due to directed flow. Pneumatic airlift
bioreactors ensure circulation through density
differences, improving oxygen availability
without mechanical impact, as seen in Agaricus
subrufescens [29]. Magnetic systems stably
distribute nutrients in small volumes, for
example, in the case of Streptomyces tendae
at 1200 rpm. Rotary shakers create chaotic
motion for primary growth (Aspergillus
terreus), and wave bioreactors optimize
oxygen availability for Inonotus hispidus
through oscillations. Mechanical stress from
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mixing affects morphology: high turbine
speeds (800-1300 rpm) break hyphae in
Penicillium chrysogenum, while low shear in
pneumatic systems promotes pellet formation
in Ceriporiopsis subvermispora [30—31].

Mechanical devices have high efficiency
in providing oxygen and nutrients (oxygen
availability increases for Aspergillus niger
with two Rushton turbines), allow precise
mixing control, and adapt to different
scales [32]. Rushton turbines increase
metabolite production, for example, LME in
Streptomyces flocculus by 200% at 800 rpm,
and Maxblend increases a-amylase activity
by 25% in Aspergillus oryzae. However,
they consume a lot of energy (95% more in
500-ml flasks compared to 48-well plates for
Monascus purpureus), damage mycelium
under substantial impact (Aspergillus oryzae
biomass decreases by 30% at 1487 W/m?),
and increase viscosity (up to 22.43 Pa's in
Beauveria bassiana at 800 rpm, Nufiez-Ramirez
et al., 2012) [33]. Pneumatic devices have
low mechanical stress, are ideal for Agaricus
subrufescens, save energy, and are simple
in design, increasing biomass by up to 15%
in Ceriporiopsis subvermispora. However,
their mixing intensity is limited, which
may impair nutrient distribution at high
viscosities. Magnetic devices mitigate the risk
of contamination and exhibit efficacy in small-
scale volumes (Streptomyces tendae biomass up
to 20 g/L); however, they are not amenable to
scale-up, and oxygen availability diminishes in
larger volumes. Shakers are effective for small
scales (Hericium erinaceum — 11.36 g/L),
but consume a lot of energy and provide poor
oxygenation, while wave bioreactors provide
gentle mixing (Inonotus hispidus — 12.6 g/L)
with scaling limitations of up to 300 L.[34, 35].
Device selection depends on the target product,
culture morphology, and production scale,
where mechanical systems generally dominate
in terms of efficiency.

Research Analysis

Research on submerged fungal and mycelial
cultivation demonstrates significant progress
in understanding the impact of mixing on
biotechnological process productivity, culture
morphology, and target product synthesis.
Analysis of current experimental data obtained
for various fungal species, such as Pleurotus,
Aspergillus, and Trichoderma, among others,
enables the evaluation of different mixing
system efficiencies, comparison of results
with and without mixing, and identification of



Reviews

promising technological innovations aimed at
process optimization [25, 36].

Research on fungal species indicates their
unique response to cultivation and mixing
conditions. For example, Pleurotus ostreatus,
known as a source of polysaccharides and
biomass for the food industry, was studied
in 500-ml flasks at 110 rpm. Results showed
that mixing promoted biomass growth
to 10.5 g/L compared to 6.8 g/L in static
conditions, which was explained by better
oxygen and nutrient availability [32, 3T7].
For Aspergillus niger, a producer of citric
acid and enzymes, Rushton turbines (182
mm) were used in 5-L fermenters at 800
rpm, achieving a citric acid yield of 85 g/L
in pellet morphology. In contrast, without
mixing, productivity decreased by 40% due to
diffusion limitations [38]. Trichoderma reesei,
essential for cellulolytic enzyme synthesis,
was cultivated in a recirculating plate system
with low shear, achieving cellulase activity of
15 FPU/ml compared to 9 FPU/ml in static
conditions. Other cultures, such as Penicillium
chrysogenum (penicillin production) and
Streptomyces flocculus (antibiotic synthesis),
also demonstrate productivity dependence
on mixing: for the former, penicillin yield
increased by 35% at 1300 rpm with Rushton
turbines, and for the latter, LME increased
by 200% under similar conditions [20, 39].
These data underscore that mixing is critically
essential for aerobic fungi, although optimal
parameters vary by species and target product.

