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ABSTRACT

Biofilms are complex structures of microbial communities often including bacteria, fungi, algae, and
protozoa, which are enclosed together with their secreted extracellular polymeric matrix. The resulting
highly developed architectural structure offers a great survival advantage, allows more efficient metabolic
cooperation among the different species, and helps the microorganisms to be less vulnerable to the
environment. In human healthcare environments, biofilms represent major problems for people’s health,
and the costs associated with them are very high. It is estimated that 30% of infections acquired in
hospitals are related to biofilms. Most of these infections are caused by biofilms that are constantly
contaminating hospital environments. Moreover, biofilms as long-lasting reservoirs for pathogens often
lead to chronic infections and induce prolonged localized immune or allergic responses. Also, the host
microenvironment influences the formation of these biofilms by determining the microbial distribution
and the survival of microbial species. Understanding the complex interactions between biofilm
architecture, metabolic synergy, and host features is the key to developing new ecological approaches
aimed at sustainably managing pathogenic populations and their harmful effects.
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INTRODUCTION

Biofilms are groups of microorganisms that are physically attached and, in many cases, to living or non-
living surfaces. After attachment, these cells produce and surround themselves with a protective substance
called the extracellular polymeric substance (EPS). Encased in this EPS network, the bacteria take on a
different physiological state. They display a great deal of physiological diversity, are mostly characterized
by slow growth rates, and express certain genes that are completely different from those of the rest of the
planktonic population. One characteristic of these highly organized communities is quorum sensing, a
process allowing bacteria to communicate with each other and, as a result, to change their gene
expression in a synchronized way'”.

Historically, before the advent of advanced molecular techniques, scientists were perplexed by the fact
that bacteria in nature were invariably heterogeneous in terms of their physiology, adherent, and resistant
to most attempts to grow them in the lab. They discovered that, contrary to the common belief, bacteria
were not floating freely; in fact, they were almost entirely attached to solid materials or were part of
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particulate complexes that are collectively called “flocs”. In 1988, the core similarity between these various
communities was identified by considering them all as biofilms, a simplicity in description that still forms
the basis of biofilm studies today*®. Despite this essential knowledge, today's hospital protocols still
largely fail to recognize the stubbornness of environmental biofilms. It is well-known that most standard
disinfection practices are not effective as they target only free bacteria and not the larger, more complex
communities supported by the abiotic surfaces. New research has, however, surprisingly revealed some
ecological management tools that focus on the management of the biofilm’s habitat rather than chemical
eradication. Hence, this review intends to substantially cover the environmental component of biofilm
formation and metabolism to bridge the knowledge gap. Through detaching from purely clinical
treatments, this paper offers an innovative outline for the embedding of these newfound ecological
approaches in long-lasting hospital management.

DEFINITION OF BIOFILMS

Biofilms are complex structures of diverse microbial lineages that live in a self-produced extracellular
polymeric matrix or EPS. They usually attach to abiotic or biotic surfaces or can be found in the air, liquid,
or liquid, liquid interphase, for instance, in different aquatic environments. Nearly all prokaryotic and
eukaryotic microorganisms have the capability of biofilm growth in different manners’®. Biofilms are the
prevailing form of life for microorganisms in almost all surroundings due to the specific physical
conditions of the microenvironment they create. The surface, to, volume ratio in biofilm habitats is
significantly higher than that of planktonic cells, which results in more physical contact between cells in
a biofilm and the presence of extracellular matrix materials that facilitate cell, to, cell communication.
Moreover, the solid surfaces and EPS produced in biofilms can lessen environmental pressure and help
the exchange of resources such as protons, inorganic and organic liquids, and molecules, thus generating
a stable microenvironment for the microorganisms within the biofilms®™. A fully developed microbial
biofilm usually encompasses several layers, such as a layer of microbial cells, the layer of transient
extracellular polysaccharides, the EPS matrix, and disoriented areas that may penetrate the biofilm. Cells
in a biofilm environment, according to the distinct structural characteristics of biofilms, are under quite
stable conditions, thus leading them to produce more virulence factors that are advantageous for the
growth of the cells. The switch to biofilm mode makes bacteria extremely resistant to almost all
antimicrobial agents of clinical and industrial origin. Besides, biofilms have been identified as a source of
direct harm to the health care and food processing industries for a long time and, therefore, have become
a major challenge for sanitary control™,

