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Abstract

Microbial communities that develop on living and nonliving surfaces, such as
dental tissues or artificial implants, often form complex, structured assemblies
known as biofilms. These biofilms enhance microbial survival by providing
protection against environmental stressors, including antimicrobial agents. The
formation of biofilms contributes significantly to the antibiotic resistance
observed in many bacterial populations. Bacillus cerens, a known foodborne
pathogen, is capable of forming biofilms and producing toxins that cause
gastrointestinal illnesses, including vomiting and diarrhea. Preventing the initial
development of biofilms may be more effective than attempting to eliminate
mature biofilms, which are notoriously difficult to eradicate. A range of
strategies, such as chemical disinfectants, antibiotic therapies, and the
application of nanoparticles has been explored to inhibit or disrupt biofilm
formation. The significance of microbial biofilms spans various sectors,
notably the food and pharmaceutical industries, where contamination and
persistent infections pose major concerns. Growing recognition of the link
between biofilms and chronic disease has intensified research interest, as
bacteria residing in biofilms are often shielded from immune responses and
conventional treatments. Current insights into biofilm-associated pathogenesis
highlight multiple mechanisms through which biofilms contribute to disease
development and persistence.
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Introduction

Originally developed as a defensive mechanism for prokaryotes against excessively severe
circumstances, biofilm has attracted a lot of attention because of its greater impact on the
food, pharmaceutical, medical, and public health sectors[1,2]. Biofilms were characterized
as structured collections of microbial cells that adhered to one another and disintegrated in
an extracellular matrix of varying density and composition [3]. Biofilm is regarded as an
adaptation mechanism that allows microbial cells to endure harsh environments including
UV rays, abrupt pH shifts, and draining [3,4]. The issues brought on by biofilm
development in food and medicine are summed up in this overview. Additionally, the

stages involved in biofilm production and prevention are emphasized.

The role of biofilm in the food sector

Biofilms are the main source of bacterial buildup on food surfaces, including utensils and
equipment, during food preparation, making it a persistent source of food contamination
[5,0]. In food production systems, the majority of pathogenic or spoiling bacteria are found
on surfaces as adherent or planktonic cells or in community configurations as biofilms [7].
the capacity of Listeria monocytogenes and Staphylococcus aureus to stick to the surfaces
of food goods as well as materials that come into touch with food, such as glass, rubber,
stainless steel, and polypropylene [8]. Due to their capacity to survive at high temperatures
and create biofilms, developing on abiotic or biological surfaces [9]. Microbial biofilms that
form on the inside of thermal equipment, including pasteurizers and sterilizers, can cause
material degradation and lower heat exchanger performance, which can result in significant
losses for the food sector [10,11]. The biofilm generation of harmful and spoilage bacteria
in the food business is greatly influenced by wvariables including temperature, food
ingredients' pH, and the availability of their leftovers. These elements may also make
associated cells more resistant to disinfection processes, making it more difficult to remove

biofilm using standard cleaning techniques [12,13,14].
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The medical interaction of biofilm

Antibiotic-resistant biofilms and diseases linked to indwelling medical devices pose the
biggest threats to public health [15,16,17, 18]. Bacteria that live in biofilms are less
vulnerable to antibiotics; because of changes in cell metabolism and structural

characteristics that affect drug permeability [19].
The process by which bacteria become resistant to antibiotics

1- Bacteria can alter their structure to alter the antibiotic's target structure. For
example, fluoroquinolone antibiotics board DNA gyrase in Gram-negative

organisms, then altering the target location raises resistance and decreases drug

binding [20].

2- Bacteria harvest enzymes which canister deactivate antibiotic and become ineffective
such as Extended spectrum B-lactamases (ESBLs) include CTXM enzymes originate
in Gram-negative type plummeting the effectiveness of cephalosporins, aztreonam

then penicillin [21].

3- By increasing the normal level of bioactivity before plummeting the porousness of
the active membrane by suppressing the manufacture of purines, bacteria can

prevent the bioactivity from reaching the target site [22].