Experimental data comparing productivity
with and without mixing clearly illustrate the
advantages of active mixing. In Beauveria
bassiana studies aimed at biopesticide
synthesis, a Rushton-Maxflo turbine
combination at 800 rpm in 5-liter fermenters
increased blastospore yield to 2.3x10% spores/
mL. In contrast, under static conditions, the
concentration was only 1.1x10% spores/mL
due to insufficient aeration. Similarly, for
Aspergillus oryzae (a-amylase producer),
Maxblend-type hydrofoil impellers in 10-liter
bioreactors achieved enzyme activity of
120 U/ml, 25% higher than in control samples
without mixing [21, 28, 38, 40]. For Hericium
erinaceum, a source of immunostimulatory
polysaccharides, rotary shakers (250 rpm)
in 250-ml flasks promoted biomass synthesis
to 11.36 g/L, whereas without mixing, this
indicator did not exceed 7.2 g/L. At the same
time, excessive mixing can have an adverse
effect: for Penicillium chrysogenum, a speed
of 1300 rpm led to hyphal fragmentation and
a 20% reduction in biomass, indicating the

need for a balance between mixing intensity
and preservation of cellular structure
[30, 34, 41]. Thus, mixing significantly
enhances productivity, but its parameters
require precise tuning depending on fungal
morphology and metabolism.

Technological innovations in mixing
systems open up new opportunities for
improving cultivation efficiency. Modern
designs, such as hydrofoil impellers (Maxflo,
Wide-blade hydrofoil), reduce shear stress
compared to traditional Rushton turbines,
which is particularly valuable for sensitive
cultures, e.g., Streptomyces cyaneogriseus
(nemadectin production) [21, 28, 42]. In these
systems, a combination of two hydrofoils
(2ZWHd) in 10-liter fermenters increased
metabolite yield by 31.7% due to better
nutrient distribution and reduced mechanical
stress. Another innovation is the Maxblend
impeller with a bottom blade and grid,
applied to Aspergillus oryzae, which optimizes
aeration and reduces medium viscosity by
15%, thereby promoting enzyme synthesis.
The Swingstir system, with a flexible shaft,
tested under the same culture, showed similar
results, reducing energy consumption by
10% compared to classic turbines. Pneumatic
airlift bioreactors, used for Ceriporiopsis
subvermispora, resulted in a 15% increase in
biomass with minimal shear, demonstrating
their scaling potential. Bioreactor automation
is also gaining momentum. For Trichoderma
reesei, recirculating plate systems with
programmable flow control have increased
cellulase synthesis stability by 18% through
adaptive condition regulation [19, 23, 31, 39,
43]. Wave bioreactors (Wave Bag), applied
for Inonotus hispidus, with an automated
platform tilt angle (9°), provided 12.6 g/1
biomass, indicating promise for disposable
systems in small and medium scales [35, 44].
Such developments indicate a shift toward
energy-efficient and adaptive solutions that
take into account fungal and product-specific
characteristics.

The research analysis reveals that mixing
is an integral part of fungal cultivation
optimization, but its efficiency depends on
the fungal species, type of mixing system,
and technological approach [45]. Pleurotus,
Aspergillus, and Trichoderma demonstrate
significant productivity growth under
controlled mixing conditions. At the same
time, new designs and automation minimize
the drawbacks of traditional systems, such
as high energy consumption or mycelium
damage [46]. Further research should focus on
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integrating automated systems with adaptive
parameter control to enhance process stability
and production scaling.