FORMATION AND STRUCTURE OF BIOFILMS

The development of a biofilm can essentially be explained by the transition through four different stages.
Initially, there is the attachment phase wherein bacterial cells fold down upon a solid substrate, procure,
and manufacture a fixation. The next stage is the initial adhesion phase, when the cells attach themselves
to the solid substratum in a reversible manner. After that, there is the established adhesion phase where
bacteria undergo metabolic activation and attach irreversibly as well as multidirectionally to the receptor
of the solid substratum. The last one is the colonial morphology phase, where growth and spatially
organized development of bacterial cells bound to the solid substratum take place. The ability of biofilms
to characteristically colonize is mainly the reason for the seclusion of microbes in biological systems, and
thus, it poses a great challenge in the treatment of chronic infections linked to biofilm formation as well
as in the prevention of implant contamination. Moreover, our comprehension of bacterial biofilm growth
and development has substantially enhanced our awareness of the microbial community organization as
well as the biochemical and physical interactions of the biofilm cells™ .

ECOLOGICAL FUNCTION

Biofilms are one of the main contributors to the survival of organisms in almost every ecological system
where microorganisms exist and proliferate. They accomplish a significant part of their indispensable
function through intimate association and interaction between the different members of the biofilm
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community, which is done by a process of synergistic cooperation. This cooperation is due to the
production of extracellular polymeric substances (EPS), which not only assist the whole community in
various environmental challenges and stresses but also play a major role in the protection of the
community. After a concise and enlightening explanation regarding the biofilm development process, the
discussion moves to the multitudinous and diverse roles that biofilms have, as confirmed by extensive
ecological studies, which incorporate the wide variety of natural habitats'®"’. In addition, human activities
and interventions have been a major factor in the development of biofilms through various means, such
as the global distribution and the purposeful use of medical devices, and the intentional injection of fresh
nutrient sources into both aquatic and terrestrial ecosystems. An ecological view of the issue can be a
great help in the successful control or prevention of unwanted biofilm formation. Thus, it could be done
by various antimicrobial treatments, or by understanding better the possible long-term effects of the
disposal of waste products that may have an impact on biofilm dynamics and resilience'®.

CLINICAL IMPACT

Biofilms are the main culprits behind recurrent and chronic infections that can be internally or externally
present in the human body. The adhesive features of the biofilm are what bring about chronic and
recurrent infections, while the biofilm is associated with a considerable number of infectious processes.
Being in a biofilm state allows microbes to survive against the host's defense and, at the same time, helps
in lowering microbial susceptibility to antimicrobial agents. The biofilm mode has the power to diminish
infection resolution, which makes the biofilm an interfering factor in the treatment of infections?'%. Along
with the rise of human life expectancy, which is also accompanied by the increasing number of
immunocompromised patients, new and effective anti-infectious strategies are highly demanded. Among
the many innovative approaches, one is to formulate strategies that would lead to the disruption of
biofilms, thus paving new ways for the control of bacterial and fungal infections. For this reason, knowing
about the disruption of established biofilms is only a developing phase. Present-day review aims at
discussing various propositions of the ways to disrupt bacterial and some fungi/yeast biofilms. Apart from
that, the significance of the disruption in infection control is being focused on. The deeper understanding
of biofilm disruption is supposed to be a factor that will eventually lead to a decrease in infectious
processes™*
devices, and even the self, limiting respiratory tract infections become more susceptible to infection.
Infectious diseases involving bacterial biofilms are typically very stubborn to treatment and hardly ever
respond to the conventional treatment methods. In fact, chronic wounds are the common result of
infection and biofilm formation. Microbes in the biofilm mode of life can be up to 1, 000 times less

susceptible to antimicrobial agents. It has been suggested that bacteria that exhibit 1% metabolic activity
25,26

.medical treatments such as urinary catheters, artificial heart valves, contact lenses, implanted

are 1,000 times less susceptible to antibiotics than bacteria that are in the process of replication
Besides that, the radial gradient of nutrients through the biofilm may influence the antibiotic dose needed
for killing. These killing microbes were found to have the ability to either turn on genetic circuits that lead
to tolerance of antimicrobial agents or to the enzyme that is responsible for cutting the, lactam ring into
an inactive form. It follows that even antibiotics that can stop the growth of metabolically active cells in

a biofilm are not able to reach the whole biofilm?%°.

