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ABSTRACT  

Biofilm development is a prevalent process where microbial colonies attach to 

surfaces and generate an extracellular matrix, leading to the genesis of persistent 

infections. Biofilms in clinical settings are associated with chronic infections that are 

difficult to cure due to their resistance to both antimicrobial drugs and host immune 

responses. This review investigates the phases and molecular mechanisms of biofilm 

development, focusing on the factors that promote the survival of biofilm-associated 

bacteria. It investigates the role of biofilms in chronic infections including cystic 

fibrosis, endocarditis, chronic sinusitis, and implant infections. Additionally, it 

examines the underlying processes of biofilm resistance to antibiotics, including 

slower diffusion of antimicrobial drugs, altered bacterial physiology, gene expression 

alterations, and quorum sensing. The review also considers options for combating 

biofilm-related infections, such as inhibiting biofilm formation, enzymatic destruction 

of the biofilm matrix, bacteriophage therapy, nanoparticle usage, antibiotic 

combinations, and host immunological modulation. Understanding biofilm formation 

and its implications in chronic infections is critical for developing effective therapies 

to prevent and treat biofilm-associated infections. 

 

 

Introduction 

Biofilms are structured communities of microorganisms that grow on both living and non-living 

surfaces and are enclosed in an extracellular matrix that they manufacture themselves. This type of 

bacterial proliferation is not only common in nature, but it also contributes significantly to chronic 

infections in clinical settings [1]. Pathogens in biofilms have distinct features that render them 

significantly more resistant to drugs and host immunological responses than their planktonic (free-

floating) cousins. This increased resistance causes persistent, recurrent infections that are difficult to 

treat with standard medicines [2]. Infections caused by biofilm formation have been linked to a variety 

of illnesses, including cystic fibrosis, infective endocarditis, chronic sinusitis, urinary tract infections, 

and infections from implanted medical devices such as prosthetic joints and catheters. In many cases, 

biofilms operate as a protective barrier, sheltering bacteria from antimicrobial agents and immune 

cells, complicating treatment of infections [3]. Biofilm infections have been associated to a wide 

range of disorders, including cystic fibrosis, infective endocarditis, chronic sinusitis, urinary tract 

infections, and infections from implanted medical devices such as prosthetic joints and catheters. 

Biofilms often behave as a protective barrier, shielding bacteria from antimicrobial agents and 

immune cells, complicating infection therapy [4]. Understanding the molecular mechanisms that 

drive biofilm formation and their function in chronic infections is critical for finding novel approaches 

to preventing, managing, and treating these difficult illnesses [5].  This review will look at the 

production of biofilms, their clinical importance, and current treatments for combating biofilm-

associated infections. 
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Biofilm Formation: Mechanisms and Stages 

Biofilm formation is a multi-stage process that allows microorganisms to colonize surfaces and 

survive in a protected habitat. This process is critical to the persistence and duration of infections 

produced by biofilm-forming bacteria [6]. Biofilm production has important clinical consequences 

since biofilm-associated illnesses are frequently resistant to conventional antibiotics and are linked 

to long-term health issues [7]. This section will explore more into the stages of biofilm formation and 

the elements that influence its growth and persistence. 

 

1. Initial Attachment 

Biofilm production starts with the adhesion of free-floating (planktonic) microorganisms to a surface. 

This is usually a reversible contact facilitated by weak forces such van der Waals forces, electrostatic 

interactions, or hydrophobic effects. Bacteria may first adhere weakly to the surface, which can be 

readily dislodged. However, this is a key first step in biofilm creation because it lays the groundwork 

for future colonization [8]. Bacteria create surface features such as adhesins and fimbriae after first 

adhesion. These are specific proteins that assist bacteria in establishing a stronger attachment to the 

surface. Adhesins bind to certain receptors on the surface or in host tissues to reinforce the attachment. 

Fimbriae, which are hair-like appendages, let bacteria adhere more securely to surfaces [9]. 

