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The historical paradigm shift from studying planktonic bacteria to understanding the protective
extracellular polymeric substance (EPS) matrix has fundamentally transformed environmental
biotechnology. Once considered operational impediments, biofilms are now recognized as highly organized
microbial consortia and essential tools for advanced wastewater treatment, bioremediation, and
sustainable bioenergy production.

Aim. The study aimed to analyze the evolution of knowledge regarding biofilms - from early
observations to their contemporary role in bioelectrochemical systems and nitrification - thereby
outlining future perspectives for the application of microbial communities.

Materials and Methods. A comprehensive theoretical synthesis of contemporary literature was
conducted, focusing on EPS matrix dynamics, spatial stratification in granular and membrane
bioreactors, and direct interspecies electron transfer (DIET). The analysis encompasses structural data
on methanogenic archaea, exoelectrogens (e.g., Geobacter), and rhizosphere biofilms within constructed
wetland-microbial fuel cells (CW-MFCs).

Results. Biofilm engineering exploited spatial substrate gradients to facilitate syntrophic metabolism,
significantly improving nitrogen removal via ANAMMOZX processes and maximizing methane yields. The
EPS matrix functions both as a chemical buffer against toxic stress and a conductive scaffold. In
bioelectrochemical systems, c-type cytochromes and flavins facilitate efficient long-range electron
transfer. Furthermore, biofilm-mediated horizontal gene transfer and quorum-sensing manipulation
enhance the biodegradation of recalcitrant xenobiotics, heavy metal biomineralization, and plastic
depolymerization.

Conclusions. Transitioning to the targeted engineering of biofilm architecture using synthetic
ecology principles significantly intensified environmental resource recovery. Managing the EPS matrix
transforms conventional biological treatment into robust, self-regulating biotechnological systems
capable of continuous, sustainable energy generation under fluctuating environmental conditions.

Key words: biofilms, biotechnology, microorganisms, bioremediation, bioenergy, quorum sensing,
wastewater treatment.

Biofilms are dynamic microbial and biotechnology. From an evolutionary

communities comprising associations of
microorganisms (specifically bacteria,
archaea, microalgae, and fungi) attached to a
surface and embedded within a self-produced
matrix of extracellular polymeric substances
(EPS). Processes within biofilms are of
profound interest from the perspectives of
evolutionary biology, microbiology, medicine,

standpoint regarding the development of
biological entities, biofilms played a critical
role by providing early microorganisms with
protection against the hostile conditions of
the primordial Earth, thereby establishing
ecological niches that facilitated the
emergence of complex multicellular forms.
This evolutionary trajectory is supported by
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biofilm formation in archaea, particularly
methanogens, which represent more
ancient microbial lineages. Within these
microbial consortia, key evolutionary
innovations occurred — such as intercellular
communication (quorum sensing), signaling
molecule networks, and horizontal gene
transfer — which significantly accelerated
bacterial adaptation to environmental stress
factors[1].

From a medical perspective, biofilms are a
primary driver of resistance to antimicrobial
therapy, as their structured extracellular
matrix establishes a physical barrier that
substantially restricts the penetration of
therapeutic agents into target pathogenic cells.
Chronic infections associated with biofilms
necessitate the development of novel diagnostic
and therapeutic strategies that focus not only
on inhibiting bacterial proliferation but also
on disrupting the structural integrity of this
protective microbial architecture [2].

In natural ecosystems, biofilms represent
a fundamental mode of microbial existence,
ensuring the stability of biogeochemical cycles
by effectively retaining metabolically active
communities. Due to the unique architecture
of the extracellular matrix, these microbial
structures enable organisms to survive and
function under persistent environmental
stresses, such as fluctuations in moisture,
nutrient availability, or temperature.
Consequently, the study of natural biofilms is
key to understanding global biotransformation
processes that underpin the self-purification
of water bodies and the restoration of
soil fertility; thus, these mechanisms
can be implemented in bioenergetics and
environmental biotechnology, specifically in
wastewater treatment and bioremediation [3].

Biofilms also form on various natural
and anthropogenic objects; in this context,
microbiologically induced corrosion is a critical
industrial challenge, driven by biofilms’ ability
to generate localized electrochemical zones
with pH and oxygen concentration gradients
on metallic surfaces [4, 5].

The historical aspect of biofilm research
is critically important, as it facilitates a
paradigm shift from viewing microorganisms
as isolated entities to understanding them
as integrated, highly efficient engineering
systems. Analyzing the historical trajectory
from the foundational discoveries of S.
Winogradsky to contemporary metagenomics
provides a methodological framework for
optimizing bioconversion processes, thereby
helping to circumvent the inefficient
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approaches of the planktonic paradigm.
Examining past successes and shortcomings
in scaling up biofilm reactors enables
biotechnologists to implement cutting-edge
solutions more rapidly, minimizing temporal
and economic costs during the stabilization
of industrial systems. Furthermore,
understanding the natural evolution of these
communities establishes a foundation for
designing consortia capable of self-regulation
and adaptation under stressful industrial
workloads, specifically fluctuating wastewater
compositions, methanogen adaptation,
and the formation of pollutant-resistant
biofilms for remediation. Consequently, the
history of research serves as a foundation
for transitioning toward the sustainable
development of environmental biotechnology,
in which biofilms become an indispensable
component of circular-economy technologies.

In contemporary biotechnology, biofilms
are considered among the most efficient and
adaptive modes of microbial organization.
For most of the 20th century, microbiological
research primarily focused on free-living
(planktonic) forms of microorganisms,
leading to the development of foundational
theories that, however, proved limited
when scaled up to industrial conditions. In
recent decades, the scientific paradigm has
undergone a substantial shift: biofilms are
no longer perceived exclusively as a source
of biofouling or pathogenic threats. Instead,
they have been transformed into a powerful
toolkit for environmental biotechnology and
bioenergetics.

The relevance of this topic is driven
by the imperative transition to a circular
economy, in which waste is converted into
energy resources. The use of microbial
consortia immobilized within an extracellular
polymeric matrix ensures the resilience of
biotechnological processes to environmental
fluctuations, toxic substances, and variations
in pH or temperature.

This review aims to analyze the evolution
of knowledge regarding biofilms — from early
observations to their contemporary role in
bioelectrochemical systems and nitrification
thereby outlining future perspectives for the
application of microbial communities.

Historical overview:
from “animalcules” to fundamental laws

The history of biofilm research mirrors
the broader development of microbiology.
The earliest records of biofilms date back
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to 1676, when Antonie van Leeuwenhoek
(Fig. 1), wutilizing a self-constructed
microscope, first documented the presence of
living microorganisms within human dental
plaque, which he designated as animalcules
(microscopic animals). Although Leeuwenhoek
lacked the terminological framework to
define the concept of a biofilm, he effectively
became the first to visualize microbial
adhesion to biological tissue surfaces and the
subsequent formation of complex architectural
structures. His detailed descriptions of these
“animalcules” and their capacity for surface
adherence laid the empirical foundation
for future microbiology, even though the
scientific paradigm of that era was not yet
prepared to recognize the social nature of the
microbial world. Leeuwenhoek’s observations
constituted the first historical scientific
evidence that bacteria are capable of forming
structured plaques, which are recognized today
as biofilms [6].

However, the prolonged dominance of
Robert Koch’s postulates, which aimed
to isolate pure cultures, established a
methodological barrier that long impeded
understanding of complex polymicrobial
communities. Contemporary research
demonstrates that the high resilience of
biofilms to external factors is driven by
phenotypic adaptation and the architecture
of the extracellular matrix, rather than by
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genetic mutations alone. Recognizing this
distinction became a pivotal step, enabling
biotechnology to transition from combating
biofilms to actively utilizing them as
functional engineering systems [7].

The Ukrainian scientist Sergei
Winogradsky made a substantial contribution
to the understandingc of biological processes
at the end of the 19th century, specifically
through his groundbreaking insights
into nitrification processes (1890-1891).
Winogradsky did not merely demonstrate
that the conversion of ammonia into nitrates
is a biological rather than a chemical
process; he discovered the phenomenon
of chemolithoautotrophy. Winogradsky’s
research demonstrated that microorganisms
(Nitrosomonas and Nitrobacter) can derive
energy from the oxidation of inorganic
compounds and establish stable communities.
This discovery laid the foundation for
understanding metabolic synergism. In
nature, these bacteria never function in
isolation but instead form spatial consortia
in which the metabolites of one species serve
as substrates for another. It is precisely this
spatial organization, initially described by
Winogradsky, that has become the conceptual
prototype for modern biofilm reactors [8].

Despite these advancements, the
dominant planktonic paradigm maintained
its stronghold until the 1970s. A turning
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Fig. 1. Timeline of the biofilm-based technologies: a historical perspective
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point for biotechnology came with the work
of J. William Costerton (1978), published in
the journal Scientific American under the title
“How Bacteria Stick” (which introduced the
broader concept published as “The bacterial
biofilm: A common form of persistence in
nature”). Costerton substantiated that a
biofilm is not an accidental colonization but
rather a highly organized structure and a
microbial survival strategy. He introduced
the concept of the EPS matrix as a community
exoskeleton that protects against adverse
environmental factors, including antibiotics
and toxicants. He validated the concept of
the biofilm as a functional mode of microbial
existence in nature. This shift in focus from
pure culture to microbial consortium became
the departure point for modern biotechnology.
It enabled a transformation in the perception
of biofilms: from a problematic fouling to a
controllable biotechnology that underpins
contemporary energy and environmental
engineering solutions [9].

It became evident that studying pure
cultures in vitro does not reflect the actual
physiology of microbes in nature. This
provided the impetus for developing novel
engineering solutions where the biofilm
began to be considered an active biocatalyst.
Understanding the mechanisms of quorum
sensing — intercellular communication
mediated by chemical signals — definitively
legitimized the status of the biofilm as a
distinct, highly organized structure. The
development of the quorum-sensing concept
itself began in the 1970s with research on
the luminescence of the marine bacterium
Vibrio fischeri, in which a density-dependent
mechanism of gene expression regulation
via the secretion of signaling molecules was
discovered. This fundamental discovery
demonstrated that bacteria exhibit collective
behavior and coordinated actions, such as
biofilm formation, marking a pivotal moment
in understanding microorganisms as socially
organized systems [10-12].

Today, we are witnessing a new stage in the
evolution of biofilm research — a transition
from the study of natural biofilms to their
targeted engineering driven by synthetic
biology. Integrating Winogradsky’s concepts
of metabolic cooperation with Costerton’s
principles regarding the protective role of the
matrix allows contemporary scientists to design
bioreactors in which the biofilm functions not
as a static entity, but as a dynamic tool. This
integration opens avenues for developing
systems capable of simultaneously executing
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advanced wastewater treatment to remove
nitrogen compounds and generating electrical
energy, which constitutes the core of modern
environmental biotechnology.

Wastewater treatment.
Nitrification and metabolic synergism:
from foundational discoveries
to engineering implementation

Wastewater treatment biotechnology
has undergone a sequence of historical shifts
(Table 1). At the beginning of the 20th
century, in 1914, Arden and Lockett published
a foundational paper describing the activated
sludge process. They demonstrated that the
aeration of wastewater in the presence of
microbial flocs provides intensive degradation
of organic matter [13].

Edward Frankland established the
conceptual foundation for the use of trickling
biofilters through a series of intermittent soil
filtration experiments, which demonstrated
that biological oxidation, rather than
mere mechanical straining, is the key to
purification. His work became a cornerstone
document for the development of trickling
biofilters [14, 15].

The research conducted by Rittmann
and McCarty (1980) laid the foundation for
modeling biofilms as engineered entities. They
integrated diffusion processes and Monod
kinetics to describe the steady-state conditions
of a biofilm [16].

Bruce E. Logan synthesized the transition
from conventional treatment practices to
microbial fuel cells, which served as the
departure point for contemporary engineering
of electrogenic biofilms [17].

Furthermore, Rusyn and Godémora-
Hernandez [18] demonstrated comprehensive
approaches toward integrating biofilm systems
into constructed wetlands for simultaneous
purification and energy production.

Nitrification, which consists of a two-stage
biological oxidation of ammonia to nitrite
and subsequently to nitrate, constitutes a
key link in the global nitrogen (N) cycle.
In contemporary industrial environmental
biotechnologies, nitrification in biofilm
systems is one of the primary processes for
treating wastewater with high concentrations
of ammonium compounds. The efficiency
of this process is predicated on metabolic
synergism and the complex spatial and
functional organization of the biofilm,
which enables sequential transformations
unattainable in planktonic cultures [19-21].
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Table 1. Historical evolution of biofilm-based wastewater treatment technologies

Stage Key technology Primary source
Empirical Irrigation fields / Biofilters [15]
Industrial Activated sludge [13]

Engineering Mathematical modeling of biofilms [16]
Energy-focused Bioelectrochemical systems (MFCs) [17]

The history of the discovery of nitrification
is a striking example of the evolution of
scientific thought — from the assumption of
a purely chemical nature of the phenomenon
to its recognition as a microbiological process.
At the end of the 19th century, the debate
surrounding the mechanism of nitrification
became the foundation for the development of
an entire field of environmental microbiology.