CONTROL STRATEGIES

Considering the extremely harmful clinical effects of biofilms, their formation and development should
be very tightly controlled. In the past, one of the biggest public health issues has been the use of toxic,
chemical-controlled methods to get rid of biofilms, and on top of that, they have been largely ineffective™.
The main reason for this failure is that such methods have a very limited way of acting for example, going
after the initial attachment or hardly killing bacteria once the biofilm is completely mature, and so, new
antibiofilm therapies are being developed along the lines of ecological management that harness non-
hazardous natural products and alternative technologies for different stages of the biofilm lifecycle.
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Biological and biochemical methods are the main areas of change in this transition. Natural biocides and
plant extracts are seen to be viable control measures® . For example, HQ-decorated amino acids can
greatly disrupt both quorum-sensing communication and Al-controlled biofilm formation in Bacillus
subtilis without holding back the entire bacterial growth. In addition, cross-linking enzymes provide a
novel approach for tearing down the basic structure of the biofilm. Lysostaphin is one of the enzymes that
exerts antibacterial activity against Gram-positive bacteria by degrading the peptidoglycan part of the
bacterial cell wall. Likewise, dispersin B cleaves poly-N-acetylglucosamine, which is a major component
of the Staphylococcus epidermidis extracellular matrix***®. Other very interesting enzymatic works include
the application of amylase, DNase, proteinase K, pellicin, and lactonase to break down polymeric
substances even at mature stages. Along with these biochemical tools, various physical and biological
treatment methods might also be considered before and after biofilm formation. These other technologies
refer to thermal treatments (heating), intense pulsed light, microwaves, electrolysis with conductive
diamond electrochemical cells, ultrasound, and food-grade high-voltage pulsed electric fields. In addition,
the controlled adsorption of particular bacteriophages, target molecules, or charged particles can be a
very effective antibiofilm technology* . In the end, combined strategies seem to be the single most
promising avenue for handling biofilms. The likelihood of resistance is drastically reduced by combining
inhibitors that target the structural parts of biofilms with those that affect the non-structural development
(for example, through covalent inhibition of adhesion factors). New, host-targeted, early-stage preventions
and nano-engineered formulations will play a major role in the clinical future of biofilm-associated
infectious disease therapies. One of the main ways to break the deadlock in biofilm control is to do away
with the myth that these communal living systems are too formidable to be defeated; besides that, it calls
for strong multi- and interdisciplinary collaborations between Chemistry, Nanotechnology, Materials
Science, Biotechnology, and Applied Microbiology.

FUTURE DIRECTIONS AND RESEARCH CHALLENGES

In sum, it is crucial to mention that we now comprehend biofilms in such a way that the different scientific
papers about this topic are a constant source of knowledge. One thing that stands out is that a large
number of methods have been designed with the sole purpose of eliminating or minimizing biofilm
formation or its long-term survival. Anyway, to come up with strategies to stimulate or develop beneficial
biofilms, it will take an even loftier understanding of the positive cases and the ways of changing them®.
Most microbiome-centered works have only considered energy and resource flows, while our metabolic
models are mainly for planktonic organisms, i.e., single cells in a free state. None of the metabolic models
properly describes biofilms. Although there are numerous well-established methods to cultivate biofilms
in laboratory cultures, to invent drug screens targeting biofilms, and even to create model biofilms with
certain architectural features, the growth and behavior of biofilms in natural environments are still
inconceivable**?. First and foremost, we require additional genetic and physiological descriptions of
biofilm-forming organisms. Comprehending the biofilm framework is important; however, even after
20 years of intensive research, the current state of the art is still very far from it. By analyzing the research
areas that have had the greatest impact on human health, we can observe a variety of instruments that
allow the efficient study of extremely rare internal populations. Restrained by ethical issues, we are not
allowed to conduct the most helpful experiments in the biofilm context, which would mean investigating
intricate populations of cells that are structurally organized in three spatial dimensions and have systemic
characteristics over time, such as growth, movement, and taxonomic diversity. As we have to settle for
studying simpler and oftentimes unrepresentative models, such as laboratory cultures and natural
communities, we should not expect them to provide us with everything that would be useful. To sum up,
although these models are attractive and promising, it is important to remember that they are models and
simplifications of the problem that we really want to understand. We ought to comprehend biofilms in
complex natural environments, simultaneously exploring and expanding the genetic diversity that governs

their behavior®#4.
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CONCLUSION