Environmental factors such as surface nature, the availability of extracellular matrix components, and 

the bacterial strain's ability to create specific adhesion factors can all have an impact on this early 

attachment phase. Once the bacteria have successfully adhered to the surface, they are ready for the 

next stage of biofilm production [10]. 

 

2. Irreversible Attachment 

Following the initial connection, bacteria start producing extracellular polymeric substances (EPS), 

which comprise polysaccharides, proteins, and extracellular DNA. The EPS matrix works as a glue, 

securing the bacteria to the surface and enclosing them in a protective matrix. As the matrix grows, 

the attachment becomes irreversible, and the bacteria are embedded in a dense, self-produced network 

that provides further protection against external threats such as host immune cells and antimicrobials 

[11]. The EPS matrix serves several functions in biofilm formation. It not only helps anchor bacteria 

to the surface but also facilitates the establishment of microcolonies. The components of the EPS 

matrix, particularly polysaccharides, provide structural integrity to the biofilm, while extracellular 

DNA can contribute to the stability of the biofilm by linking bacteria together. This irreversible 

attachment phase is critical for the progression of biofilm development, as it allows for the formation 

of complex bacterial communities that can grow and spread in a controlled, protected environment 

[12]. 

 

3. Maturation: 

Once bacteria have established a stable attachment and formed microcolonies, the biofilm enters the 

maturation phase. During this phase, the biofilm grows and becomes more complex. The bacteria 

within the biofilm divide and produce additional EPS, expanding the structure and allowing it to reach 

greater thickness [13]. The biofilm develops a three-dimensional architecture, with channels and 

cavities that allow for the exchange of nutrients, gases, and waste products. These channels facilitate 

the diffusion of essential nutrients and the removal of waste products, which is important for 

maintaining the metabolic activity of bacteria in the biofilm [14]. The maturation phase is marked by 

significant phenotypic changes in the bacteria. Bacteria in biofilms often exhibit altered gene 

expression compared to their planktonic counterparts. These changes may include the upregulation 

of genes involved in the synthesis of EPS, antibiotic resistance, and the regulation of virulence factors 

[15]. For example, bacteria in biofilms may alter their metabolism, slowing down growth rates or 

entering a dormant state, which makes them less susceptible to antimicrobial agents that target 

actively dividing cells. Additionally, biofilm bacteria often exhibit resistance to host immune 

responses, such as phagocytosis, due to the protective barrier created by the EPS matrix [16]. 
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The maturation phase is crucial in determining the long-term persistence of biofilm-associated 

illnesses. The structural intricacy of the biofilm, as well as phenotypic changes in the bacteria, 

contribute to its tenacity, making infections difficult to eliminate. This resistance presents a significant 

difficulty in treating persistent biofilm-related infections, as traditional antibiotic regimens are 

frequently ineffective against mature biofilms [17]. 

 

4. Dispersion 

The ultimate stage of biofilm production is dispersion, in which biofilm components are dispersed as 

planktonic bacteria. These bacteria are now free to travel to new surfaces or tissues, allowing for 

increased colonization and adding to the infection's chronic character [18]. Dispersion is a dynamic 

phenomenon that can happen in reaction to environmental changes including nutritional depletion, 

oxidative stress, or the presence of antimicrobial drugs. Bacteria in the biofilm may detect these 

signals using quorum sensing processes, causing the discharge of planktonic cells to ensure the 

infection's survival and spread [19]. Dispersion is a critical mechanism for the persistence of biofilm-

associated infections. When biofilms grow too large or resources inside the biofilm are depleted, 

dispersion permits bacteria to travel and colonize other locations, maintaining the infection cycle. 

This ability to disseminate and colonize new places is critical to the long-term persistence of biofilm-

related illnesses because it allows bacteria to elude immune monitoring and adapt to different 

microenvironments [20]. This table 1 illustrates the mechanisms behind each stage of biofilm 

formation and ties them to the clinical significance, emphasizing the challenges biofilms pose in 

chronic infections and medical device-related infections. 