A fundamental understanding of
nitrification began with the pioneering work of
Théophile Schloesing and Achille Miintz, who
demonstrated that ammonia oxidation occurs
in soil and can be halted by antiseptics or high
temperatures, providing indisputable evidence
of the involvement of living organisms. The
subsequent stage was marked by the research
of Percy Frankland and Grace Frankland,
who substantiated the two-stage nature of
the process; utilizing serial dilution methods,
they isolated pure cultures of nitrifiers
and demonstrated that distinct functional
groups of bacteria carry out the conversion of
ammonia to nitrite and nitrite to nitrate.

Sergei Winogradsky resolved this debate
by discovering chemolithoautotrophy and
identifying the specific microorganisms that
drive nitrogen transformations in nature.
Subsequently, William Costerton and his
successors integrated these discoveries into
the biofilm paradigm, demonstrating that the
high efficiency of nitrification is driven by the
metabolic synergism of microbial consortia
within the protective matrix. Contemporary
studies confirm that it is precisely the
architectural organization of the biofilm,
grounded in the natural principles laid out
by Winogradsky, that enables nitrifiers to
achieve stability and resilience to external
factors within industrial systems [22, 23].

The modern understanding of nitrification
is predicated on the conceptual foundation
established by Winogradsky and augmented
by knowledge of the social architecture of
bacteria. Within a biofilm, nitrification is
carried out via metabolic synergism, in which
spatial organization effectively replaces

complex technological reactor configurations.
Several key aspects dictate biofilm
functionality.

First, spatial stratification. Distinct
oxygen and substrate gradients develop
throughout the biofilm depth. Ammonia-
oxidizing bacteria (AOB, e.g., Nitrosomonas)
typically concentrate in the outer layers
where oxygen accessibility is maximized.
Conversely, nitrite-oxidizing bacteria (NOB,
e.g., Nitrobacter), which are more sensitive
to elevated oxygen concentrations and
exhibit lower growth rates, occupy deeper,
microaerophilic niches. This sequential
substrate consumption minimizes the
accumulation of toxic nitrite [24—-28].

Second, the role of the EPS. The matrix
functions as a chemical buffer, shielding
nitrifiers — which are highly sensitive to
external stress — from elevated concentrations
of toxic substances or abrupt pH fluctuations.
This biofilm structure provides a level of
stability unattainable in activated sludge
reactors, where cells are continuously
subjected to hydrodynamic stress [29].

Third, the microbial consortium. As
Winogradsky noted, nature does not operate
with pure cultures in isolation. Contemporary
metagenomic research confirms the presence
of heterotrophic companion bacteria in
nitrifying biofilms. These heterotrophs
consume the metabolic byproducts of
nitrifiers and stabilize the matrix’s physical
structure, thereby acting as the architects of
the community [30].

Engineering control of the biofilm by
regulating biofilm thickness, carrier surface
area, and hydraulic flow rate opens avenues
for constructing reactors that operate on
the principles of natural design. Applying
the principles of metabolic synergism
enables the implementation of advanced
technologies such as ANAMMOX (anaerobic
ammonium oxidation), where nitrification
and denitrification are coupled within a single
consortium, ensuring exceptional energy
efficiency in wastewater treatment.
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The ANAMMOZX process in biofilm systems
ensures high nitrogen removal efficiency due
to the unique capacity of specialized bacteria to
function under low-oxygen conditions [31-33].

In modern biofilm reactors, the formation
of dense granules results from a controlled
engineering process in which substrate
gradients drive a unique syntrophic
organization: ammonia-oxidizing bacteria
(AOB) occupy the outer aerobic layer, providing
a continuous flux of nitrite to the inner
anaerobic layers inhabited by ANAMMOX
bacteria. This spatial architecture transforms
the granule into an autonomous bioreactor,
wherein the syntrophic proximity minimizes
the concentration of toxic intermediates and
maximizes nitrogen conversion efficiency.

In membrane bioreactors (MBRs), biofilms
forming directly on membrane surfaces act
as highly efficient biocatalytic layers that
intensify nitrification even at high hydraulic
flow rates. By establishing oxygen gradients
throughout the biofilm depth, the membrane
system enables simultaneous nitrification in
the outer layers and denitrification within
the inner anaerobic zones. This integrated
architecture minimizes the need for an
external carbon source by enabling bacteria
to utilize metabolic products within a single
consortium efficiently. Furthermore,
the integration of membranes into the
nitrification-denitrification process prevents
the washout of slow-growing nitrifiers,
thereby ensuring high stability of nitrogen
compound removal in wastewater treatment
under industrial workloads [34, 35].

Despite the widespread application of
MBRs in advanced wastewater treatment, their
long-term viability is persistently challenged
by the detrimental accumulation of unwanted
microbial layers.

While biofilms are intentionally cultivated
on carriers in fixed-bed systems or electrodes
in bioelectrochemical cells, their uncontrolled
accumulation on filtration membranes,
commonly known as membrane biofouling,
remains a primary operational bottleneck in
MBRs. Biofouling is driven by initial microbial
colonization of the membrane surface,
followed by cell proliferation and extensive
EPS secretion. This self-producing matrix
creates a dense hydrodynamic resistance layer
that progressively increases transmembrane
pressure, drastically reduces permeate flux,
and shortens the operational lifespan of
expensive hollow-fiber or flat-sheet modules.
Furthermore, standard physical backwashing
and chemical cleaning-in-place protocols often
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fail to eradicate mature, multi-layered biofilms
entrenched in membrane pores completely.

To mitigate this critical limitation and
maintain stable flux performance, modern
MBR engineering incorporates several
advanced anti-fouling strategies. These
include:

1) continuous or intermittent air sparging
(two-phase cross-flow filtration) to induce
high shear stress and scour away loose biofilm
structures;

2) surface modification of polymer
membranes via grafting hydrophilic
nanoparticles, zwitterionic polymers, or
antimicrobial peptides to lower initial cell
attachment;

3) quorum quenching biotechnology, which
utilizes immobilized or free enzymes to degrade
N-acyl-homoserine lactones and disrupt inter-
bacterial communication required for biofilm
maturation;

4) the integration of conductive carbon-
based or metal-organic framework membranes
capable of electro-rejection and localized
electrochemical oxidation of microbial cells
upon applying a minor electrical potential.

The efficiency of the metabolic activity
of microbial consortia within biofilm
systems is substantially limited by the
diffusion barriers of the extracellular
matrix (Fig. 2). As early as the classic works
of Rittmann and McCarty (1980), it was
theoretically substantiated that the rate of
substrate transformation is a function of
both the biochemical activity of the cells
and the diffusional capacity of the EPS
matrix. This relationship is critical for
understanding the functionality of anaerobic
granules and electrogenic biofilms, in which
the inner layers of the consortium may
experience substrate starvation despite
high substrate concentrations in the bulk
liquid flow. Consequently, contemporary
biofilm engineering strategies aimed at
optimizing cytochrome density (e.g., OmcZ)
or stimulating methanogenesis must account
for the kinetic limitations imposed by the
steady-state biofilm model [36, 37].

Bioenergetics and microbial fuel cells:
biofilms as drivers of sustainable energy

The application of biofilms in bioenergetics
encompasses a range of technologies wherein
a complex consortium of microorganisms
converts organic waste into energy carriers,
specifically biogas, electricity, bioethanol, and
biohydrogen.
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Fig. 2. Schematic representation of mature biofilm architecture and EPS matrix composition

The history of bioelectrochemistry dates
back to 1911, when the British botanist
Michael Potter, while investigating the
metabolic activity of yeast (Saccharomyces
cerevisiae), demonstrated that microorganisms
can generate an electric current during
metabolism. Although his discovery did not
have immediate engineering applications
at the time, Potter laid the foundation for
the concept of microbial fuel cells (MFCs),
demonstrating that cells can transfer electrons
to an electrode [38, 39].

While the underlying principles trace
back to Galvani’s 18th-century discovery of
animal electricity and Grove’s 1839 chemical
fuel cell, the technological evolution of
microbial systems was gradual. Following
Potter’s breakthrough, Cohen demonstrated
in 1931 that connecting MFCs in series could
generate over 35 Volts, which later sparked
interest during the 1960s space program as
a potential dual-purpose waste-disposal and
power-generation system. The development of
analytical MFCs using synthetic mediators by
Bennetto in the 1980s and 1990s was another
critical milestone. Together, these historical
advancements catalyzed the transition to the
modern era of bioelectrochemistry, shifting
the focus toward mediator-less electroactive
biofilms and the expansion of MFCs into a
broader class of bioelectrochemical systems
for product synthesis and water desalination
[40, 41].

Today, MFCs have evolved into highly
efficient systems in which the biofilm
forming on the anode acts as a biocatalyst,
transforming organic substrates and
transferring electrons to the anode. A biofilm

enriched with exoelectrogens constitutes
a highly ordered semiconductor structure,
in which the electron-transfer rate depends
directly on the density and metabolic activity
of the cells [42, 43].

The EPS within the established biofilm
is of paramount importance. Research on
EPS, highlighted in Flemming (2016),
became defining in the transition from
describing biofilms as mere slime formations
to understanding them as functionally
organized biopolymer systems. A significant
step in this direction was marked by the
foundational works of J. William Costerton,
whose concept of the biofilm as a microbial
city in the 1980s shifted the paradigm of
microbiology by proving the key role of the
matrix in cell protection. Another milestone
was the development of confocal laser
scanning microscopy (CLSM), which enabled
scientists such as Hans-Curt Flemming
to visualize EPS architecture in three
dimensions. These developments enabled the
identification of complex interactions among
polysaccharides, proteins, and extracellular
DNA (eDNA), which today form the basis for
engineered control of biofilms in industrial
biotechnology. Contemporary advancements
in this field confirm that the matrix is not
merely a metabolic byproduct, but an active
external organ that ensures the adaptation
of microorganisms to extreme environmental
conditions [44].

Within exoelectrogenic biofilms, the EPS
matrix serves as a critical conductive scaffold
that hosts specific c-type cytochromes, such
as OmcZ, OmeS, and OmcE, which directly
mediate electron transfer to the anode surface.

25



BIOTECHNOLOGIA ACTA. 2026. Vol. 19, no. 4

ISSN 2410-776X

These protein components are integrated into
the extracellular matrix, where they interact
with the functional groups of polysaccharides
and flavins (specifically riboflavin) that serve
as soluble electron shuttles to facilitate long-
range electron transfer. The EPS matrix,
rich in proteins, humic acids, and eDNA,
ensures a stable spatial organization of these
cytochromes, preventing their degradation
and maintaining a high density of electrical
contact. Research confirms that the expression
level of the OmcZ cytochrome directly
correlates with the efficiency of the current
generation in MFCs, as it forms the densest
contacts between the cell and the anode.
The utilization of nanostructured materials
enables the effective immobilization of these
biomolecules, transforming the biofilm into
a highly efficient bioelectrochemical system.
Consequently, the coordinated action of
cytochromes, flavins, and the biopolymer
EPS matrix constitutes a defining factor
for achieving maximum power outputs
in contemporary bioenergetic technologies
[45-4T7].

Biofilm formation is equally critical in
methanogenesis research. The process of
methane production has evolved from simple
observations of gas evolution in wetlands to
the understanding of methane as an energy
resource managed by biofilm consortia.

A fundamental scientific breakthrough
was the realization that methanogenic archaea
have an inherent propensity to colonize and
form dense granular biofilms that serve as
strategic structures for survival and efficient
metabolism. Granular systems offer a distinct
advantage over planktonic counterparts,
as the spatial architecture of the biofilm
precisely provides the syntrophic balance
between hydrolytic bacteria and methanogenic
archaea necessary for methanogenesis. Within
this structure, EPS functions not only as a
mechanical scaffold but also as a key factor for
retaining microorganisms within the reactor
under high hydraulic loads.

Contemporary data indicate that metabolic
activity within the biofilm is regulated by a
complex network of signaling molecules within
the quorum-sensing system, enabling the
consortium to adapt in a coordinated manner
to fluctuations in environmental composition.
Specifically, the use of CLSM has enabled the
identification of distinct spatial gradients
in oxygen, pH, and substrate concentrations
within the granules, thereby ensuring the
energetic efficiency of converting organic
compounds into methane.
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Modern engineering solutions focus on the
controlled design of the EPS matrix, in which
researchers use quorum-quenching methods to
regulate biofilm thickness, thereby preventing
membrane biofouling.

In addition to structural optimization,
contemporary bioreactors exploit the high
genetic plasticity of biofilms; owing to
active horizontal gene transfer, microbial
communities can rapidly acquire the capacity
to degrade novel types of xenobiotics and
recalcitrant industrial pollutants.