To effectively tackle biofilm-related medical complications, there should be less dependence on antibiotics
and more focus on a multi-pronged strategy targeting primary bacterial adhesion. Since a single solution
cannot tackle the natural diversity of microbial colonization, future studies should aim at a comprehensive
understanding of bacterium-material interactions throughout the biofilm life cycle. The harmony that
limits the growth of pathogens can be sustained by combining innovative antimicrobial surfaces with
proper ecological management. Ultimately, the only feasible way to handle the increasing problem of
multidrug-resistant biofilms in clinical settings is a well-thought-out mix of early-stage prevention and
optimized antibiotic use.

SIGNIFICANCE STATEMENT

While the influence of environmental parameters on biofilm ontogeny is recognized, the specific
mechanisms by which these factors modulate molecular signaling pathways remain poorly defined. This
article proposes a conceptual framework that integrates surface topography and nutrient flux with
downstream molecular signaling and resultant ecological outcomes. By re-evaluating the classical five-
stage biofilm lifecycle through the lens of environmental stressors, we elucidate how these variables
dictate the efficacy of antibiofilm interventions, including phytochemical-based inhibitors. This synthesis
provides a theoretical foundation for transitioning from broad-spectrum clinical protocols toward niche-
targeted, sustainable control strategies that exploit site-specific environmental vulnerabilities.

REFERENCES

1. Flemming, H.C. and S. Wuertz, 2019. Bacteria and archaea on Earth and their abundance in biofilms.
Nat. Rev. Microbiol., 17: 247-260.

2. lJiang, Z., T. Nero, S. Mukherjee, R. Olson and J. Yan, 2021. Searching for the secret of stickiness: How
biofilms adhere to surfaces. Front. Microbiol., Vol. 12. 10.3389/fmicb.2021.686793.

3. Sauer, K, P.Stoodley, D.M. Goeres, L. Hall-Stoodley, M. Burmglle, P.S. Stewart and T. Bjarnsholt, 2022.
The biofilm life cycle: Expanding the conceptual model of biofilm formation. Nat. Rev. Microbiol.,
20: 608-620.

4. Dufréne, Y.F. and A. Persat, 2020. Mechanomicrobiology: How bacteria sense and respond to forces.
Nat. Rev. Microbiol., 18: 227-240.

5. Santore, M.M., 2022. Interplay of physico-chemical and mechanical bacteria-surface interactions with
transport processes controls early biofilm growth: A review. Adv. Colloid Interface Sci., Vol. 304.
10.1016/j.cis.2022.102665.

6. Hubert, A, H. Tabuteau, J. Farasin, A. Loncar, A. Dufresne, Y. Méheust and T.L. Borgne, 2024. Fluid flow
drives phenotypic heterogeneity in bacterial growth and adhesion on surfaces. Nat. Commun,,
Vol. 15. 10.1038/541467-024-49997-1.

7. Wong, G.C.L, J.D. Antani, P.P. Lele, J. Chen and B. Nan et al,, 2021. Roadmap on emerging concepts
in the physical biology of bacterial biofilms: From surface sensing to community formation. Phys. Biol,,
Vol. 18. 10.1088/1478-3975/abdcOe.

8. Chen, X, Y. Kang, Q. Zhang, C. Jin and K. Zhao, 2023. Biophysical contexture of coastal biofilm-
sediments varies heterogeneously and seasonally at the centimeter scale across the bed-water
interface. Front. Mar. Sci.,, Vol. 10. 10.3389/fmars.2023.1131543.

9. Vishwakarma, V., 2020. Impact of environmental biofilms: Industrial components and its remediation.
J. Basic Microbiol., 60: 198-206.

10. Qian, P.Y., A. Cheng, R. Wang and R. Zhang, 2022. Marine biofilms: Diversity, interactions and
biofouling. Nat. Rev. Microbiol., 20: 671-684.

11. Yin, W,, S. Xu, Y. Wang, Y. Zhang, S.H. Chou, M.Y. Galperin and J. He, 2020. Ways to control harmful
biofilms: Prevention, inhibition, and eradication. Crit. Rev. Microbiol., 47: 57-78.

