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Abstract 

The rise in global antibiotic resistance is a significant concern, further intensified by the increasing prevalence of 

organisms that form biofilms. Biofilms are highly organised communities of microorganisms, including bacteria and 

fungi, comprising a mixture of strains forming a slimy extracellular matrix of extracellular polymeric substances. They 

could be found on biotic and abiotic surfaces. Infections associated with biofilms have been reported to be linked to 

treatment failure, increased cost of treatment and prolonged hospital stay and increased morbidity and mortality. The 

biofilm serves as a protective shield for organisms in the matrix, making them highly resistant to antibiotics, 

disinfectants, mechanical fluctuations, and immune response. This review aims to describe the process of its formation, 

clinical implications, methods of detection and preventive strategies. 
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1.Introduction  

A significant contributor to the global 

antibiotic resistance challenge is the ability of 

bacteria to form biofilms 1. Antimicrobial 

resistance (AMR) has emerged as a chronic 

public health challenge, with forecasts by the 

WHO revealing that 10 million deaths will 

occur annually by 2050 2. Bacterial biofilm 

formation presents significant implications 

and challenges in the field of antimicrobial 

therapy as it protects the bacteria from 

antibiotics and the immune response 3. As a 

result of drug resistance, antibiotics and other 

antimicrobial medicines become ineffective, 

and infections become difficult or impossible 

to treat, increasing the risk of disease spread, 

severe illness, disability, and death 4. The 

first description of biofilms was made by the 

17th-century microbiologist Anton Von 

Leeuwenhoek after observing bacterial 

aggregates from the scrapings of plaque on 

his teeth 5. Biofilms are highly organised 

communities of microorganisms, including 

bacteria and fungi, comprising a mixture of 

strains that form a slimy extracellular matrix 

known as biofilm. Biofilms have osmotic 

barrier properties and are resistant to 

antimicrobial agents 6,7,8. They represent a 

predominant form of microbial life 

ubiquitous in natural ecosystems. The 

formation of biofilms significantly enhances 

the survival efficiency of bacteria, rendering 

them 1000 times more resistant to pressures 

such as antibiotics, disinfectants, mechanical 

fluctuations, and physical scavenging 

compared to their planktonic counterparts 

9,10. Medical devices, such as catheters and 

cardiovascular devices, are prone to 

colonisation by bacterial biofilms, posing 

serious threats to patient health and 

compromising device function, ultimately 

leading to treatment failures 11,12.  

The understanding that bacterial biofilms 

contribute to antimicrobial resistance and 

disease pathogenesis has led to heightened 

efforts to identify diseases associated with 

biofilms and the development of novel agents 

to eradicate them. 

2.Biofilm Structure and Composition 

The matrix in which microorganisms are 

encased comprises extracellular polymeric 

substances (EPS), typically consisting of 

polysaccharides, proteins or peptides, lipids, 

and deoxyribonucleic acids (DNA) (Figure 

1). The presence of Ca2+ or Mg2+ forms 

supportive cross-bridges between polymers 

of the biofilm architecture, allowing them to 

grow to thicknesses of up to 300µm, while 

the hydroxyl groups on the polysaccharide 

increase mechanical strength by interacting 

with each other 13,14,15. Water forms over 70% 
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of the biofilm by weight, allowing for the 

transportation of nutrients and waste 16. 

These biofilm components facilitate the 

coherence of cells and cell surface 

attachment, maintain osmotic pressure and 

offer protection to the bacteria against host 

defence 17,18,19. 
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Figure 1: Schematic overview of a mature biofilm composition 20.   
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3.Mechanism of Biofilm Formation 

Biofilm formation by bacteria is a survival 

strategy resulting from environmental 

challenges such as ultraviolet radiation, 

limited nutrients, extreme pH levels, high 

salinity, temperature extremes, pressure 

increase and the presence of antimicrobial 

substances 21. Five main stages have been 

identified in the formation: initial cellular 

attachment, formation of microcolonies, 

biofilm maturation, and finally its dispersion 

(Figure 2)7.   
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Figure 2. Biofilm Formation Life Cycle 15. 
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3.1 Cellular Attachment 

The attachment of bacteria onto a surface is 

the initial step of biofilm formation. For an 

organism to bind to a surface, they have to 

overcome the repulsive forces caused by the 

negatively charged bacterial membrane and 

the surface 23. A hydrophobic surface, such as 

plastic, has a reduced force of repulsion as 

compared to a hydrophilic surface, for 

example, glass and metal. Attachment is 

achieved by the presence of flagella and pili 

on the bacterial membrane 24. The attachment 

phase involving the structural support is 

called a reversible attachment. The binding is 

reversible as bacteria are only poorly bound 

to a surface and can leave the surface at this 

stage 25.  