The integration of methanogenic biofilms
into next-generation membrane reactors has
emerged as a technological breakthrough,
allowing for the coupling of advanced
wastewater treatment processes with
continuous energy recovery. Consequently,
the transition from empirical observation
of microbial processes to synthetic ecology
methods has transformed biogas plants into
highly efficient biotechnological systems
capable of stable operation under modern
environmental challenges. Without a biofilm-
based organization, methanogenesis would be
infeasible, as archaea exhibit an exceptionally
slow growth rate and are prone to being washed
out of the reactor if not immobilized within the
granular structure [48—50].

Metagenomic analysis of archaeal
biofilms demonstrates their unique capacity
for adaptation to extreme environments
through specific regulatory pathways that
ensure survival under high temperatures and
salinity [51].

Unlike the bacterial extracellular polymeric
substance (EPS), the archaeal EPS exhibits a
distinct biochemical profile enriched in highly
glycosylated proteins, characteristic ether-
linked isoprenoid lipids, and pseudomurein
rather than peptidoglycan. This unique
chemical composition imparts extraordinary
thermostability and chemical resilience to
the archaeal biofilm. Furthermore, archaeal
adhesion and matrix structuration are driven
by the archaellum — an ATP-powered rotary
motor whose complex, multi-archaellin
filament architecture provides exceptional
structural flexibility for robust surface
colonization [52, 53].

Archaea within biofilms play a crucial
role in the global nitrogen and carbon cycles,
particularly in anaerobic niches, where their
syntrophic organization enables complex
energetic transformations unattainable to
individual species [51, 54—56].

Archaea, which, according to phylogenetic
analysis, belong to the most ancient lineages



Licence CC-BY

Reviews

of life on Earth, have historically adapted to
the extreme conditions of the early biosphere,
shaping their unique biochemical resistance.
As noted by Orell et al. [54], the capacity
of these organisms to form biofilms was a
survival strategy in primordial environments
characterized by high temperatures, extreme
pH, and elevated metal concentrations,
thereby allowing them to maintain microbial
community stability under persistent
environmental stress [57].

A crucial milestone in understanding
biofilm functionality for subsequent
biotechnological applications was the discovery
of syntrophic associations, in which distinct
microbial groups that cannot independently
degrade organic matter form dense, granular
biofilms for collective metabolism. The
spatial architecture of the biofilm enables
methanogenic archaea to maintain the
extremely low hydrogen concentrations
required for efficient methane production.
Contemporary research confirms that the
EPS matrix within methanogenic biofilms
functions not only as a structural glue but
also as an active diffusion barrier that shields
sensitive methanogenic enzymes from toxic
compounds. Consequently, the transition
from investigating planktonic processes to
designing granular methanogenic systems
has significantly enhanced biogas yields in
industrial bioreactors. This evolutionary leap
in biofilm understanding has transformed
wastewater treatment from simple organic
removal into a process of sustainable energy
production [58, 59].

According to recent data, optimizing
the spatial architecture of the EPS matrix
significantly intensifies direct interspecies
electron transfer (DIET), which is critical
for enhancing methane yields and current
densities in MFCs. DIET becomes feasible
due to the dense spatial organization of the
biofilm on the anode surface, where direct
contact between exoelectrogenic bacteria
(e.g., Geobacter spp.) and methanogens
or other consortium partners is mediated
by conductive protein structures (nano-
wires [60].

The use of biofilm systems for bioethanol
production substantially enhances the
resilience of producing strains to fermentation
end-products, particularly ethyl alcohol, a
critical factor for continuous biotechnological
processes. The immobilization of yeasts and
bacteria within the EPS matrix establishes
a protective environment that minimizes
ethanol’s inhibitory effect on cell viability,

thereby enabling fermentation at higher target
product concentrations.

Integrating this approach with the use
of lignocellulosic feedstocks, such as wheat
straw and legume crop residues, ensures
highly efficient sugar conversion through the
synergistic action of enzymes retained directly
within the biofilm structure [61-62].

Such systems demonstrate superior
performance compared to conventional
suspension fermentation methods, as they
ensure rapid recovery of the microbial
population following stress workloads.
Implementing biofilm technologies in the
production cycle also optimizes the utilization
of substrates and byproducts, making the
process a more economically viable model for
the deep processing of biomass. Furthermore,
the higher ethanol yield reduces the energy
consumption required for subsequent
distillation [63—65].

However, scaling such high-efficiency
bioprocesses and maintaining long-term
operational stability ultimately hinges on
mastering microbial adhesion at solid-liquid
interfaces. Transitioning from macroscopic
reactor performance to targeted surface
engineering requires a deeper insight into
the physical rules governing initial cell
attachment.

Integrating modern methods for
analyzing surface interactions provides
a deeper understanding of microbial
adhesion dynamics, which is critical
for designing novel biotechnological
materials. Specifically, investigating the
impact of physical factors, such as a static
magnetic field, on the interaction between
microorganisms and silicon surfaces
opens new perspectives for the controlled
formation of biofilms. The application
of fractal analysis in such experiments
enables quantitative assessment of biofilm
architectural complexity and spatial
organization under varying environmental
conditions, including solvent composition.
These data confirm that the physicochemical
characteristics of the substrate, combined
with external physical influences, can be
utilized as tools for biofilm design — either
stimulating its formation in biosensors
or, conversely, preventing biofouling on
sensitive components [66].

Contemporary biofilm engineering actively
employs hybrid abiotic-biotic electrodes to
increase power output in MFCs, in which
the matrix acts as a conductive medium for
electron transfer [67].
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In the field of plant microbial fuel
cells (Plant-MFCs), rhizosphere biofilms
effectively convert root exudates into
electrical current [68]. These exudates serve
as a rich, continuous metabolic substrate
for electroactive microorganisms, primarily
consisting of major carbohydrates (such as
glucose, fructose, and sucrose), specific amino
acids (including glutamate and aspartate),
and organic acids. This biochemical diversity
demonstrates the high adaptability of
microbial consortia to natural plant-derived
nutrient sources, directly influencing both the
structural composition of the biofilm and the
resulting electricity outputs [69, 70].

Within constructed wetland-microbial
fuel cell (CW-MFC) systems, biofilms forming
on the surfaces of the filler material (plant
root systems and gravel substrates) function
as powerful bioelectrochemical reactors
that simultaneously provide wastewater
treatment and green energy generation.
These complex consortia utilize rhizospheric
oxygen and organic plant exudates to
establish gradients that stimulate both aerobic
pollutant degradation processes and anaerobic
methanogenesis or exoelectrogenesis.
According to recent data, the synergy
between the root biofilm and anode materials
intensifies electron transfer, transforming
“passive” wetland systems into active resource-
recovery installations. Research highlights
that it is precisely the biofilm architecture
and its capacity to adapt under fluctuating
hydrodynamic workloads that dictate the
stability of power output and the efficiency
of nitrogen and phosphorus removal.
Consequently, the modern engineering
approach lies in the targeted design of the
root environment and substrate materials to
maximize the metabolic capacity of microbial
communities within CW-MFCs [18].

The integration of an MFC and a biogas plant
significantly enhances biohydrogen production
efficiency by optimizing microbial metabolic
processes. This combination of technologies
ensures the utilization of bioelectrochemical
mechanisms to stimulate hydrogen synthesis
under anaerobic conditions. Co-operating these
systems facilitates deeper conversion of organic
substrates, substantially improving the energy
yield of the final product. Implementing such
integrated solutions represents a promising
avenue for advancing modern biotechnology
and the sustainable production of renewable
energy [71].

One of the latest directions in biofilm
research regarding biogas production is
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biogas biofiltration aimed at hydrogen sulfide
removal. This process is based on the biological
oxidation of sulfides mediated by sulfur-
oxidizing bacteria of the genus Thiobacillus.
In bioscrubbers, these bacteria form dense
biofilms on packing materials, where hydrogen
sulfide is absorbed from the biogas into the
aqueous phase and immediately oxidized to
elemental sulfur or sulfates. This allows the
replacement of expensive chemical reagents
with an efficient, stable biotechnological
process that maintains microbial community
activity under continuous gas flow [72, 73].

A distinct and promising trajectory in the
development of bioelectrochemical systems
involves the utilization of photosynthetic
microalgae and cyanobacteria as biological
agents for biocathodes. Traditional MFCs often
require expensive platinum catalysts or toxic
chemical oxidants (e.g., hexacyanoferrates)
for oxygen reduction at the cathode. The
application of microalgae in the cathodic
chamber addresses this challenge; through
photosynthesis, they directly generate oxygen,
which serves as the terminal electron acceptor.
Beyond electrical energy generation, such
consortia can efficiently remove nitrogen and
phosphorus compounds from wastewater,
sequester carbon dioxide, and accumulate
valuable biomass rich in lipids and carotenoids
(e.g., lutein, astaxanthin) [74].

Experimental studies confirm the viability
of integrating microalgae into MFC cathodic
processes. Specifically, in two-chamber H-type
systems with a salt bridge — where fermented
sludge after methanogenesis served as the
anolyte and cultures of Chlorella vulgaris,
Desmodesmus armatus, and Parachlorella
kessleri were used as cathodic inoculum —
stable and sustained electrical energy
generation was demonstrated. An important
technological advantage of such systems is
their adaptability; in the presence of a pre-
established stable anodic biofilm, current and
voltage parameters remain relatively stable
even under fluctuating light sources. This
paves the way for utilizing cost-free natural
sunlight instead of energy-intensive artificial
lighting [75].

Analysis of potential fields for the practical
implementation of biofuel cells indicates that
their utility extends well beyond classical
bioenergy. In addition to scaling for municipal
and industrial wastewater treatment, critical
areas of development include the design
of biosensors (particularly for the online
monitoring of biochemical oxygen demand,
BOD) and the creation of autonomous power
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sources for remote environmental stations and
wireless sensor networks. In such systems,
the architecture and metabolic activity of
the microbial biofilm determine the device’s
durability, sensitivity, and operational
stability under varying environmental
conditions [76].

Bioremediation and future perspectives
of biofilm application in environmental
biotechnology and bioenergetics

The roots of modern bioremediation date
back to the early 20th century, when primary
methods for biological wastewater treatment
were first implemented. For a long time,
purification was believed to be exclusively the
result of free-swimming bacterial activity;
however, a fundamental paradigm shift
initiated by the works of microbiologists in
the 1970s and 1980s, most notably J. William
Costerton, demonstrated that the slime
on stones or bioreactor pipes is not merely
metabolic waste, but a highly organized
microbial consortium whose metabolism is
directed toward resource processing.

Today, biofilms are recognized as the
most powerful tool for bioremediation.
Their purification capacity is predicated on
a combination of metabolic diversity and the
physicochemical properties of the EPS matrix.

Microorganisms within the biofilm can
remove pollutants, such as heavy metals,
because the EPS matrix acts as a highly
efficient ion-exchange resin. Due to the
abundant presence of negatively charged
functional groups, specifically hydroxyl,
carboxyl, phosphate, and sulfate groups,
the EPS effectively binds positively charged
metal ions. Quantitative assessments confirm
the high efficacy of this biotechnology: for
instance, biofilms formed by Bacillus sp.
achieved maximum removal efficiencies for
As(V), Cd(1II), and Cr(VI) of 73.65%, 57.37%,
and 61.62%, respectively, in individual
metal solutions. Even in complex multi-metal
solutions, the biofilm maintained significant
sequestration capacities, achieving removal
rates of 48.92%, 28.7%, and 35.46% for the
respective metals [77].

Beyond passive sorption, certain bacteria
within the biofilm can alter the oxidation
state of metals, converting them into less
toxic or insoluble forms that precipitate and
are subsequently removed from the system.
Specifically, Bacillus subtilis, Bacillus
licheniformis, and Sporosarcina pasteurii
precipitate metals as carbonates, while

Desulfovibrio desulfuricans releases sulfur
compounds that bind metals into insoluble
sulfides [78-80].

Petroleum Products and Xenobiotics:
Biofilms establish ideal conditions for the
degradation of recalcitrant organic pollutants.
Within the dense matrix structure, oxygen
gradients are formed, enabling the execution
of complex metabolic pathways — ranging
from the aerobic oxidation of light petroleum
fractions to the anaerobic transformation of
halogenated hydrocarbons — within a single
biofilm layer. Furthermore, microorganisms
within the biofilm share enzymes via horizontal
gene transfer, allowing the community to
rapidly adapt to novel xenobiotics entering
wastewater [81, 82].

Emerging technologies in biofiltration
use apparatuses in which the biofilm is
immobilized on an inert carrier (ceramics,
plastics, or charcoal). In modern biofilters,
managing microbial metabolism — specifically
through the use of molecules that stimulate
quorum sensing — accelerates the formation
of the active biofilm layer on the carrier. In
contrast, quorum quenching methods help
control biofilm thickness, thereby preventing
filter clogging. This ensures the stable removal
of toxicants such as phenols, pesticides, and
pharmaceutical residues, which are often
resistant to conventional treatment methods.