Processes by which biofilms arise and the variables that influence them

Micro colonies are the fundamental structural components of a biofilm; they are rod-
shaped and allow water to pass through them [23]. 10-25% of microcolonies are made up
of cells, while 79-90% are made up of extracellular polysaccharides (EPS) [24].Complex
biofilm production can be stimulated by a variety of stimuli, including certain regulators
like c-di-GMP and second messengers. Everyone agrees that the second messenger, c-di-
GMP, is a switch molecule that mediates the bacterial change from a planktonic lifestyle to
the production of biofilms [25]. It is crucial for the post-translational stimulation of the
manufacture of exopolysaccharides [260]. C-di-GMP and biofilm development are strongly
correlated; while low ¢c-di-GMP levels promote planktonic growth, high c-di-GMP levels
promote biofilm formation [27, 28]. There are several phases in the general biological

model of the biofilm formation cycle.
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The first stage, known as the adhesion stage, occurs when cells adhere to a surface using
hydrophobic effects and weak van der Waals forces [29, 30]. A collection of these cells
forms micro colonies during the second stage, known as sessile growth. Since the cells can
separate and revert to a planktonic condition, the two processes are reversible [31]. In
general, physical characteristics like hydrophobicity, roughness, electrostatic charges, and
surface materials like silicon, rubber, stainless steel, and polypropylene may all affect how
easily microbial cells adhere to surfaces [32,33]. The end stage of biofilm development is
irreversible because cells are encased in a dense, stable, complex bimolecular layer [34]. A
three-dimensional tower structure matched the fully developed biofilm. Cells disperse
through both active and mechanical mechanisms after a biofilm is fully formed. The fourth
step, or dispersion stage, is where these processes take place. Cell-cell-adhesive matrix
components, phenol-soluble modulins, proteases, regulators, and nucleases are among the

disruptive agents secreted by the cells in the biofilm [35].
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Figure 1. The biofilm life cycle comprises the following stages: initial adhesion (a), early
polymerization (b), eatly EPS production development (c), EPS development (d), mature
biofilm (e), and biofilm dispersion (f) [36].
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Some microorganisms that create biofilms

According to the Centers for Disease Control, biofilms are the most prevalent clinical

barrier of the century [37]. Numerous bacterial species are capable of forming biofilms.

Staphylococci may cling to abiotic materials as well as human tissues like skin [38].
Furthermore, S. epidermidis, which forms biofilms on abiotic surfaces, is responsible for a

high proportion of device-associated illnesses. [39,40,41].

S. epidermidis, which culminates in an LPXTG sorties covalently bound to the cell wall's
peptidoglycan [42]. E. coli accountable aimed at extensive spectrum of microbial illnesses
in the human body such as UTIs, catheter- related infections, or dental plaques [43]. E. coli
may form functional amyloids known as curli. Because they interact with several host
proteins during infections, these extracellular fibrils may function as virulence factors and
aid in the production of biofilms. Cutli fibrils play a crucial role in the extracellular matrix
needed for the expansion of biofilms, as well as in bacterial adhesion to surfaces and cell
aggregation [44]. Since Curli fibrils interrelate by diversity of crowd proteins and are
identified by Toll-like receptors, which trigger the innate immune system, they are also
regarded as significant virulence factors and are referred to as pathogen-associated
molecular patterns (PAMPs) [45]. Similar to Salmonella entericase ovar Typhimurium,
CsgD is a transcriptional controller that governs the formation of biofilms [46]. Genes
complicated in the synthesis of curli fibers and the polysaccharide cellulose are found in the
CsgD regulon [47, 48]. The cutli subunit operon is directly induced by CsgD, whereas the
diguanylate cyclase gene adrA is activated by CsgD [49]. The second messenger cyclic-di-
GMP, which is shaped via AdrA, stimulates BesA and cellulose synthase, causing biofilm
development [50,51]. A common bacteria that forms endospores in dairy products and
diary settings is B. cereus [52]. They can stick to food processing equipment and create
biofilms [53]. Two types of toxins are produced by B. cereus: diarrheal, which causes
diarrheal syndrome when bacteria grow in the small intestine, and emetic, which causes
emetic syndrome when bacteria grow in food [54]. Numerous virulence factors, including
collagenase, phospholipase, hemolysin, and metalloprotease, are secreted by B. cereus and
contribute to its pathogenicity. Zn-dependent enzymes called metalloprotease, in particular
immunological inhibitor A (Inh A), let bacteria pass through the intestinal barrier and avoid
being detected by macrophages [55]. The simplest way to combat B. cereus biofilms in

industry is to stop them from forming, either by lowering the spore weight in rare
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resources or by identifying and eliminating anew formed biofilms as soon as they appear
[56]. One organism by itself or a combination of two organisms can produce a biofilm. The
majority of microorganisms were naturally found in polymicrobial communities [57]. When
fungal or bacterial species work together, they can form cooperative multi-species biofilms.
For example, Candida albicans and Streptococcus gordonii interact in the oral cavity when
their proteins, Als3 and SspB, directly bind to each other [58], and Candida albicans and S.
aureus work together to cause denture stomatitis infections. Prosthetic joint infections can
also result from the formation of mixed biofilms by S. aureus and S. epidermidis in vitro

[59].