12. Zhao, A, J. Sun and Y. Liu, 2023. Understanding bacterial biofilms: From definition to treatment
strategies. Front. Cell. Infect. Microbiol., Vol. 13. 10.3389/fcimb.2023.1137947.

http://doi.org/10.21124/tes.2026.100.106 | Page 104



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Trends Environ. Sci,, 2 (2): 100-106, 2026

Hu, Y. Y. Xiao, K. Liao, Y. Leng and Q. Lu, 2021. Development of microalgal biofilm for wastewater
remediation: From mechanism to practical application. J. Chem. Technol. Biotechnol., 96: 2993-3008.
Su, Y., J.T. Yrastorza, M. Matis, J. Cusick, S. Zhao, G. Wang and J. Xie, 2022. Biofilms: Formation,
research models, potential targets, and methods for prevention and treatment. Adv. Sci.,, Vol. 9.
10.1002/advs.202203291.

Luo, A, F. Wang, D. Sun, X. Liu and B. Xin, 2022. Formation, development, and cross-species
interactions in biofilms. Front. Microbiol., Vol. 12. 10.3389/fmicb.2021.757327.

Yuan, S., R. Xu, D. Wang, Q. Lin and S. Zhou et al., 2021. Ecological linkages between a biofilm
ecosystem and reactor performance: The specificity of biofilm development phases. Environ. Sci.
Technol., 55: 11948-11960.

Cooney, C., B. Sommer, E.M. Marzinelli and W.F. Figueira, 2024. The role of microbial biofilms in range
shifts of marine habitat-forming organisms. Trends Microbiol., 32: 190-199.

Pandit, A., A. Adholeya, D. Cahill, L. Brau and M. Kochar, 2020. Microbial biofilms in nature: Unlocking
their potential for agricultural applications. J. Appl. Microbiol., 129: 199-211.

Motta, J.P., J.L. Wallace, A.G. Buret, C. Deraison and N. Vergnolle, 2021. Gastrointestinal biofilms in
health and disease. Nat. Rev. Gastroenterol. Hepatol., 18: 314-334.

Parrilli, E, M.L. Tutino and G. Marino, 2022. Biofilm as an adaptation strategy to extreme conditions.
Rend. Lincei Sci. Fis. Nat., 33: 527-536.

Vestby, LK, T. Grgnseth, R. Simm and L.L. Nesse, 2020. Bacterial biofilm and its role in the
pathogenesis of disease. Antibiotics, Vol. 9. 10.3390/antibiotics9020059.

Singh, A., A. Amod, P. Pandey, P. Bose and M.S. Pingali et al., 2022. Bacterial biofilm infections, their
resistance to antibiotics therapy and current treatment strategies. Biomed. Mater, Vol. 17.
10.1088/1748-605x/ac50f6.

Jiang, Y., M. Geng and L. Bai, 2020. Targeting biofilms therapy: Current research strategies and
development hurdles. Microorganisms, Vol. 8. 10.3390/microorganisms8081222.

Fu, )., Y. Zhang, S. Lin, W. Zhang and G. Shu et al,, 2021. Strategies for interfering with bacterial early
stage biofilms. Front. Microbiol., Vol. 12. 10.3389/fmicb.2021.675843.

Castillo, F.Y.R,, A.L.G. Barrera, J. Harel, FJ.A. Gonzélez, P. Vogeleer, JM.A. Guerra and M.G. Gamez,
2023. Biofilm formation by Escherichia coli isolated from urinary tract infections from Aguascalientes,
Mexico. Microorganisms, Vol. 11. 10.3390/microorganisms11122858.

Malviya, J., A.A. Alameri, S.S. Al-Janabi, O.F. Fawzi and A.L. Azzawi et al.,, 2023. Metabolomic profiling
of bacterial biofilm: Trends, challenges, and an emerging antibiofilm target. World J. Microbiol.
Biotechnol., Vol. 39. 10.1007/s11274-023-03651-y.

Khatoon, Z., C.D. McTiernan, E.J. Suuronen, T.F. Mah and E.I. Alarcon, 2018. Bacterial biofilm formation
on implantable devices and approaches to its treatment and prevention. Heliyon, Vol. 4.
10.1016/j.heliyon.2018.e01067.

Rumbaugh, K.P. and K. Sauer, 2020. Biofilm dispersion. Nat. Rev. Microbiol., 18: 571-586.