This builds upon the legacy of George
Robinson, a pioneer of microbial ecology whose
mid-20th-century research helped elucidate the
role of microbial communities in the cycling of
matter. His findings formed the basis for the
concept of aquatic self-purification, which
engineers subsequently transformed into
contemporary biofilm-based biofilters [83].

The plant root system establishes a unique
ecological niche hosting specialized biofilms
that play a crucial role in the bioremediation
of contaminated soils.

Root exudates, dynamically adjusted
by the plant in response to environmental
stress and specifically enriched in dominant
carbohydrates (e.g., glucose, sucrose) and
amino acids (e.g., glutamate, glycine), along
with various organic acids, serve as a versatile
energy source for microbial communities.
These specific chemical ingredients not
only nourish the biofilm but also act as
chemoattractants that stimulate microbial
metabolic activity, thereby promoting the
synergistic enzymatic degradation of complex
organic pollutants (such as polycyclic aromatic
hydrocarbons) and the effective chelation and
immobilization of heavy metals [84, 85].
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This synergy, known as rhizoremediation,
ensures a higher degree of purification
than in uninoculated soils, as the biofilm
matrix shields microorganisms from toxic
stress and supports their stable functioning.
Studies underscore that the architecture
of these rhizosphere biofilms enables the
effective management of pollutant fluxes,
transforming the root zone into an active
barrier for groundwater protection. In
addition to biodegradation, root-associated
biofilms facilitate the biomineralization
of toxic ions, fixing them as safe mineral
compounds directly within the root contact
zone. Implementing this technology in
industrial land reclamation cycles enables the
transformation of degraded territories into
productive ecosystems with minimal energy
consumption [86, 87].

The research of Ananda Mohan
Chakrabarty significantly influenced modern
bioremediation in the 1970s. He engineered
the first genetically modified organism (a
strain of Pseudomonas putida) capable of
degrading complex petroleum hydrocarbons.
Although his work focused primarily on
genetics, it demonstrated how strains behave
within biofilms -specifically, that in natural
environments, bacteria inherently seek
protection within a matrix. Chakrabarty’s
findings prompted scientists to investigate
the biofilm mode of life for these degradative
strains [88].

Subsequently, in the 1990s, J. William
Costerton demonstrated that bacteria within
biofilms are many times more resilient
to toxicants and disinfectants than their
planktonic counterparts. This breakthrough
discovery explained why bioremediation under
real-world conditions (such as the treatment
of contaminated soils) requires fundamentally
different approaches than those used in
laboratory flasks [89].

EPS components play a critical role in
biofilm functionality: neutral polysaccharides
and amyloids form the structural framework
that ensures community stability and its
resilience to external influences. Hydrophobic
polysaccharides and biosurfactants promote
adhesion, water channel formation, efficient
metal sorption, and the solubility of
hydrophobic organic pollutants. Nucleic acids
mediate the transfer of genes responsible for
xenobiotic degradation, while enzymes (such
as oxidoreductases and hydrolases) directly
catalyze the breakdown of compounds,
including surfactants. Furthermore,
monomers and polymers in the matrix serve as
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nutrient substrates during resource deficits,
supporting the initial acclimatization
of microorganisms exposed to toxic pollutants
[90].

As contemporary research highlights,
active horizontal gene transfer (HGT)
occurs within the EPS matrix of biofilms
in biotechnological systems, ensuring not
only adaptation to toxic stressors but also
the formation of metabolic syntrophy.
Understanding HGT mechanisms enables a
transition from passive microbial cultivation
to the active modeling of consortia capable of
stable, industrial-scale degradation of complex
anthropogenic pollutants [91].

One of the most advanced frontiers
is the utilization of biofilms for plastic
depolymerization, particularly polyethylene
terephthalate (PET). Specialized consortia,
including strains of Ideonella sakaiensis, form
biofilms on plastic surfaces and secrete specific
enzymes (PETases) that cleave polymer chains
into monomers. This process, governed by the
principles of diffusional limitations described
in Rittmann’s works, allows for the conversion
of persistent waste into biodegradable
substrates [92, 93].

To systematically organize the diverse
mechanisms and microbial agents involved
in these remediation processes, Table 2
summarizes the primary pollutant categories,
along with their corresponding biofilm-
mediated transformation pathways and
efficiencies.

Engineering parameters and control
of biofilm systems

The efficiency of biofilm functioning
in wastewater treatment technologies,
bioenergy, and bioremediation depends on
several engineering parameters, particularly
biofilm thickness, the ratio of living to dead
microorganisms, bioreactor hydrodynamic
regimes, carrier materials, and quorum-sensing
signaling molecules within the biofilm. The
efficiency of biofilm-based biotechnologies is
determined by the complex interplay between
the physicochemical parameters governing
mass transfer and the intrapopulational
biological regulation of microorganisms. The
primary factor limiting the rate of metabolic
processes in a biofilm is its thickness, which
directly regulates the diffusive fluxes of
substrates and metabolites in accordance with
the laws of diffusion.

For instance, a study on the effect of
biofilm thickness (30—1000 pum) in moving
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Table 2. Biofilm-mediated bioremediation processes, key microbial agents, and mechanisms

Pollutant category Key microorganisms Primary mechanism | Efficiency/Result | References
Removal
Biosorption via EPS efficiency up to
Heavy Metals Bacillus sp., functional groups 73.65% [77]
(As(V), Cd(II), Cr(VI)) Pseudomonas (hydroxyl, carboxyl, (individual) or
phosphate) 48.92% (multi-
metal)
Bacillus subtilis, Biomineralization
Ions B. licheniformis, recipitation (as > Conversion into
(Carbonates and Sporosarcina pasteurii, precib insoluble, non- [78-80]
Sulf; o carbonates or - A
ulfides) Desulfovibrio . . toxic precipitates
desulfuricans insoluble sulfides)
Aerobic oxidation, | g ugifieq
Petroleum Products & Consortium bacteria transformation of degradation [81, 82]
Xenobiotics (enhanced via HGT) within oxygen/ ?
halogenated - >
compounds anoxic gradients
Synergistic
Soil Pollutants & . . . enzymatic E.n han(;ed
Rhizosphere microbial - detoxification and
Hydrocarbons - degradation, [86—-87]
. e consortia > . groundwater
(Rhizoremediation) chelation driven by .
protection
plant root exudates
Conversion of
Plastics . . Enzymatic persistent polymer
(Polyethylene Idse():c(;gﬁ zs:dkgéi’;ift?;d depolymerization via waste into [92, 93]
terephthalate) p secreted PETases biodegradable
monomers

bed biofilm reactors (MBBR) revealed that the
specific rate of phosphorus release and uptake
increases with an increase in thickness up to
110 ym. However, it significantly decreases
within the range of 550-1000 pm due to
the diffusion limitations of substrate mass
transfer [94].

Regarding biofilms in bioelectrochemical
systems, monitoring anodic biofilms using
optical coherence tomography revealed that
the maximum current density (up to 3.7 A/m?)
is generated at a minimal film thickness in the
range of 10—30 pm. Mathematical modeling
based on Fick’s laws established that the
threshold thickness of the anodic consortium,
without acetate diffusion limitation, is 55
nm (at a potential of —0.2 V). This confirms
the critical need for engineering control of
this parameter to prevent intra-biofilm mass
transfer resistance, as excessive thickening
of the exoelectrogenic biofilm reduces
the efficiency of electron transfer to the
electrode [95].

The biochemical composition of the biofilm
is also crucial; for example, a high protein
content in the EPS of exoelectrogenic biofilms
protects microorganisms from Cr(VI) toxicity
and stimulates extracellular electron transfer
via aromatic proteins [96].

Regulation of the Tetradesmus obliquus
microalgal biofilm on a polyurethane carrier
using the phytohormone indole-3-acetic acid
(TAA, 1-5 mg/L) significantly accelerates
its startup, providing biomass accumulation
up to 48.2 mg/g and decreasing the absolute
value of the zeta potential to -2.49 mV, which
stimulates primary cell adhesion. This process
is accompanied by structural remodeling of
the extracellular matrix, characterized by an
increase in the protein-to-polysaccharide ratio
to 0.68 and an enrichment of tryptophan-like
proteins by 16% . This ensures high system
stability against shock loads and increases
the efficiency of total nitrogen removal up
to 87% [9T7].

It has been established that dynamic
fluctuations in shear stress and turbulent
flow structures have a more pronounced
effect on biofilm thickness, density, and
structure than the absolute magnitude
of shear stress. This is driven by a
combination of intensified mass transfer
and mechanotransduction (specifically,
the activation of c¢-di-GMP synthesis
and extracellular matrix production). In
this context, spatial heterogeneity and
microcolony size distribution follow a log-
normal pattern, the asymmetry of which
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reflects a shift in the kinetic balance between
cell deposition and their accelerated growth
under the influence of non-stationary
hydrodynamics. These results support the
feasibility of using passive vortex induction
as a low-energy engineering approach for
targeted regulation of biofilm architecture
in biofiltration systems [98].

The application of real-time CLSM and
numerical modeling of Shewanella oneidensis
consortia under low laminar flow conditions
(Reynolds numbers Re = 6.7—54) confirmed
that detachment is a purely physical process
driven by shear forces, during which the
basal cell layer maintains adhesion to the
substrate even under maximum loads. Local
morphological heterogeneities (finger-like
protrusions and roughness) narrow the
fluid flow channels, causing a multi-fold
microscale increase in shear stress (from 31 to
299 mPa). This leads to the selective washout
of rough zones and, consequently, the gradual
hydrodynamic smoothing of the biofilm
surface [99].

On the other hand, investigations of
turbulent fluid motion revealed that increasing
the pulsation intensity to an optimal value
of q=2,50 cm/s accelerates convective-
diffusive transport due to the emergence of
a pronounced percolation velocity gradient.
This directly modulates the biofilm’s porosity
and thickness, ensuring a pollutant removal
efficiency of 96.93% [100].

The physicochemical properties of carrier
materials determine the kinetics of primary
cell adhesion and the longevity of the system.
While hydrophilic polymeric materials with
a high specific surface area are applied in
conventional biological treatment, electrically
conductive carbonaceous materials, such as
felt, cloth, or brushes, are utilized for MFC
anodes. The surface of these conductors is
further optimized through acid treatment or
amination to create a positive surface charge,
facilitating electrostatic interaction with
negatively charged bacterial cell envelopes.

A distinct trajectory involves modifying
biofilm carriers. For instance, modifying
plastic carriers with granular activated
carbon in MBBRs provides a well-developed
macroporous structure, which significantly
intensifies biomass accumulation and
improves microorganism retention on the
surface. This promotes targeted enrichment
of the consortium with key functional
genera (Zoogloea, Thauera, Nitrospira, and
Nitrosomonas), increasing the efficiency of
carbon (up to 81.8%) and nitrogen (up to
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74.9%) removal under high organic loading
rates, while ensuring high dynamic stability
of the biofilm [101].

Furthermore, the efficiency of biofilm
processes, particularly diffusion, is affected
by the molecular size of the particles consumed
by the biofilm microorganisms. An analysis
of diffusion kinetics in aerobic granular
sludge (AGS) revealed that the heterogeneous
porous structure of the granules does not
restrict the transport of compounds with
molecular weights up to 4 kDa. In contrast,
the penetration of larger macromolecules
(from 10 kDa) is hindered by the dense zones
of the cellular matrix. Given that over 60% of
the soluble chemical oxygen demand (sCOD) in
actual wastewater is represented specifically
by the low-molecular-weight fraction (no more
than 1 kDa), most of the organic substrate can
freely diffuse deep into the granular biofilm.
This indicates that intra-porous diffusion is
not a limiting factor for the biodegradation
of most soluble pollutants when using AGS
technology, thereby confirming the high
engineering efficiency of such systems [102].

Alongside this, the architecture,
mechanical stability, and metabolic
cooperation within the biofilm at all stages of
its life cycle are coordinated by quorum-sensing
chemical signals. These signaling molecules,
specifically acyl-homoserine lactones in
Gram-negative bacteria, oligopeptides in
Gram-positive bacteria, and the universal
autoinducer-2 for interspecies communication,
regulate the expression of genes responsible
for the synthesis of EPS matrix components.
The accumulation of a critical concentration
of quorum-sensing molecules in the localized
microenvironment of the biofilm not only
triggers maturation processes or synchronized
cell detachment to colonize new surfaces but
also directly regulates electrochemical activity
in MFCs. Notably, quorum-sensing signaling
molecules regulate the biosynthesis of
endogenous electron shuttles, such as flavins
and phenazines, thereby ensuring molecular
synergy between the reactor’s engineering
parameters and the biological productivity of
the microbial community [103, 104].