 

Table: 1 Stages of biofilm formation along with key mechanisms and clinical relevance 

Stage Mechanisms Involved Clinical Relevance 

Initial 

Attachment 

- Planktonic bacteria encounter a 

surface.  

- Reversible weak interactions 

(hydrophobic, electrostatic). 

- Initiates biofilm formation on abiotic 

or biotic surfaces (e.g., tissue, implants).  

- Critical step in chronic infection 

development [21]. 

Irreversible 

Attachment 

- Production of surface adhesins or 

fimbriae.  

- Extracellular polymeric substances 

(EPS) are produced. 

- Strong attachment to host tissues or 

devices like catheters and prosthetics.  

- Forms the foundation for biofilm 

stability [22]. 

Maturation - Bacteria proliferate, forming 

microcolonies.  

- EPS matrix becomes more complex, 

creating channels. 

- Biofilm structure enhances bacterial 

survival.  

- Increased resistance to immune 

clearance and antibiotic treatment [23]. 

Dispersion - Biofilm cells are released as 

planktonic bacteria to colonize new 

sites.  

- Genetic and environmental cues 

trigger dispersal. 

- Leads to the spread of infection to 

distant tissues or organs.  

- Contributes to the persistence and 

recurrence of chronic infections [24]. 

 

The biofilm matrix and its resistance to environmental stressors 

The biofilm matrix protects microorganisms from a variety of environmental stresses. This matrix 

acts as a physical barrier to antimicrobial agents, restricting their ability to penetrate the biofilm and 

reach the bacteria contained therein. Furthermore, the matrix protects against host immunological 

reactions, such as phagocytosis, by preventing immune cells from contacting the bacteria [25]. The 

biofilm's distinct structure, combined with physiological changes in bacteria, produces a 

microenvironment that promotes bacterial survival and proliferation, even in the face of antimicrobial 

therapies [26].  Biofilm-associated bacteria are remarkably resilient, making illnesses difficult to cure. 

The matrix not only acts as a physical barrier, but it also helps bacteria resist drugs, immunological 
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reactions, and other stressors by altering gene expression. This ability to survive in unfavourable 

surroundings is a distinguishing feature of biofilm-related infections, making them especially difficult 

to treat in clinical settings [27]. 

 

Role of Biofilms in Chronic Infections 

Biofilm formation plays a crucial role in the persistence of several chronic and recalcitrant infections. 

In these infections, biofilms protect microorganisms from both the immune system and antimicrobial 

treatments, making them particularly difficult to treat. The following sections explore how biofilm 

formation contributes to the persistence of infections in various clinical scenarios [28]. 

 

Cystic Fibrosis (CF) 

Bacterial infections like Pseudomonas aeruginosa typically invade the lungs. These bacteria 

frequently form biofilms on the epithelial cells that line the respiratory tract. The biofilm protects the 

bacteria from host immunological responses and antimicrobial treatments. This causes chronic lung 

infections, which are a defining feature of CF, resulting in progressive lung damage, inflammation, 

and respiratory failure. The thick, sticky mucus found in CF patients exacerbates biofilm 

development, producing an environment favorable to bacterial persistence. Biofilm production in CF 

can also make it difficult to treat these infections since it protects the bacteria from antibiotics, 

rendering standard therapies ineffective [29]. 

 

Endocarditis 

Infective endocarditis, an infection of the heart valves, is another significant clinical setting in which 

biofilms play an important role. Bacteria like Staphylococcus aureus and Streptococcus viridans can 

build biofilms on heart valves, making it difficult to cure. The biofilm matrix shields the bacterium 

from both human immune systems and drugs, forming a permanent reservoir for the bacteria that can 

cause repeated infections [30]. The biofilm-protected state adds to the high death rate associated with 

infective endocarditis. Even with antibiotics, the bacteria in the biofilm are difficult to eliminate, 

necessitating long-term or intensive treatment. The biofilm complicates treatment and raises the risk 

of consequences such septic emboli, heart valve damage, and systemic infection [31]. 