Bacterial biofilm prevention
Inhibition of bacterial biofilms occurs by several methods as follow:

1. A combination of antibiotics Antibiotics with a much higher minimum inhibitory
concentration (MIC) in cells within biofilms are administered topically as treatments [60].
Antibiotic side effects are a drawback of combination antibiotic therapy, while medications
such sodium salicylate and N-acetylcysteine can be utilized as immune-modulatory and

anti-inflammatory drugs, as well as to break up extracellular matrix and eliminate biofilms

61,62].

2- Because of their distinct processes, which vary from those of conventional antibiotic
treatment, nanoparticles (NPs)—polymer-, lipid-, and protein-based NPs—have been
employed to break through biofilms [63]. Silver nanoparticles interact with intracellular
proteins, phosphate residues in DNA, and bacterial membrane proteins to impair cell
division and ultimately cause bacterial death, despite the fact that their toxicity is a major
problem that limits their usage to certain areas [64].3. Biofilm production can be inhibited
by Bdellovibrio and related organisms (BALOs). A number of proteases, hydrolases, and
nucleases are secreted by gram-positive bacterial biofilms, causing an intracellular
transcriptome response in B. bacteriovorus. This is linked to the degradative activity of

BALOs, which ultimately damages the biofilms [65].

4- Because the first and most important stage in the production of biofilms is the adhesion
of microbes to a surface, medical equipment' surfaces, such as metal ones, can be modified

to remove biofilms. Biofilm development is prevented by applying antimicrobial chemicals
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(antiseptics, antibiotics, or metals) to the surface and employing materials that are resistant

to microbe adherence [60].

5- The main purpose of medicinal medicines containing copper is to treat malignancies.
[64,67]. Coordination compounds containing copper are excellent anticancer, antifungal,
antibacterial, antimalarial, and anti-inflammatory medicines because they are less expensive.
Numerous proteins and enzymes, such as oxidase, cytochrome C, and Cu/Zn superoxide
dismutase, which are involved in DNA synthesis, energy metabolism, and respiration,
require copper for their production and proper operation [68]. These are potent
medications that can take the place of traditional platinum chemotherapy [69]. Additionally,
because sorbates promote the generation of toxins and cause cellular stress, they can
decrease the development of bacterial biofilms. Increasing the cell's acidity increases the
sorbate's action [70].6- deactivation of enzymes and denaturation of proteins. Dispersin B
and deoxyribonuclease are two enzymes that break down the extracellular matrix of the
biofilm and may help the biofilm spread [71,72]. Anti-biofilm drugs include fatty acid
messenger and cis-2-decenoic acid can promote dispersion and stop the growth of biofilm
colonies, therefore chemicals that break down the biofilm matrix can be helpful. Because
Pseudomonas aeruginosa secretes cis-2-decenoic acid, a fatty acid messenger, many

bacterial species, including the yeast Candida albicans, form cyclo-heteromorphic cells [73].

Detrimental impacts of biofilms in health

Biofilms have also been linked to a extensive range of nosocomial . Biofilm-ecstatic reasons
of contagion can comprise catheter surfaces, wound dressings, medical grafts, then
numerous additional kinds of medical equipment. Biofilms play an important character in
the founding of Mycobacterium tuberculosis contagion then defend exist in bacilli after
immune reply then antimycobacterial managers. An rise in illness prevalence due to
pathogen presence in the residential environment immediately reflects poor and inefficient

disinfection and cleaning measures|74].

Conclusion

Biofilms represent a persistent and complex challenge across food safety and healthcare

domains. Their structural resilience and adaptive mechanisms not only allow microbial
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survival in harsh environments but also complicate disinfection efforts and contribute to

antibiotic resistance. This review has detailed the mechanisms of biofilm formation, the

microbial species involved, and the diverse prevention strategies available—from

conventional antibiotics to advanced nanotechnologies and biofilm-dispersing enzymes.

Moving forward, interdisciplinary research focusing on early detection and targeted

inhibition strategies will be critical for managing biofilm-associated risks effectively in both

clinical and industrial settings.
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