Biofilm formation is influenced by
temperature, pH, the microorganisms within
the consortium (specifically their competition
and coexistence), nutrient availability, the
presence or absence of mixing, process duration,
and other technological parameters [105].

Thus, achieving maximum stability and
productivity in biofilm systems requires
comprehensive optimization. This includes
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maintaining the film thickness within the
substrate diffusion limit (tailored to each
reactor type), ensuring hydrodynamic flow
fluctuations to stimulate EPS synthesis, and
using porous or chemically modified carriers
to accumulate target microbiota selectively.
Additionally, it involves selecting appropriate
temperatures and pH levels, optimizing
nutrient composition, and supplementing
limiting substances during treatment
processes, depending on the consortium
microorganisms and substrates used in the
technology.

Despite the advantages of utilizing biofilm
technologies, there is an inherent risk of HGT
within biofilms, particularly concerning the
potential spread of antibiotic resistance in
ecological and industrial systems. The high cell
density, restricted motility of microorganisms,
and the protective role of the EPS matrix make
biofilms hotspots for the transfer of mobile
genetic elements, such as plasmids; notably,
the conjugation frequency in such consortia
can exceed that of planktonic cultures by two
to three orders of magnitude. Furthermore, the
high concentration of eDNA within the matrix
facilitates natural transformation processes,
which are further intensified in thick biofilms
(over 500 pm) due to the emergence of
pronounced oxygen and substrate gradients.
This leads to anaerobic cell lysis in the basal
layers and the massive release of genomic
material. The presence of antibiotics or heavy
metals in wastewater or anaerobic digestion
waste serves as an additional trigger for the
bacterial stress response, thereby stimulating
horizontal gene transfer.

To mitigate these biological risks and
prevent the environmental dissemination of
antibiotic resistance genes, several targeted
engineering and operational solutions must be
implemented. These include:

1) periodic backwashing or carrier scouring
to control biofilm thickness strictly below
the critical diffusion threshold (typically
under 100-150 pm), thereby preventing deep
anaerobic zones and massive cell lysis;

2) applying targeted quorum quenching
enzymes or signal inhibitors to suppress high-
density cell signaling that triggers stress
responses;

3) integrating advanced oxidation
processes or enzymatic treatment before
discharge;

4) strictly regulating influent selective
pressures by minimizing concentrations of
antibiotics and heavy metals in industrial
wastewater streams.

This necessitates the implementation
of engineering solutions to minimize
these biorisks. Such solutions may include
optimizing hydrodynamic parameters for the
controlled detachment of excess biomass and
employing quorum quenching techniques to
reduce matrix density.

The economic factors hindering the
implementation of bioelectrochemical systems
include, in particular, the high capital costs
associated with selective proton-exchange
membranes (such as Nafion, which can account
for 30—50% of total reactor material costs) and
specialized carbon-based electrode materials.
This expenditure significantly impedes their
commercial competitiveness compared to
conventional wastewater treatment and energy
generation technologies. Specifically, capital
expenses for pilot-scale bioelectrochemical
reactors often exceed those for standard
activated sludge setups severalfold, while
operating costs remain vulnerable due to
frequent maintenance needs. Beyond economic
burdens, the main technical barriers to
scaling up these systems remain the limited
extracellular electron transfer rate (yielding
power densities typically restricted to fractions
of a watt per square meter in unoptimized
systems), rapid membrane and electrode
biofouling, and difficulties in maintaining
stable reactor performance over long-term
continuous operation exceeding several
months. To overcome these technological
and economic limitations, further research
focused on developing low-cost alternative
membranes, scaling up reactor architecture,
and engineering novel biocompatible, highly
conductive materials is critically required
[106].

Future perspectives of biofilm application
in bioenergetics and environmental
biotechnology

The transition from understanding
biofilms as mere survival mechanisms to
deploying them as active biocatalysts has
driven a wide array of modern biotechnological
applications. As summarized in Table 3,
engineered biofilm processes now form the
backbone of both environmental remediation
and renewable energy generation. The inherent
advantages of the extracellular polymeric
substance (EPS) matrix, such as protection
against toxic shocks and the establishment of
precise metabolic microenvironments, enable
specific microbial consortia to perform highly
specialized tasks. For instance, in wastewater
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Table 3. Comparative characteristics of biofilm-based biotechnological processes

Main Key Role Product /
Technology objective microorganisms of biofilm Result References
Removal of . Community
Wastewater - Nitrosomonas : Treated water
organics and ’ protection, . >’ [24-28]
Treatment nitrogen Pseudomonas nitrification biomass
— . . Biosorption . o
Soil Bioreme- | Removal of toxi- Bacillus, > | Soil detoxifi- .
diation cants / metals Pseudomonas stres;g;otec- cation [78-80]
Syntrophy .
Methane Waste process- Methanosaeta, A Biomethane _
Production ing (biogas) Syntrophobacter consortium CH, [48-51]
stability
. Fermentation of .
Bioethanol Saccharomyces, | Enhanced eth- | Bioethanol _
Production sugarlsoé ecellu- Zymomonas anol tolerance (fuel) [63-65]
Direct
Electricity Interspecies .
Production Watire‘g'gftment g}fggzggﬁa Electron Elecig;:tcur- [60]
(MFC) &y Transfer
(DIET)
Biogas Oxidation of Purified
Desulfuri- R?;%?Xat}igf ;{SZS Thiobacillus hydrogen sul- | methane, fer- | [72-73]
zation g fide tilizer, sulfur

treatment and soil bioremediation, genera such
as Nitrosomonas, Pseudomonas, and Bacillus
leverage the protective biofilm architecture
to efficiently remove organic loads, nitrogen
compounds, and heavy metals.

Beyond environmental cleanup, the spatial
organization of biofilms is fundamental to
modern bioenergetics. Complex syntrophic
interactions within granular or anodic
biofilms facilitate sustainable energy
recovery, underpinning processes like methane
generation (Methanosaeta, Syntrophobacter),
bioethanol fermentation (Saccharomyces,
Zymomonas), and direct electricity production
in microbial fuel cells (Geobacter, Shewanella).
Furthermore, specialized ecological
niches, such as those exploited for biogas
desulfurization using Thiobacillus, highlight
the immense versatility of these structured
microbial communities. Consequently, Table
3 provides a comprehensive overview of
how targeted biofilm engineering, tailored
to specific primary objectives and key
microorganisms, results in distinct, valuable
end products, serving as a conceptual roadmap
for the detailed processes discussed in this
review.

The future of biofilms lies within the
domain of synthetic ecology. Using 3D
bioprinting, it is possible to engineer specific
architectures for biofilm formation, in which
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bacteria are positioned in precise spatial
sequences to ensure the staged purification of
water or soil from complex pollutant mixtures,
or the conversion of organic waste into energy
carriers.

Integrating genetically modified strains
into the biofilm structure — such as those
that luminesce via lux genes or alter their
electrical potential upon encountering a
specific toxicant (e.g., exoelectrogens like
Geobacter or Shewanella) — will transform
future treatment facilities into systems
embedded with intelligent biosensors or
biocomputers. Driven by preprogrammed
automation, these systems will be capable of
responding autonomously to fluctuations in
environmental composition.

Another promising frontier is the recovery
of valuable resources from waste during
bioremediation. For instance, employing
specific biofilms not only for metal removal
but also for their subsequent concentration and
recovery shifts the paradigm of wastewater
purification from a cost-intensive operation to
a profitable model.

Conclusions

In summary, biofilms represent a powerful
yet complex frontier in modern environmental
biotechnology, effectively bridging
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bioenergetics and waste valorization. While
harnessing the natural resilience of microbial
consortia offers exceptional advantages across
wastewater treatment and environmental
remediation, the broader transition of these
systems from laboratory scales to industrial
implementation remains constrained by
several fundamental challenges. The inherent
dichotomy of the extracellular polymeric
substance matrix—acting simultaneously
as a protective shield and a formidable
diffusion barrier—poses intricate engineering
challenges that have yet to be fully overcome at
a commercial scale.

Specifically, in bioenergetics, the
practical deployment of microbial fuel
cells and larger bioelectrochemical systems
is severely hindered by notoriously low
extracellular electron transfer rates, which
fundamentally limit overall power density
and energy recovery. This kinetic bottleneck
occurs because the dense EPS matrix, while
securing the consortium to the electrode,
eventually imposes substantial internal
ohmic resistance as the biofilm thickens,
impeding the efficient flow of electrons via
cytochromes and endogenous mediators.
Prohibitive structural and economic
barriers heavily compound this biological
limitation. The reliance on expensive
selective proton-exchange membranes, such
as Nafion, alongside the need for noble-
metal catalysts or specialized carbon-based
electrode materials, significantly increases
capital expenditure. Consequently, this
economic burden undermines the commercial
competitiveness of bioelectrochemical
reactors when compared to conventional,
energy-intensive wastewater treatment
technologies. Furthermore, long-term
reactor stability is chronically compromised
by severe membrane biofouling. The
continuous, unregulated overproduction
of the EPS matrix leads to rapid clogging
of membrane pores and fouling of active
electrode sites, which physically obstruct
substrate diffusion, sharply reduce metabolic
efficiency, and necessitate frequent, costly
maintenance interventions.

Beyond these operational and economic
barriers, the widespread application of robust
biofilm systems introduces significant,
yet often overlooked, biological risks. The
extraordinarily high cell densities packed
within the structural confines of the EPS
matrix establish an ideal microenvironment for
accelerated horizontal gene transfer. Because
these microbial communities are continuously

exposed to sub-lethal concentrations of diverse
anthropogenic pollutants in municipal and
industrial effluents, they endure constant
selective pressure. This turns the biofilm
into a highly active ecological hotspot for
the exchange of mobile genetic elements,
raising serious ecological concerns about the
environmental dissemination of antibiotic
resistance genes and engineered traits via
treated effluent discharges.

To bridge the persistent gap between
fundamental biofilm ecology and scaled-up
reactor engineering, it is essential to resolve
these intertwined physical, economic, and
biological bottlenecks. Accordingly, upcoming
experimental research will pivot toward
precision ecological management and targeted
materials science. A primary focus of future
investigations might be the execution of a
comprehensive experimental project dedicated
to developing advanced bio-electrode interfaces
and low-cost conductive materials. This
targeted approach is designed to significantly
enhance direct interspecies electron transfer
and maximize power outputs, while dynamically
mitigating electrode biofouling and drastically
reducing the capital costs associated with
conventional electrode assemblies.

In parallel with material innovations, biofilm
architecture could be optimized and dynamically
regulated using quorum-quenching strategies.
This dual approach will allow us to maintain
biofilm thickness strictly below critical diffusion
thresholds, thereby avoiding massive cellular
lysis and ultimately minimizing genetic risks of
horizontal gene transfer.

A deepening interdisciplinary approach
will ultimately bridge the gap between
theoretical laboratory-scale breakthroughs
and reliable commercial applications, paving
the way for highly efficient, sustainable,
closed-loop bioenergy and circular bioeconomy
frameworks.

Conflict of interest
The authors declare no conflict of interest.

Funding source
This study received no external funding.

Author’s contributions

D. Koltysheva — conceptualization,
literature review, bibliography compilation,
analysis and interpretation of results, and
drafting of the manuscript; K. Shchurska —
critical revision of the manuscript, editing,
language polishing, translation editing, and
final approval of the manuscript.

35



BIOTECHNOLOGIA ACTA. 2026. Vol. 19, no. 4

ISSN 2410-776X

10.

36

REFERENCES

. Baxter, K. J., Sas, E., Clark, K. B., Walsh, M.,

Pradeep, N., Batool, A., Naney, C., Vargas
Cruz, M. A., ..., Brereton, N. J. B. (2026).
Biofilms: from the cradle of life to life
support. npj Biofilms and Microbiomes,
12(1). https://doi.org/10.1038/s41522-025-
00875-8

. Ugwu, C. N., Ezeibe, E. N., Emencheta, S. C.,

Nwagwu, C. S., Ogbonna, K. O., Ejiofor, C. V.,
Onugwu, A. L., Berebon, D. P., Attama, A. A.
(2025). Biofilms: structure, resistance
mechanism, emerging control strategies, and
applications. RSC Pharmaceutics. https://
doi.org/10.1039/d5pm00094g

. Bamford, N. C., MacPhee, C. E., Stanley-

Wall, N. R. (2023). Microbial Primer: An
introduction to biofilms — what they are,
why they form and their impact on built and
natural environments. Microbiology, 169(8).
https://doi.org/10.1099/mic.0.001338

. Biofilms in Nature. Gianforte School of

Computing — Computer Science Department
| Montana State University. URL: https://
www.cs.montana.edu/webworks/projects/
stevesbook/contents/chapters/chapter001/
section004 /blue/page002.html (Last
accessed: 10.06.2026).