Discussion

Research on mixing systems in submerged
fungal and mycelial cultivation presents
broad prospects for biotechnology, while
also revealing a range of challenges that
require further resolution. This section
summarizes the prominent trends that unite
the analyzed works, highlights the problems
and limitations, and compares the efficiency
of different mixing approaches for specific
purposes, such as food and pharmaceutical
production.

The primary trend uniting the studied
works is the growing interest in energy-
efficient and adaptive mixing systems. Analysis
of selected articles reveals that traditional
mechanical devices, such as Rushton turbines,
are being gradually supplemented or replaced
by new designs, including hydrofoil impellers
(Maxflo, Wide-blade hydrofoil), pneumatic
airlift systems, and automated solutions
(e.g., recirculating plates) [19, 42, 47]. This
trend is driven by the desire to reduce energy
consumption, which for Rushton turbines
can be 95% higher compared to less intensive
systems, as in Monascus purpureus [48].
For example, for Aspergillus oryzae, the
Maxblend impeller reduced energy costs by
10% and increased o-amylase activity by
25% , emphasizing the move toward resource
optimization [38, 49]. Another trend is
increased attention to automation: systems with
programmable control, as in Trichoderma reesei
studies, increase cellulase synthesis stability by
18% [49, 47, 50]. At the same time, there is a
focus on adapting mixing to fungal morphology:
pellet cultures (Aspergillus niger) require less
intensive shear than filamentous cultures
(Penicillium chrysogenum), stimulating the
development of flexible solutions like Swingstir
or Wave Bag [39, 51].

However, implementing these systems faces
numerous technical and economic problems
and limitations [52]. One of the main technical
difficulties is the shearing of mycelium by
mechanical device blades, which leads to
hyphal fragmentation and a reduction in
productivity [53]. For example, for Penicillium
chrysogenum, a turbine rotation speed of
1300 rpm reduced hyphal length by 50%
and biomass yield by 20% due to mechanical
stress. In Beauveria bassiana, high medium
viscosity (22.43 Pa-s at 800 rpm) complicated
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mass transfer, reducing efficiency even in
combined Rushton-Maxflo systems [21, 28, 42,
54]. Pneumatic systems, while avoiding shear,
have limited mixing intensity, which negatively
affects aeration at high culture densities, as
seen in Ceriporiopsis subvermispora [31, 55].
Economic aspects also play a significant role:
the high cost of automated bioreactors and the
complexity of scaling (e.g., Wave Bag up to 300
I) complicate the transition from laboratory to
industrial production. Additionally, energy
consumption remains a challenge for small and
medium-sized enterprises, where capital costs
for modernization may not yield a return due to
low product margins, such as those in biomass
or enzyme production.

Comparison of approaches enables the
identification of the most promising mixing
devices for various purposes. In the food
industry, where biomass and enzymes (such
as Pleurotus ostreatus and Aspergillus
oryzae) are prioritized, preference is given
to energy-efficient, low-shear systems [35,
51, 56]. These systems combine productivity
with resource savings, critical for mass
production. In pharmaceuticals, where
target products are antibiotics (Penicillium
chrysogenum, Streptomyces flocculus)
or antitumor compounds (Acremonium
chrysogenum), mechanical Rushton turbines
remain indispensable due to high aeration: for
Streptomyces flocculus, LME yield increased
by 200% at 800 rpm, and for Penicillium
chrysogenum, penicillin increased by 35% [20,
30, 37, 57]. However, for sensitive cultures
(Hericium erinaceum, polysaccharides),
pneumatic airlift systems or wave bioreactors
are more promising, as they minimize damage
and provide biomass up to 12.6 g/L (Inonotus
hispidus). For biopesticides (Beauveria
bassiana), the Rushton-Maxflo combination
proved optimal, increasing sporulation to
2.3x108 spores/mL, indicating the advantages
of hybrid solutions [28, 34, 42, 43, 58].