 

Chronic Sinusitis 

In chronic sinusitis, biofilm formation can lead to infection persistence and recurrence. 

Staphylococcus aureus and Pseudomonas aeruginosa are common infections associated with chronic 

sinusitis. These bacteria can create biofilms in the sinuses, complicating conventional therapeutic 

methods. Standard therapy, such as antibiotics and surgery, may be ineffective in removing the biofilm 

because the bacteria within are protected from the effects of treatment by the biofilm matrix. This 

biofilm-associated protection causes persistent inflammation, nasal congestion, facial pain, and 

recurrent infections, all of which have a negative impact on patients' quality of life. The biofilm also 

inhibits normal sinus function, resulting in extended discomfort and consequences [32]. 

 

Implant Infections 

Biofilm accumulation on medical equipment, including prosthetic joints, heart valves, and catheters, 

can lead to recurrent infections in patients. Pathogens such as Staphylococcus epidermidis, 

Enterococcus faecalis, and Pseudomonas aeruginosa can attach to and form biofilms on the surfaces 

of these alien materials [33]. The biofilm shields the bacteria from the host's immune system and 

antibiotic medicines, making these infections very difficult to cure. To effectively treat biofilm-

associated infections on implants, device removal is often required. For example, biofilm growth on 

prosthetic joints can result in persistent infections that persist after lengthy antibiotic treatment. These 

infections frequently cause serious problems, including device failure, joint damage, and the need for 

surgical intervention [34]. This table 2 highlights how biofilms contribute to the persistence and 

recurrence of infections in different clinical settings 
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Table:2 The role of biofilms in chronic infections 

Infection 

Type 

Biofilm 

Formation 

Location 

Key Pathogen(s) Impact of Biofilm 

Cystic 

Fibrosis 

(CF) 

Lungs, 

particularly 

epithelial cells 

Pseudomonas 

aeruginosa, 

Staphylococcus 

aureus 

- Biofilm protects bacteria from immune 

responses and antibiotics.  

- Chronic lung infections, inflammation, 

and tissue damage.  

- Thick mucus in CF patients facilitates 

biofilm formation [35]. 

Endocarditis Heart valves Staphylococcus 

aureus, 

Streptococcus 

viridans 

- Biofilm formation on heart valves 

creates a persistent infection.  

- High mortality rates due to difficulty in 

eradicating biofilms. 

- Reservoir for ongoing infection even 

during antibiotic treatment [36]. 

Chronic 

Sinusitis 

Sinuses Staphylococcus 

aureus, 

Pseudomonas 

aeruginosa 

- Biofilm contributes to chronic 

inflammation.  

- Recurrent infections, making standard 

treatments less effective [37]. 

Implant 

Infections 

Medical devices 

(e.g., prosthetic 

joints, catheters) 

Staphylococcus 

epidermidis, 

Enterococcus 

faecalis 

- Biofilm formation on implants leads to 

persistent infections.  

- Often requires device removal for 

resolution [38]. 

 

Biofilm Resistance to Antimicrobial Agents 

Biofilm-associated illnesses are notoriously difficult to cure due to the increased resistance that 

biofilms confer on bacteria. This resistance is caused by a combination of mechanisms that protect 

bacterial cells within the biofilm from the effects of antimicrobial drugs, resulting in chronic 

infections that are more difficult to eliminate [39]. The following are the primary pathways that 

contribute to increased antibiotic resistance in biofilm-associated infections: 

 

1. Reduced Antibiotic Diffusion 

The biofilm matrix, made up of EPS, functions as a physical barrier, limiting antibiotic penetration. 

The EPS matrix is a complex mixture of polysaccharides, proteins, and extracellular DNA that 

efficiently traps antimicrobial drugs and prevents their penetration into the biofilm's deeper layers. 