. Pal, M. K., Lavanya, M. (2022). Microbial

Influenced Corrosion: Understanding
Bioadhesion and Biofilm Formation. Journal
of Bio- and Tribo-Corrosion, 8(3). https://doi.
org/10.1007/s40735-022-00677-x

.Antony van Leeuwenhoek and his “Little

animals”; being some account of the father
of protozoology and bacteriology and his
multifarious discoveries in these disciplines;
: Dobell, Clifford, 1886-1949 : Free Download,
Borrow, and Streaming : Internet Archive.
Internet Archive. URL: https://archive.org/
details/antonyvanleeuwen0Odobe/page/10/
mode/2up (Last accessed: 10.06.2026).

. Ehrlich, G. D., Arciola, C. R. (2012). From

Koch’s Postulates to Biofilm Theory. The
Lesson of Bill Costerton. The International
Journal of Artificial Organs, 35(10), 695—
699. https://doi.org/10.5301/ijao.5000169

. Kryvyi, P. A., Gumeniuk, G. L., Bratchyko-

va, Y. V. (2022). Serhiy Winogradsky — a
great Ukrainian. Infusion Chemotherapy,
(3), 57—-64. https://doi.org/10.32902/2663-
0338-2022-3-57-64

. Haiby, N. (2017). A short history of microbial

biofilms and biofilm infections. APMIS,
125(4), 272-275. https://doi.org/10.1111/
apm.12686

Turovskiy, Y., Kashtanov, D., Paskhover, B.,
Chikindas, M. L. (2007). Quorum Sensing:

11.

12.

13.

14.

15.

16.

17.

18.

Fact, Fiction, and Everything in Between. ¥
Advances in Applied Microbiology, 191— 234.
Elsevier. https://doi.org/10.1016/s0065-
2164(07)62007-3

Anderson, D. C., Hairston, R. V. (1999). The
Winogradsky Column Biofilms: Models for
Teaching Nutrient Cycling Succession in an
Ecosystem. American Biology Teacher, 61(6),
453-459. URL: https://aquila.usm.edu/fac
pubs/8684 (Last accessed: 10.06.2026).
Mastroleo, F., Arnau, C., Verbeelen, T., Mysara,
M., Godia, F., Leys, N., Van Houdt, R. (2022).
Metaproteomics, Heterotrophic Growth, and
Distribution of Nitrosomonas europaea and
Nitrobacter winogradskyi after Long-Term
Operation of an Autotrophic Nitrifying
Biofilm Reactor. Applied Microbiology,
2(1), 272—-287. https://doi.org/10.3390/
applmicrobiol2010020

Arden, E., Lockett, W. T. (1914).
Experiments on the oxidation of sewage
without the aid of filters. Journal of the
Society of Chemical Industry, 33(10), 523—
539. URL: https://ia600607.us.archive.
org/view_archive.php?archive=/8/items/
crossref-pre-1923-scholarly-works/10.1002
% 252Fjctb.5000330309.zip&file=10.1002
% 252Fjctb.5000331005.pdf (Last accessed:
10.06.2026).

History of the Water Supply of the World,
by Thomas J. Bell—A Project Gutenberg
eBook. (1882). Free eBooks | Project
Gutenberg. URL: https://www.gutenberg.
org/files/66130/66130-h/66130-h.
htm#CHAPTER_III (Last accessed:
10.06.2026).

Rivers Pollution Commission. (1874). Fifth
report of the commissioners appointed in 1868
to inquire into the best means of preventing the
pollution of rivers. Vol. I. Report and maps. Eyre
and Spottiswoode for H.M. Stationery Office.
URL: https://www.niph.go.jp/toshokan/
koten/Britain/PDF/100718600002.pdf (Last
accessed: 10.06.2026).

Rittmann, B. E., McCarty, P. L. (1980).
Model of steady-state-biofilm kinetics.
Biotechnology and Bioengineering, 22(11),
2343-2357. https://doi.org/10.1002/
bit.260221110

Logan, B. E., Hamelers, B., Rozendal, R.,
Schroder, U., Keller, J., Freguia, S.,
Aelterman, P., Verstraete, W., Rabaey, K.
(2006). Microbial Fuel Cells: Methodology
and Technologyf. Environmental Science
Technology, 40(17), 5181-5192. https://doi.
org/10.1021/es0605016

Rusyn, I., Gomora-Hernandez, J. C. (2024).
Constructed wetland microbial fuel cell as



Licence CC-BY

Reviews

19.

20.

21.

22.

23.

24.

25.

26.

enhancing pollutants treatment technology
to produce green energy. Biotechnology
Advances, 77, 108468. https://doi.
org/10.1016/j.biotechadv.2024.108468
Yang, H., Qi, S., Yan, Y. (2021). Influencing
Factors of biofilm nitrification in long-
distance water pipeline. IOP Conference
Series: Earth and Environmental
Science, 702(1), 012057. https://doi.
org/10.1088/1755-1315/702/1/012057
Gieseke, A., Tarre, S., Green, M., de Beer, D.
(2006). Nitrification in a Biofilm at Low pH
Values: Role of In Situ Microenvironments
and Acid Tolerance. Applied and Environ-
mental Microbiology, 72(6), 4283—-4292.
https://doi.org/10.1128 /aem.00241-06
Tabraiz, S., Aiswarya, N. M., Taneja, H.,
Narayanan, R. A., Ahmed, A. (2022).
Biofilm-based simultaneous nitrification,
denitrification, and phosphorous uptake
in wastewater by Neurospora discreta.
Journal of Environmental Management,
324, 116363. https://doi.org/10.1016/j.
jenvman.2022.116363

Sedlacek, C. J. (2020). It Takes a Village:
Discovering and Isolating the Nitrifiers.
Frontiers in Microbiology, 11. https://doi.
org/10.3389/fmicb.2020.01900

Tan, Q., Zhang, G., Ding, A., Bian, Z.,
Wang, X., Xing, Y., Zheng, L. (2023).
Anthropogenic land-use activities within
watersheds reduce comammox activity and
diversity in rivers. Journal of Environmental
Management, 338, 117841. https://doi.
org/10.1016/j.jenvman.2023.117841
Zulkarnaini, Z., Matsuura, N., Kanazawa, S.,
Honda, R., Yamamoto-Ikemoto, R. (2024).
Optimizing start-up strategies for the
two-inflow nitritation/anammox process:
influence on biofilm microbial community
composition. Water Science Technology.
https://doi.org/10.2166/wst.2024.065
Woznica, A., Nowak, A., Beimfohr, C.,
Karczewski, J., Bernas, T. (2010).
Monitoring structure and activity
of nitrifying bacterial biofilm in an
automatic biodetector of water toxicity.
Chemosphere, 78(9), 1121-1128. https://doi.
org/10.1016/j.chemosphere.2009.12.035
Sharif Shourjeh, M., Kowal, P., Lu, X., Xie, L.,
Drewnowski, J. (2021). Development of
Strategies for AOB and NOB Competition
Supported by Mathematical Modeling in
Terms of Successful Deammonification
Implementation for Energy-Efficient
WWTPs. Processes, 9(3), 562. https://doi.
org/10.3390/pr9030562

27.

28.

29.

30.

31.

32.

33.

34.

Pellicer-Nacher, C., Franck, S., Gilay, A.,
Ruscalleda, M., Terada, A., Al-Soud, W. A.,
Hansen, M. A., Serensen, S. J., Smets, B. F.
(2013). Sequentially aerated membrane biofilm
reactors for autotrophic nitrogen removal:
microbial community composition and
dynamics. Microbial Biotechnology, 7(1), 32—
43. https://doi.org/10.1111/1751-7915.12079
Laureni, M., Weissbrodt, D. G., Villez, K.,
Robin, O., de Jonge, N., Rosenthal, A.,
Wells, G., Nielsen, J. L., Morgenroth, E.,
Joss, A. (2019). Biomass segregation between
biofilm and flocs improves the control of
nitrite-oxidizing bacteria in mainstream
partial nitritation and anammox processes.
Water Research, 154, 104—116. https://doi.
org/10.1016/j.watres.2018.12.051
Tsuneda, S., Park, S., Hayashi, H., Jung, J.,
Hirata, A. (2001). Enhancement of nitrifying
biofilm formation using selected EPS
produced by heterotrophic bacteria. Water
Science and Technology, 43(6), 197-204.
https://doi.org/10.2166/wst.2001.0374
Sepehri, A., Sarrafzadeh, M.-H. (2019).
Activity enhancement of ammonia-oxidizing
bacteria and nitrite-oxidizing bacteria
in activated sludge process: metabolite
reduction and CO2 mitigation intensification
process. Applied Water Science, 9(5). https://
doi.org/10.1007/s13201-019-1017-6

Lu, Y., Natarajan, G., Nguyen, T. Q. N.,
Thi, S. S., Arumugam, K., Seviour, T.,
Williams, R. B. H., Wuertz, S., Law, Y.
(2022). Controlling anammox speciation
and biofilm attachment strategy using
N-biotransformation intermediates and
organic carbon levels. Scientific Reports,
12(1). https://doi.org/10.1038/s41598-022-
26069-2

Wang, L., Chen, Y., Yang, J., Li, J.,
Zhang, Y., Wang, X. (2025). Dynamic
Restoration of Collapsed Anammox Biofilm
Systems: Integrating Process Optimization,
Microbial Community Succession, and
Machine Learning-Based Prediction.
Processes, 13(6), 1672. https://doi.
org/10.3390/pr13061672

Suto, R., Ishimoto, C., Chikyu, M., Aihara, Y.,
Matsumoto, T., Uenishi, H., Yasuda, T.,
Fukumoto, Y., Waki, M. (2017). Anammox
biofilm in activated sludge swine wastewater
treatment plants. Chemosphere, 167,
300-307. https://doi.org/10.1016/]j.
chemosphere.2016.09.121

Yan, Z., Han, X., Lin, Y., Jin, Y., Song, X.
(2025). Insights into partial nitrification in a
membrane-aerated biofilm reactor (MABR):
Performance, microbial characteristics, and

37



BIOTECHNOLOGIA ACTA. 2026. Vol. 19, no. 4

ISSN 2410-776X

35.

36.

37.

38.

39.

40

41.

42.

43.

38

.Santoro, C.,

mechanisms. ACS ES&T Engineering, 5(1),
123-136. https://pubs.acs.org/doi/10.1021/
acsestengg.5c00248

Zhong, H., Tang, Y., Wang, M., Dong, L.
(2024). Achieving Simultaneous Nitrification
and Denitrification by a Membrane Aerated
Biofilm Reactor at Moderate Lumen
Pressure. Separations, 11(8), 227. https://
doi.org/10.3390/separations11080227
Zhang, Y., Han, X., Jiang, Y., Dong, Y.,
Shi, L., Yin, H., Hu, Y. (2026). Genetically
Boosting Electron Transfer in Electroactive
Biofilms for Improved Sensitivity of
Microbial Fuel Cell-Based Biosensing.
Microbial Biotechnology, 19(4). https://doi.
org/10.1111/1751-7915.70356

Sablii, L., Zhukova, V., Hrynevych, A.,
Drewnowski, J. (2025). Biofilm properties
on carriers for wastewater treatment:
supporting Green Deal. Desalination and
Water Treatment, 101608. https://doi.
org/10.1016/j.dwt.2025.101608

Santoro, C., Arbizzani, C., Erable, B.,
Ieropoulos, I. (2017). Microbial fuel cells:
From fundamentals to applications. A
review. Journal of Power Sources, 356,
225-244. https://doi.org/10.1016/j.
jpowsour.2017.03.109

El-Raheem, H. A. (2022). Biofilm and
the electron transfer mechanism in
bioelectrochemical systems. Zewail City
of Science and Technology. https://www.
researchgate.net/publication/365560371
Biofilm and the Electron Transfer
Mechanism_in_Bioelectrochemical Systems
Arbizzani, C., Erable, B.,
Ieropoulos, I. (2017). Microbial fuel cells:
From fundamentals to applications. A
review. Journal of Power Sources, 356,
225-244. https://doi.org/10.1016/j.
jpowsour.2017.03.109

Bullen, R. A., Arnot, T. C., Lakeman, J. B.,
Walsh, F. C. (2006). Biofuel cells and their
development. Biosensors and Bioelectronics,
21(11), 2015-2045.  https://doi.
org/10.1016/j.bios.2006.01.030
Flores-Estrella, R., de Jesus Garza-Rubalca-
va, U., Haarstrick, A., Alcaraz-Gonzalez, V.
(2019). A Dynamic Biofilm Model for a
Microbial Electrolysis Cell. Processes, 7(4),
183. https://doi.org/10.3390/pr7040183
Shchurska, K., Zubchenko, L., Sobczuk, H.,
Kuzminskyy, Y. (2019). High Exo-
electrogenic Biofilms Formation in Microbial
Fuel Cells. Innovative Biosystems and
Bioengineering, 3(4), 246-252. https://doi.
org/10.20535/ibb.2019.3.4.185159

45.