Thus, current research demonstrates
a shift toward energy efficiency and adap-
tability in mixing systems, but technical
difficulties, such as mycelium shearing, and
economic barriers hinder their widespread
implementation. For the food industry,
hydrofoil and pneumatic systems are
promising. For pharmaceuticals, high-
intensity mechanical turbines are used, while
hybrid approaches combine the advantages of
both systems. Further development requires
integration of automation and cost reduction
for scaling, making these technologies
accessible to various industries [59].
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General Positive Impact
Reduces stress on pellets, maintains size
without turbulence
Maintains power during aeration, reduces
gas pockets, and improves oxygen transfer
Increases biomass (up to 20 g/L at 1 Hz) and
oxygen transfer, reducing shear compared to
turbines
Enhances glucoamylase (+483% ), lipase
(+151%), and pellet density (+307%)
through aeration optimization
Increases pigments (+15.6—53.5% OD) and
batch mode

Brief Description of
Construction
with low shear
Specialized blade geometry for
gas dispersion; combined flow
with mixers
mm, 19 mm holes, 50 mm
pitch); oscillating motion for
gentle mixing
rpm, 0.19-5.7 W/kg); basic/
multi-level flow
for pigments

Adjustable mechanical mixer

Aspergillus awamori, Yarrowia | with multiple impellers (60—-650

ring/ribbon design; gentle flow | (up to 1480 um), and improves gas exchange
6 perforated plates (diam. 221

STR (200-1000 rpm); axial flow | colored metabolites via intensive aeration in

Three blades for axial flow with
3-bladed segmental or standard

Table (ending ). Comparison of Mixing Devices Efficiency in Mycelial Cultures Cultivation
Fungal cultures
Aspergillus niger
Aspergillus niger
Trichoderma reesei
lipolytica
Talaromyces albobiverticillius,
Talaromyces amestolkiae

Type of Mixer
Propeller Impeller
Variants (3-Blade/
PROPRing/WRI)

Ekato Combijet
Reciprocating
Plates (RPB)
Mechanical Stirrer
/ Multi-Impeller
Device
Flat-Blade Impeller
/ Stirred-Tank
Bioreactor (general)

Conclusions

This review systematizes current research
on the impact of mixing devices on submerged
fungal and mycelial cultivation, identifying
key patterns determining biotechnological
process productivity. Analysis of scientific
articles from 2004 to 2025 revealed that
mixing is a crucial element in optimizing
mycelial culture growth and target product
synthesis, including antibiotics, enzymes,
polysaccharides, and biomass. The main
findings indicate that mixing system efficiency
depends on device type, culture species, and
the production purpose. Mechanical Rushton
turbines remain the standard for high-
productivity aerobic cultures (Penicillium
chrysogenum, Streptomyces flocculus),
providing 35—200% metabolite yield increase,
while hydrofoil impellers (Maxblend, Maxflo)
and pneumatic airlift systems prevail for
sensitive cultures (Aspergillus oryzae,
Ceriporiopsis subvermispora), increasing
biomass by up to 15% and reducing energy
consumption by 10-15% . Experimental data
confirm that mixing significantly improves
oxygen and nutrient availability compared to
static conditions, as evidenced by increases
in Pleurotus ostreatus biomass from 6.8 to
10.5 g/L and Trichoderma reesei cellulase
activity from 9 to 15 FPU/mL.

The significance of mixing devices for
the future of fungal cultivation is hard
to overestimate. They not only enhance
productivity and process stability but also
pave the way for scaling biotechnologies
in food, pharmaceutical, and agricultural
sectors. Growing interest in energy-efficient
systems (e.g., Wave Bag, Swingstir®)
and automation (recirculating plates with
programmable control) reflects the global need
for sustainable production, where fungi can
become a source of eco-friendly materials and
bioactive compounds. Mixing optimization
enables the adaptation of conditions to
mycelium morphology, ranging from pellet
to filamentous forms, which is crucial for the
synthesis of specific products, such as citric
acid or biopesticides. Thus, mixing devices
become the foundation for transitioning
from laboratory developments to industrial
platforms, promoting the economic and
technological competitiveness of fungal
biotechnologies.