This barrier inhibits antibiotics from reaching the bacterial cells entrenched in the biofilm, allowing 

them to live and multiply despite antibiotic therapy. The physical form of the biofilm thus plays a 

significant role in the lowered efficiency of antimicrobial treatments [40]. 

 

2. Microbial Physiology 

Bacteria in biofilms have different physiological states than their planktonic cousins. One notable 

change is a shift in metabolic activity. Many bacteria in biofilms become latent or slow-growing, 

making them less vulnerable to drugs that target actively dividing cells. Antibiotics, such β-lactams, 

are more effective against rapidly dividing bacteria. However, biofilm bacteria have a slower growth 

rate, limiting their capacity to kill or suppress pathogens. Furthermore, the microenvironment within 

the biofilm frequently produces gradients of oxygen, pH, and nutrients, resulting in places where 

bacterial cells may be in a state of metabolic dormancy, boosting their survival against antimicrobial 

drugs [41]. 
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3. variations in Gene Expression 

Antibiotic resistance is linked to variations in gene expression among bacteria within biofilms. This 

includes upregulating resistance genes and activating stress response pathways. For example, bacteria 

in biofilms may develop efflux pumps, which actively pump antibiotics out of the bacterial cell, 

lowering the drug's intracellular concentration and rendering it ineffective. Biofilm-associated 

bacteria can create enzymes that breakdown or modify antimicrobial drugs, including β-lactamases, 

which break down β-lactam antibiotics. These genetic changes help bacteria in biofilms survive in 

the presence of otherwise potent drugs [42]. 

 

4. Quorum Sensing 

Bacteria use quorum sensing, a cell-to-cell communication system, to coordinate gene expression by 

population density. Bacteria in biofilms interact by releasing signaling molecules known as 

autoinducers. This technique enables bacteria to coordinate their activity, such as biofilm formation, 

gene expression, and antibiotic resistance mechanisms. Quorum sensing is crucial for biofilm stability 

and resistance because it affects the expression of genes involved in biofilm formation, virulence, and 

antibiotic resistance. For example, quorum sensing can activate the creation of extracellular matrix 

components that shield bacteria from antibiotics or induce the development of resistance mechanisms 

such as efflux pumps and antibiotic-degrading enzymes [43].  

 

Strategies for Disrupting Biofilm-Related Infections 

Combating biofilm-related diseases necessitates a multidisciplinary approach, as biofilms are resilient 

and difficult to treat with standard antibiotics. To address this, researchers and physicians have 

investigated a variety of ways for preventing biofilm formation, eliminating established biofilms, and 

increasing the efficacy of antimicrobial medicines. These techniques target several stages of the 

biofilm lifecycle, from early creation to maintenance and persistence [44]. The following are some 

significant strategies being studied to combat biofilm-related infections: 

 

1. Disrupting Biofilm development 

Preventing biofilm development is a successful technique for reducing biofilm-related illnesses. This 

can be accomplished by targeting the molecular pathways that allow bacteria to cling to surfaces and 

build the extracellular matrix that forms the biofilm. One technique is to inhibit the creation of 

adhesins, which are surface proteins or pili that allow bacteria to first connect to surfaces. By 

interfering with these adhesion factors, bacteria are less likely to form a biofilm [45]. In addition, 

suppressing quorum sensing, the process by which bacteria communicate to coordinate biofilm 

formation and other actions, can hinder biofilm development. Molecules that impair quorum sensing, 

such as furanones or synthetic analogs, have showed potential in inhibiting biofilm development by 

interfering with bacterial communication channels [46]. 

2. Enzymatic Degradation of Biofilm Matrix 

Enzymatic degradation of the biofilm matrix is a well-studied strategy for eradicating biofilms. The 

matrix, which is made up of polysaccharides, proteins, and extracellular DNA, provides structural 

support for the biofilm while also protecting bacteria from drugs and immunological reactions. 