46.

47.

48.

49.

50.

51.

52.

53.

. Flemming, H.-C. (2016). EPS—Then and

Now. Microorganisms, 4(4), 41. https://doi.
org/10.3390/microorganisms4040041

Xing, F., Xi, H., Yu, Y., Zhou, Y. (2021).
Anode biofilm influence on the toxic response
of microbial fuel cells under different
operating conditions. Science of The Total
Environment, 775, 145048. https://doi.
org/10.1016/j.scitotenv.2021.145048
Mahmoud, R. H., Samhan, F. A., Ali, G. H.,
Ibrahim, M. K., Hassan, R. Y. A. (2018).
Assisting the biofilm formation of
exoelectrogens using nanostructured microbial
fuel cells. Journal of Electroanalytical
Chemistry, 824, 128-135. https://doi.
org/10.1016/j.jelechem.2018.07.045

Yan, X., Du, Q., Mu, Q., Tian, L., Wan, Y.,
Liao, C., Zhou, L., Yan, Y., Li, N., Logan, B. E.,
Wang, X. (2021). Long-Term Succession
Shows Interspecies Competition of Geobacter
in Exoelectrogenic Biofilms. Environmental
Science Technology, 55(21), 14928-14937.
https://doi.org/10.1021 /acs.est.1¢03010
Jasso-Chavez, R., Santiago-Martinez, M. G.,
Lira-Silva, E., Pineda, E., Zepeda-Rodri-
guez, A., Belmont-Diaz, J., Encalada, R.,
Saavedra, E., Moreno-Sanchez, R. (2015).
Air-Adapted Methanosarcina acetivorans
Shows High Methane Production and
Develops Resistance against Oxygen Stress.
PLOS ONE, 10(2), e0117331. https://doi.
org/10.1371/journal.pone.0117331
Smallwood, C. R., Hasson, N., Yang, J.,
Schambach, J., Bennett, H., Ricken, B.,
Sammon, J., Mascarenas, M., ..., Miller, P. R.
(2025). Bioindicator “fingerprints”
of methane-emitting thermokarst
features in Alaskan soils. Frontiers in
Microbiology, 15. https://doi.org/10.3389/
fmicb.2024.1462941

Zhang, L., Yin, Y., Sun, Y., Liang, X.,
Graham, D. E., Pierce, E. M., Loffler, F. E.,
Gu, B. (2023). Inhibition of Methylmercury
and Methane Formation by Nitrous
Oxide in Arctic Tundra Soil Microcosms.
Environmental Science Technology. https://
doi.org/10.1021/acs.est.2c09457

Bhat, S. P., Roach, D. J. (2025). Bioactivity of
microbial biofilms in extreme environments.
Frontiers in Microbiology, 16. https://doi.
org/10.3389/fmicb.2025.1602583
Gambelli, L., Isupov, M. N., Conners, R.,
McLaren, M., Bellack, A., Gold, V., Rachel, R.,
Daum, B. (2022). An archaellum filament
composed of two alternating subunits.
Nature Communications, 13(1). https://doi.
org/10.1038/s41467-022-28337-1

Beeby, M., Daum, B. (2025). How Does the



Licence CC-BY

Reviews

54.

55.

56.

57.

58.

59.

60.

61.

62.

Archaellum Work? Biomolecules, 15(4), 465.
https://doi.org/10.3390/biom15040465
Orell, A., Frols, S., Albers, S.-V. (2013).
Archaeal Biofilms: The Great Unexplored.
Annual Review of Microbiology, 67(1), 337—
354. https://doi.org/10.1146/annurev-
micro-092412-155616

Calderén, K., Gonzalez-Martinez, A., Gomez-
Silvan, C., Osorio, F., Rodelas, B., Gonzalez-
Loépez, J. (2013). Archaeal Diversity in
Biofilm Technologies Applied to Treat Urban
and Industrial Wastewater: Recent Advances
and Future Prospects. International Journal
of Molecular Sciences, 14(9), 18572-18598.
https://doi.org/10.3390/ijms140918572
Bang, C., Ehlers, C., Orell, A., Prasse, D.,
Spinner, M., Gorb, S. N., Albers, S.-V.,
Schmitz, R. A. (2014). Biofilm formation of
mucosa-associated methanoarchaeal strains.
Frontiers in Microbiology, 5. https://doi.
org/10.3389/fmich.2014.00353

Wolferen, M., Orell, A., Albers, S.-V. (2018).
Archaeal biofilm formation. Nature Reviews
Microbiology, 16(11), 699-713. https://doi.
org/10.1038/s41579-018-0058-4

Ng, J. C. Y., Chiu, J. M. Y. (2020). Changes
in biofilm bacterial communities in response
to combined effects of hypoxia, ocean
acidification and nutrients from aquaculture
activity in Three Fathoms Cove. Marine
Pollution Bulletin, 156, 111256. https://doi.
org/10.1016/j.marpolbul.2020.111256
Lovley, D. R. (2011). Live wires: direct
extracellular electron exchange for bioenergy
and the bioremediation of energy-related
contamination. Energy Environmental
Science, 4(12), 4896. https://doi.
org/10.1039/clee02229f

Yan, Y., Zhang, J., Tian, L., Yan, X., Du, L.,
Leininger, A., Zhang, M., Li, N., Ren, Z. J.,
Wang, X. (2023). DIET-like Mutualism
of Geobacter and Methanogens at Specific
Electrode Potential Boosts Production of both
Methane and Hydrogen from Propionate.
Water Research, 119911. https://doi.
org/10.1016/j.watres.2023.119911
Tsygankov, S., Ivanova, T., Spivak, C.,
Lukashevich, K., Blume, Y. (2024).
Development of a Complex Technology for
Replacing Fossil Energy Carriers with By-
Products in the Bioethanol Production.
Science and Innovation, 20(5), 53—61.
https://doi.org/10.15407/scine20.05.053
Vovk, Y. A., Tsygankov, S. P. (2026). Use
of pea fractionation wastes in bioethanol
production. Biotechnologia Acta, 19(1),
48-54. https://doi.org/10.15407/
biotech19.01.048

63.

64.

65.

66.

67.

68.

69.

70.

71.

He, S., Zhan, Z., Shi, C., Wang, S., Shi, X.
(2022). Ethanol at Subinhibitory
Concentrations Enhances Biofilm
Formation in Salmonella Enteritidis. Foods,
11(15), 2237. https://doi.org/10.3390/
foods11152237
Tozluoglu, A., Ozyurek, O., Copiir, Y.,
Ozdemir, H. (2015). Integrated Production
of Biofilm, Bioethanol, and Papermaking
Pulp from Wheat Straw. BioResources,
10(4). https://doi.org/10.15376/
biores.10.4.7834-7853
Rich, J. O., Leathers, T. D., Bischoff, K. M.,
Anderson, A. M., Nunnally, M. S. (2015).
Biofilm formation and ethanol inhibition
by bacterial contaminants of biofuel
fermentation. Bioresource Technology,
196, 347-354. https://doi.org/10.1016/j.
biortech.2015.07.071
Marynchenko, L., Nizhelska, O., Shirinyan, A.,
Gorchakova, N. (2024). Evaluating the
Interaction Between Silicon Surface and
Microorganisms in Various Solvents
Under the Influence of a Static Magnetic
Field Using Fractal Analysis. Innovative
Biosystems and Bioengineering, 8(2),
69-84. https://doi.org/10.20535/
ibb.2024.8.2.297364
Apollon, W., Rusyn, 1., Gwenzi, W., Mittal, Y.,
Chaukura, N., Sato, C., Kamaraj, S.-K.
(2026). Recent advances in abiotic and biotic
cathodes for microbial energy generation
systems. Renewable and Sustainable
Energy Reviews, 232, 116758. https://doi.
org/10.1016/j.rser.2026.116758

Rusyn, I., Mittal, Y., Apollon, W. (2025).
Plant microbial fuel cells: An innovative
path toward integrated food and energy
production for a sustainable future. Journal
of Power Sources. https://doi.org/10.1016/j.
jpowsour.2025.237344

Greenman, J., Thorn, R., Willey, N.,
Ieropoulos, I. (2024). Energy harvesting
from plants using hybrid microbial fuel
cells; potential applications and future
exploitation. Frontiers in Bioengineering and
Biotechnology, 12. https://doi.org/10.3389/
fbioe.2024.1276176

Freire, J. B., Faustino, L., Abreu, A. A.,
Cruz, I. A. G. D. e., Costa, E. J. X. (2026).
Microbial Communities Powering Plant—
Microbial Fuel Cells: Diversity, Functions
and Biotechnological Perspectives.
Microbial Biotechnology, 19(2). https://doi.
org/10.1111/1751-7915.70310

Golub, N., Zubchenko, L., Demianenko, I.,
Zhang, Y., Seminska, N. (2024). Intensi-
fication of the Biohydrogen Production

39



BIOTECHNOLOGIA ACTA. 2026. Vol. 19, no. 4

ISSN 2410-776X

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

40

Process. Innovative Biosystems and
Bioengineering, 8(1), 37—45. https://doi.
org/10.20535/ibb.2024.8.1.285588

Le Borgne Baquerizo. (2019). Microbial
Ecology of Biofiltration Units Used for the
Desulfurization of Biogas. ChemEngineering,
3(3), T72. https://doi.org/10.3390/
chemengineering3030072

Okoro, O. V., Sun, Z. (2019). Desulphuri-
sation of Biogas: A Systematic Qualitative
and Economic-Based Quantitative Review of
Alternative Strategies. ChemEngineering,
3(3), T76. https://doi.org/10.3390/
chemengineering3030076

Koltysheva, D., Shchurska, K., Kuzmin-
skyi, Y. (2021). Microalgae and cyanobacteria
as biological agents of biocathodes in biofuel
cells. BioTechnologia, 102(4), 437-444.
https://doi.org/10.5114/bta.2021.111108
Koltysheva, D., Shchurska, K., Kuzmins-
kyi, Y. (2024). Electrical Energy Generation
by Microbial Fuel Cells With Microalgae on
the Cathode. Innovative Biosystems and
Bioengineering, 8(1), 46—55. https://doi.
org/10.20535/ibb.2024.8.1.290311
Koltysheva, D. Shchurska, K., Kuzminskyi, Y.
(2020). Promising areas of biofuel cell use.
Biotechnologia Acta, 13(4), 5—13. https://
doi.org/10.15407 /biotech13.04.005

Maity, S., Sarkar, D., Poddar, K., Patil, P.,
Sarkar, A. (2022). Biofilm-Mediated Heavy
Metal Removal from Aqueous System by
Multi-Metal-Resistant Bacterial Strain
Bacillus sp. GH-s29. Applied Biochemistry
and Biotechnology. https://doi.org/10.1007/
s12010-022-04288-7

Yousuf, S., Singh, R. (2024). Biofilm-
Mediated Heavy Metals Bioremediation. In
Microbial Applications for Environmental
Sustainability (p. 215-201). Springer Nature
Singapore. https://doi.org/10.1007/978-
981-97-0676-1_12

Mallick, S., Pradhan, T., Das, S. (2025).
Bacterial biomineralization of heavy
metals and its influencing factors for metal
bioremediation. Journal of Environmental
Management, 373, 123977. https://doi.
org/10.1016/j.jenvman.2024.123977
Maity, S., Sarkar, D., Poddar, K., Patil, P.,
Sarkar, A. (2022). Biofilm-Mediated Heavy
Metal Removal from Aqueous System by
Multi-Metal-Resistant Bacterial Strain
Bacillus sp. GH-s29. Applied Biochemistry
and Biotechnology. https://doi.org/10.1007/
s12010-022-04288-7

Chu, W.-c., Gao, Y.-y., Wu, Y.-x., Liu, F.-f.
(2024). Biofilm of petroleum-based and bio-
based microplastics in seawater in response

82.

83.

84.

85.

87.

88.

89.

90.

91.

to Zn(II): Biofilm formation, community
structure, and microbial function. Science of
The Total Environment, 172397. https://doi.
org/10.1016/j.scitotenv.2024.172397
Lahiri, D., Nag, M., Dey, A., Sarkar, T.,
Joshi, S., Pandit, S., Das, A. P., Pati, S.,
Pattanaik, S., Tilak, V. K., Ray, R. R. (2021).
Biofilm Mediated Degradation of Petroleum
Products. Geomicrobiology Journal, 1-10.
https://doi.org/10.1080,/01490451.2021.1
968979

Sanjana, M., R, P., Katti, U. S., Kavitha, R. V.
(2024). Bioremediation — The recent
drift towards sustainable environment.
Environmental Science: Advances. https://
doi.org/10.1039/d3va00358b

Keshav, P. S., Shivesh, S., N, Kumar, S.,
Vasudha, S., Kirti, T., Sphoorti, S. (2013).
Nature and role of root exudates: Efficacy
in bioremediation. African Journal of
Biotechnology, 10(48), 9717-9724. https://
doi.org/10.5897/ajb10.2552

Sun, L., Mo, J., Wang, Z., Lin, S., Wang, D.,
Li, Z., Wang, Y., Wu, J., Guo, W., Chen, J.,
Wu, Z., Chen, L. (2025). Molecular
Mechanisms of Root Exudate-Mediated
Remediation in Soils Co-Contaminated
with Heavy Metals and Polycyclic Aromatic
Hydrocarbons. Toxics, 13(12), 1044. https://
doi.org/10.3390/toxics13121044

. Liu, Y., Dai, Z., Wang, D., Ma, Y., Guo, P.