Despite progress, several problems remain
unresolved, defining directions for further
research. It is recommended to focus on
developing less traumatic mixing systems
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that minimize shear stress on mycelium,
as seen in Penicillium chrysogenum, where
high-intensity mixing reduces biomass yield
by 20% . Promising is the creation of hybrid
designs that combine the high aeration of
mechanical systems with the gentle impact of
pneumatic ones, as well as the integration of
sensor technologies for real-time monitoring
of viscosity, oxygen, and morphology.
Additionally, economic optimization —
reducing automated bioreactor costs and
increasing scalability — is crucial for
implementation in small and medium-sized
enterprises. The development of such solutions
will contribute not only to productivity
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IMEPEMIIIIY BAJIBHI ITIPUCTPOI B KYJIbTUBYBAHHI MITEJIIAJIBHUX KYJIBTYP:
CYYACHUM CTAH I NIEPCIIEKTUBH

IToaiwyxk B. IO., Pysxcancovruil A. C.

HamniomanpHu# TexHiuHNN yHiBepcuTeT YKpainu « KuiBcbkuii mosritexHiudamit iHcTuTyT iMmeHi Irops
CiKopCcbKOTO»

E-mail: anrux@protonmail.com

Mema. CucremaTudyBaTH AaHi PO BIJIUB IepeMilllyBaJbHUX IIPUCTPOIB Ha picT, mopdoJiorio Ta
OPOAYKTUBHICTD MilleJiaJIbHUX KYJBTYD Y 010T€XHOJOTIYHUX MPOIlecax 3 METOI0 BUBHAUEHHS CyYaCHUX
PO3pO0OK 3MIITyBaJLHUX MPUCTPOIB i IX KOHCTPYKILiH AJIA ITOJAIBIIIOT0 PO3PO0IEHHA BJIACHOTO CYUYaCcHOTO
Ta iIHHOBAIIiTHOTO iMITe/Iepa, AKUI MiHiMisyBaTUMe HEJOJIIKY YMHHUX CUCTEM (BUCOKE €HeProCIIOKMBaHHS
Ta MeXaHiuHe TOMKOIKeHH MiIleJsio).

Memodu. IIpoBeneno anamnia crareit 3a 2004—2025 porku uepes Scopus, ResearchGate, PubMed, Google
Scholar, 3ocepeqKyOUNCh HA TUNAX II€PEMIillIyBaJbHUX CUCTEM.

Pesynvmamu. Typ6inu Rushton migsumytors Buxin meradosritis Ha 35—200% 1715 aepo6HUX KYJIbTYD,
rirpodoiisioBi Ta THEBMATUYHI CUCTeMH 3HUKYIOTH eHeprocunokuBanud Ha 10—-15% i ontumanbHi nisa
YYTJIUBUX BUAIB, 30iabirytoun 6iomacy no 15% . HagmipHuii 3cyB 3HUMKY€E IpOoAyKTUBHICTD HA 20% .

Bucnosxu. IlepeminyBanabHi TPpUCTPOI KJIIOYOBL AJIA CTAJIOTO BUPOOHUIITBA aHTUOIOTUKIB, €H3UMIB,
6iomacu. IlepcreKTBU — TriOpUIHI KOHCTPYKILii Ta aBTOMaTH3aIliA.

Knwuoei cnosea: KyJIbTUBYBAaHHA, HUTKOIONIOHI Mikpooprauismu, mopdoJiorid, eH3MMHU, IepeMi-
mIyBaJibHI IpUCTPOIi, OioTexHOJOTiA, MacooOMiH, eHeproe()eKTUBHICTb.
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