DNases, proteases, and polysaccharide-degrading enzymes can destabilize biofilm stability and 

increase antibiotic penetration. For example, a mucolytic drug called N-acetylcysteine (NAC) has 

been utilized to dissolve Pseudomonas aeruginosa biofilms in cystic fibrosis patients. These 

enzymatic treatments weaken the matrix, making biofilm-associated bacteria more susceptible to 

antimicrobial drugs and immunological clearance [47]. 

 

3. Bacteriophage Therapy 

Viruses called phages invade and kill bacteria. They have been presented as a possible therapeutic for 

targeting biofilm-associated bacteria while preserving the host's beneficial microbiota. Phage 

treatment has significant advantages over traditional antibiotics, including the ability to directly target 

biofilm-forming bacteria and penetrate biofilm matrices. Phages can evolve alongside bacterial 
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resistance, making them a viable alternative or supplement to antibiotic therapy. Researchers are 

currently looking into phage-based formulations for treating chronic biofilm infections including 

Pseudomonas aeruginosa in cystic fibrosis patients and Staphylococcus aureus in implant-related 

infections [48]. 

 

4. Nanoparticles 

Nanoparticles manufactured from silver or gold have antibacterial characteristics and are being 

studied for their potential to disrupt biofilms. Nanoparticles can penetrate the biofilm matrix more 

efficiently than larger molecules, allowing them to reach bacterial cells that would otherwise be 

resistant to antibiotics [49]. Silver nanoparticles, for example, have been demonstrated to have potent 

antibacterial activity against biofilm-forming bacteria including Staphylococcus epidermidis and 

Pseudomonas aeruginosa. Nanoparticles can also be made to interact with bacterial cells, either 

directly or as delivery vehicles for antimicrobial medicines. Their ability to increase the efficiency of 

antibiotics makes them a promising tool in the fight against biofilm-related infections [50]. 

 

5. Antibiotic Combinations 

Combining antibiotics is an effective way to overcome biofilm resistance. Combining antibiotics that 

target diverse elements of bacterial physiology, such as those that breakdown the biofilm matrix, can 

improve therapy success. Combining β-lactam antibiotics that target cell wall production with DNase 

that breaks down the biofilm matrix improves antibiotic penetration and efficacy against biofilm-

associated bacteria [51]. Other combination tactics include combining antibiotics with antimicrobial 

peptides or metal ions, which can degrade the biofilm structure and improve antibiotic action. 

Combination medicines treat biofilm-related infections more comprehensively because they target 

biofilm production and bacterial growth at the same time [52]. 

 

6. Host Immune Modulation: 

Modulating the human immune response to remove biofilm-associated bacteria is a potential method. 

The immune system's capacity to recognize and eliminate biofilm germs is frequently hampered by 

the biofilm's protective matrix. Improving neutrophil recruitment to biofilm sites or increasing the 

host's generation of antibodies that particularly target biofilm bacteria could assist overcome this 

barrier [53]. Immunomodulatory drugs, such as cytokines and immune-stimulating substances, are 

being investigated for their capacity to improve biofilm clearance by the host immune system. In 

addition, treatments that increase biofilm bacterium detection and phagocytosis could supplement 

antibiotic treatment, providing a diverse approach to persistent infection resolution [54]. 

 

Conclusion  

Biofilm production is critical in the pathophysiology of chronic infections, influencing the persistence 

and recurrence of infections in illnesses such as cystic fibrosis, endocarditis, and prosthetic device-

related infections. Biofilms' innate resilience to both antibiotics and human immune responses creates 

considerable hurdles in treating these illnesses. Understanding the mechanisms behind biofilm 

formation and the factors that contribute to biofilm-associated antibiotic resistance lays the 

groundwork for the development of innovative treatment techniques. Disrupting biofilm formation, 

increasing the efficacy of antimicrobial medicines, and utilizing alternative therapies such as 

bacteriophages and nanoparticles are all viable paths for tackling chronic biofilm-associated 

infections in the future. 
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