(2025). Root surface microbial biofilms in
phytoremediation: Formation processes,
regulatory mechanisms, influencing factors
and roles. Environmental Technology
Innovation, 40, 104406. https://doi.
org/10.1016/j.eti.2025.104406

Kalam, S., Basu, A., Ankati, S. (2017). Plant
Root-Associated Biofilms in Bioremediation.
Y Biofilms in Plant and Soil Health (p. 337—
355). John Wiley Sons, Ltd. https://doi.
org/10.1002/9781119246329.ch18

Pandey, P., Arora, N. K. (2020). Prof.
Ananda Mohan Chakrabarty: The Superbug
Superhero! Environmental Sustainability,
3(3), 333—-335. https://doi.org/10.1007/
s42398-020-00117-x

Costerton, J. W. (1999). Bacterial Biofilms:
A Common Cause of Persistent Infections.
Science, 284(5418), 1318-1322. https://doi.
org/10.1126/science.284.5418.1318
Ikechukwuka Ejafu, M., Paulina Akinro, O.
(2025). The Capacity of Bacteria Biofilms
for Bioremediation. In Exploring Bacterial
Biofilms. IntechOpen. https://doi.
org/10.5772/intechopen.1009618

Abe, K., Nomura, N., Suzuki, S. (2020).
Biofilms: hot spots of horizontal gene



Licence CC-BY

Reviews

92.

93.

94.

95.

96.

97.

98.

99.

transfer (HGT) in aquatic environments, with
a focus on a new HGT mechanism. FEMS
Microbiology Ecology, 96(5). https://doi.
org/10.1093/femsec/fiaa031

Williams, T. B., Russell, A. R., Mitchell, J. C.
(2022). Effects of Dual-Species Biofilm
Formation on Plastic Degradation by
Ideonella sakaiensis. The FASEB Journal,
36(S1). https://doi.org/10.1096/
fasebj.2022.36.s1.r5086

Benes, K., Liguori, M., Velikaneye, C. J.,
Kispert, S., Pishnyuk, A., Luzik, E., Sun, H.,
Xiao, D., Gu, H. (2025). Harnessing
Biofilm-Mediated Plastic Biodegradation:
Innovating Smart Material Design. ACS
Applied Engineering Materials. https://doi.
org/10.1021/acsaenm.5c00179

Sandeep, R., Muscolino, J. F., Macédo, W. V.,
Piculell, M., Christensson, M., Poulsen, J. S.,
Nielsen, J. L., Vergeynst, L. (2023). Effect
of Biofilm Thickness on the Activity and
Community Composition of Phosphorus
Accumulating Bacteria in a Moving
Bed Biofilm Reactor. Water Research,
120599. https://doi.org/10.1016/j.
watres.2023.120599

Pereira, J., Pang, S., Borsje, C., Sleutels, T.,
Hamelers, B., ter Heijne, A. (2022). Real-
time monitoring of biofilm thickness allows
for determination of acetate limitations in
bio-anodes. Bioresource Technology Reports,
18, 101028. https://doi.org/10.1016/j.
biteb.2022.101028

Zhuang, X., Tang, S., Dong, W., Xin, F.,
Jia, H., Wu, X. (2023). Improved
performance of Cr(vi)-reducing microbial
fuel cells by nano-FeS hybridized biocathodes.
RSC Advances, 13(10), 6768-6778. https://
doi.org/10.1039/d3ra00683b

Wei, Q., Pang, F., Zhao, D., Chu, W.,
Pan, Z., Ma, X. (2026). Indole-3-Acetic
Acid-Assisted Microalgal Biofilm for High-
Efficiency Wastewater Purification: Biomass
Densification and Pollutant Removal
Kinetics. Water, 18(7), 805. https://doi.
org/10.3390/w18070805

Tsagkari, E., Connelly, S., Liu, Z.,
McBride, A., Sloan, W. T. (2022). The role
of shear dynamics in biofilm formation. npj
Biofilms and Microbiomes, 8(1). https://doi.
org/10.1038/s41522-022-00300-4

Wang, S., Zhu, H., Zheng, G., Dong, F.,
Liu, C. (2022). Dynamic Changes in Biofilm
Structures under Dynamic Flow Conditions.

Applied and Environmental Microbiology.

100

101.

102.

103.

104.

105.

106

https://doi.org/10.1128 /aem.01072-22
.Huang, H., Zeng, S., Luo, C., Long, T.
(2023). Separate effect of turbulent
pulsation on internal mass transfer in
porous biofilms. Environmental Research,
217, 114972, https://doi.org/10.1016/j.
envres.2022.114972
Yang, X., Zhou, Y., Zhang, L., Benally, C.,
Liu, Y. (2025). Enhanced biofilm formation
and municipal wastewater treatment
efficiency using granular activated carbon
modified bio-ball carriers in moving bed
biofilm reactor. Bioresource Technology,
132947. https://doi.org/10.1016/j.
biortech.2025.132947
van den Berg, L., Toja Ortega, S., van
Loosdrecht, M. C. M., de Kreuk, M. K.
(2022). Diffusion of soluble organic
substrates in aerobic granular sludge:
Effect of molecular weight. Water Research
X, 16, 100148. https://doi.org/10.1016/j.
wroa.2022.100148
Markowska, K., Szymanek-Majchrzak, K.,
Pituch, H., Majewska, A. (2024).
Understanding Quorum-Sensing and
Biofilm Forming in Anaerobic Bacterial
Communities. International Journal of
Molecular Sciences, 25(23), 12808. https://
doi.org/10.3390/ijms252312808
Masatlis, I., Chatzis, A., Zouboulis, A.
(2025). Biofilm Control in Wastewater
Treatment: A Review Regarding the
Application of Quorum Sensing and
Quenching Processes and Future
Perspectives. Water, 18(1), 77. https://doi.
org/10.3390/w18010077
Abera, G. B., Tremborg, E., Solli, L.,
Walter, J. M., Wahid, R., Govasmark, E.,
Horn, S. J., Aryal, N., Feng, L. (2024).
Biofilm application for anaerobic digestion:
a systematic review and an industrial
scale case. Biotechnology for Biofuels
and Bioproducts, 17(1). https://doi.
org/10.1186/s13068-024-02592-4
.Sankaran, R., Markandan, K., Paul
Peter, A., Tiong, Y. W., Ramanathan, S.,
Keith, M. J. (2026). A review on bioelectro-
chemical systems: From mechanisms to
applications in bioenergy, wastewater
treatment, and biochemical production.
Fuel Processing Technology, 290,
108513. https://doi.org/10.1016/j.
fuproc.2026.108513

41



BIOTECHNOLOGIA ACTA. 2026. Vol. 19, no. 4 ISSN 2410-776X

_ BIOIIJIIBKYU B BIOEHEPTETHUIII
TA ERKOBIOTEXHOJIOTI'TI: ICTOPIA JOCJIASKEHD TA ITIEPCIIERTUBHU SACTOCYBAHHS

. ROJITHIIEBA (HTTPS://ORCID.ORG/0000-0002-8003-8556 )
K. IITYPCBRA (HTTPS://ORCID.ORG/0000-0003-4440-3365 )

HamionanbHuil TexHiuHM#i yHiBepcuTeT YKpainu
«KuiBcpkuil mositexuiunmit incrutyt imeni Irops CikopcbKoro»

E-mail: dinakoltisheva@gmail.com

IcTopuuna 3miHa mapagurMu BiJl BUBUEHHS MJIAHKTOHHUX OaKTepill 10 PO3YMiHHS 3aXMCHOTO MaTPUKCY
nosakJiTHHHUX nogiMmepHux peuouH (IITIP) nokopiHHO 3MiHMIa €KOJIOTiUuHY 6ioTexHOJOTiI0. BiomriBKu,
AK1 KOJIMCH BBAYKAJIUCA €KCIJAYyaTal[ilHUMU IEePeIIKofaMu, ChbOTOAHI BU3HAHI BUCOKOOPraHi30BaHUMU
MiKpOOHUMHU KOHCOPIIiyMaMM Ta BasKJIWBUMHU iHCTPYMEHTAMU IJIA CYYaCHOTO OUMINEHHS CTIiYHUX BOJ,
biopemepmiaiiii Ta cTajaoro 6ioeHepreTUYHOT0 BUPOOHUIITBA.

Mema. 1le mocuim'KeHHA cIpAMOBaHe Ha aHaJi3 eBOJONii 3HaHb mpo OiomaiBKHM: Bij paHHiX
CIIOCTepesKeHb 0 iIXHbOI cyuacHoi poJii B 6ioeeKkTpoximMiunux cucremax Ta HiTpupikarii, i, 110 103Bossae
OKPECJUTU MaliOyTHI IIepPCIIeKTUBY 3aCTOCYBAHHSI MiKPOOHUX KOHCOPIiyMiB.

Mamepianu ii memodu. IIpoBeneHO BceGiuHUI TEOPEeTUUHHUI CHHTE3 CyYacHOI JiTepaTypu 3 aKIIeHTOM
Ha guHaMiky matpukcy IITIP, mpocTopoBy cTpaTudikaiiiio B rpaHyIbOBaHUX i MeMOpaHHUX OiopeaKkTopax
Ta IpaMuit MiskBugoBuUit meperoc eseKkTpoHis (IIMITE). AHaris 0X0mII0€ CTPYKTYPHI faHi Ipo MeTaHOTeHHi
apxeil, ek3oeseKTporeHu (Hanpukaazn, Geobacter) Ta pusocdepHi OiOMIIBKY y MITYYHUX BOJHO-00JIOTHUX
yrigmax — MikpoOHux nanauBHux enemenrtax (IIIBBY-MIIE).

Pe3ynvmamu. Inxxenepida 6i011iBOK BUKOPHUCTOBYE IIPOCTOPOBI I'palieHTH CyOCTPATY [JI IIOJIETTIIeHHA
CUHTPO(GHOTO MeTaboIi3MYy, I110 iCTOTHO TTOKpAIIye BUIAJEHHI a30Ty 3a momomororo mpoiteciB ANAMMOX Tta
MakcuMisye Buxin metany. Matpukc IITIP @pyuKIionye aK XiMiunuii 6ydep IpoT TOKCUUHOTO CTPeCy Ta IK
€JIEKTPOIIPOBIAHMI KapKac. ¥ 6i0eJeKTPOXiMiUHNX crucTeMaxX IINTOXPOME TUITY ¢ Ta (JiaBiHu 3a0e3IIeUyIOTh
eheKTUBHUN IIepeHOC eJeKTPOHiB Ha Beauki Bifgcrani. Kpim Toro, omocepemkoBaHuii OGiomriBkamMu
TOPUBOHTAJBbHUN ITIEPEHOC T'eHiB Ta MaHIiNyJII0BaHHA BiTUyTTAM KBOPYMY (quorum sensing) MOKpPaIIyoOTh
Giomerpamarrito cTiiKux KCeHOOi0TUKIB, GioMiHepasisalfito BasKK1NX MeTAJiB Ta AeIoJiMepursallio miacTuky.

Bucnosxku. Ilepexin 1o misecupAMOBaHOTO KOHCTPYIOBAHHA apXiTeKTypu 6i0IIiBOK 3 BUKOPUCTAHHAM
OPUHIUIIIB CHHTETUYHOI €KO0JIOTil CyTTEBO iHTeHCU(DiKYyE BiIHOBJIIEHHA PECYpPCiB AOBKiniIsA. YpaBiiHHA
marpukcom IIIIP meperBopioe TpaauilifiHy OioJioTiuHY OYMCTKY Ha HaAiliHi, caMoperyJboBaHi
0ioTexHOJIOTiuHi cucTeMu, 31aTHI 10 Oe3IIepepPBHOTO Ta CTAJIOTO TeHepyBaHHA eHeprii B MiHJIMBUX yMOBax
HaBKOJHUIITHLOTO CEPEIOBUIIIA.

Knarouosi cnosa: 6iomiriska, 6ioTexHosorisd, Mikpooprauismu, 6iopemeaiaiis, 6ioeHepreTuka, BiIUyTTs
KBODPYMY, OUUIIEHHS CTIYHUX BOJ.
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