Uruen, C, G. Chopo-Escuin, J. Tommassen, R.C. Mainar-Jaime and J. Arenas, 2020. Biofilms as
promoters of bacterial antibiotic resistance and tolerance. Antibiotics, Vol. 10, No. 3.
10.3390/antibiotics10010003.

Alsudani, A.A., 2024. An overview of the effects of indoor fungi on human health. Int. J. Health Med.
Res., 3: 545-549.

Rather, M.A,, K. Gupta and M. Mandal, 2021. Microbial biofilm: Formation, architecture, antibiotic
resistance, and control strategies. Braz. J. Microbiol., 52: 1701-1718.

Sharma, S., J. Mohler, S.D. Mahajan, S.A. Schwartz, L. Bruggemann and R. Aalinkeel, 2023. Microbial
biofilm: A review on formation, infection, antibiotic resistance, control measures, and innovative
treatment. Microorganisms, Vol. 11. 10.3390/microorganisms11061614.

Wang, X, C. Chen, J. Hu, C. Liu, Y. Ning and F. Lu, 2024. Current strategies for monitoring and
controlling bacterial biofilm formation on medical surfaces. Ecotoxicol. Environ. Saf., Vol. 282.
10.1016/j.ecoenv.2024.116709.

http://doi.org/10.21124/tes.2026.100.106 | Page 105



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Trends Environ. Sci,, 2 (2): 100-106, 2026

Breslawec, A.P., S. Wang, K.N. Monahan, L.L. Barry and M.B. Poulin, 2023. The endoglycosidase activity
of Dispersin B is mediated through electrostatic interactions with cationic poly-p-(1-6)-N-
acetylglucosamine. FEBS J., 290: 1049-1059.

Willing, S., O. Schneewind and D. Missiakas, 2021. Regulated cleavage of glycan strands by the
murein hydrolase sagB in Staphylococcus aureus involves a direct interaction with lyrA (spdC).
J. Bacteriol,, Vol. 203. 10.1128/jb.00014-21.

Yue, Y., K. Chen, C. Sun, S. Ahmed and S.C. Ojha, 2023. Antimicrobial peptidase lysostaphin at
subinhibitory concentrations modulates staphylococcal adherence, biofilm formation, and toxin
production. BMC Microbiol., Vol. 23. 10.1186/s12866-023-03052-z.

Elst, N.V., 2024. Bacteriophage-derived endolysins as innovative antimicrobials against bovine mastitis-
causing streptococci and staphylococci: A state-of-the-art review. Acta Vet. Scand., Vol. 66.
10.1186/513028-024-00740-2.

Asma, S.T., K. Imre, A. Morar, V. Herman and U. Acaroz et al., 2022. An overview of biofilm formation-
combating strategies and mechanisms of action of antibiofilm agents. Life, Vol. 12.
10.3390/1ife12081110.

Li, P., R. Yin, J. Cheng and J. Lin, 2023. Bacterial biofilm formation on biomaterials and approaches to
its treatment and prevention. Int. J. Mol. Sci., Vol. 24. 10.3390/ijms241411680.

Sportelli, M.C., C. Kranz, B. Mizaikoff and N. Cioffi, 2022. Recent advances on the spectroscopic
characterization of microbial biofilms: A critical review. Anal. Chim. Acta, Vol. 1195.
10.1016/j.aca.2022.339433.

Guzman-Soto, I, C. McTiernan, M. Gonzalez-Gomez, A. Ross and K. Gupta et al, 2021. Mimicking
biofilm formation and development: Recent progress in in vitro and in vivo biofilm models. iScience,
Vol. 24. 10.1016/j.isci.2021.102443.

Thaarup, I.C., AKS. Iversen, M. Lichtenberg, T. Bjarnsholt and T.H. Jakobsen, 2022. Biofilm survival
strategies in chronic wounds. Microorganisms, Vol. 10. 10.3390/microorganisms10040775.
Muhammad, M.H., A.L. Idris, X. Fan, Y. Guo and Y. Yu et al., 2020. Beyond risk: Bacterial biofilms and
their regulating approaches. Front. Microbial., Vol. 11. 10.3389/fmicb.2020.00928.

Rumbaugh, K.P. and M. Whiteley, 2025. Towards improved biofilm models. Nat. Rev. Microbiol.,
23:57-66.

http://doi.org/10.21124/tes.2026.100.106 | Page 106