3.2 Microcolony Formation 

After bacterial cells have attached 

irreversibly to a surface, they divide and 

produce extracellular polymeric substances 

(EPS). The production of EPS leads to the 

formation of a biofilm matrix, a ‘shelter’ 

where all the attached cells reside 6. EPS is 

involved in the adhesion of cells to surfaces, 

contributing to permanent attachment. 

Recently, it was found that matrix proteins of 

a biofilm possess adhesin-like properties that 

mediate cellular attachment 26. Usually, a 

biofilm contains more than one type of 

micro-community and involves coordination 

between them. This coordination is important 

for substrate exchange, the distribution of 

essential metabolic products, and the 

excretion of harmful substances 15.  

3.3 Biofilm Maturation  

Cellular division with continuous production 

of EPS leads to the formation of an early 

biofilm, which matures after some time and 

ultimately becomes a three-dimensional (3-

D) structure. The 3-D structure is contributed 

to by the EPS (produced by the embedded 

cells), they are also responsible for 

maintaining this architecture 15. The 

maturation process involves cell-to-cell 

communication, in which cells embedded in 

the biofilm release signalling molecules 

called auto-inducers to facilitate quorum 

sensing 27. Besides that, a mature biofilm also 

contains water channels in the matrix acting 

as a circulatory system. The functions of 

these channels include nutrient distribution 

and the removal of waste products 7. 

 

 

3.4 Detachment of Biofilm 

Following maturation, biofilms undergo a 

process known as dispersion. At this stage, 

some cells leave the biofilm and return to 
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their planktonic lifestyle. As these cells 

return to their free-floating form, they are 

now able to attach to a new surface, and the 

cycle starts all over again 28. Cells can either 

detach from the biofilm actively or passively. 

Passive dispersal of a biofilm is mediated by 

mechanical forces or external forces such as 

abrasion, fluid shear, and solid shear 7.  

3.5 Quorum Sensing (QS) 

This is the regulation of gene expression in 

response to differences in cell population 

densities. The processes of QS and biofilm 

formation are interdependent. When the QS 

gene is activated, it causes the biofilm to 

develop and then coordinates its maturation 

and breakdown. The phenomenon of QS is 

feasible only when a specific volume has a 

minimal quantity of bacteria. The amount of 

auto-inducer signalling molecules secreted 

by the bacteria in a micro-colony can be used 

to determine the number of bacteria in each 

volume 15,29. 

3.Implications of Microbial Biofilm 

Formation 

Biofilm is a critical problem in the medical 

sector, as it is formed on medical implants 

within human tissue and is involved in a 

multitude of serious chronic infections 30. 

Common bacteria involved in severe biofilm-

associated infections include pathogens of 

the “ESKAPE” group (Enterococcus spp., 

Staphylococcus aureus, Staphylococcus 

epidermidis, Klebsiella spp., Acinetobacter 

baumannii, Pseudomonas aeruginosa, and 

Enterobacter spp.), which cause a variety of 

infections 31,32. There are three ways by 

which bacterial biofilms have been 

implicated: a) Reduced Antimicrobial 

Efficacy, b) Increased Resistance and c) 

Persistent Infections. The most common 

microorganisms for medical device-

associated infections are Staphylococcus 

aureus and Staphylococcus epidermidis. 

Multi-resistant gram-negative bacteria (e.g., 

Escherichia coli, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, and Acinetobacter 

baumannii) can also cause medical device-

associated infections in complex hospital 

settings 33. In addition, microorganisms can 

adhere to various tissue surfaces in the body 

(e.g., skin, connective tissue, intestinal 

mucosa, vascular endothelium, oral cavity, 

airway, bone tissue, and vagina), which in 

turn can cause non-device (tissue) -associated 

biofilm infections and lead to various 

diseases 34,35. Within biofilms, bacteria adapt 

to low oxygen levels and nutrient scarcity by 

altering their metabolism, gene expression, 

and protein production. This can result in a 

decreased metabolic rate and slower cell 

division 36. As a result, biofilm-related 

https://www.keffihospitaljournal.com/


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

diseases tend to be persistent infections that 

progress slowly, are infrequently resolved by 

the immune system, and show inconsistent 

responses to antimicrobial therapies 37.  

5. Laboratory Detection of Biofilm-

Forming Bacteria 

In the laboratory, analysis of these samples is 

difficult since the microorganisms in the 

biofilm adhere to each other and the surface, 

forming a microbial aggregate. Therefore, 

sonication is generally performed using 

sound energy to agitate particles in a solution, 

removing the aggregated and adhered 

bacteria from biomaterial surfaces, allowing 

for analysis 38,39.  

5.1 Fluorescence in Situ Hybridisation 

(FISH) 

This method consists of the binding of short 

fluorescence-labelled oligonucleotides, 

which can bind to the specific ribosomal 

RNA of the target organisms. It has the 

advantage of allowing the analysis of the 

sample without prior treatment, easily 

identifying microbial aggregates; the samples 

are analysed via microscopy 40,41.  

5.2 Electronic Microscopy 

This approach allows the visualisation of 

microbial aggregates after sonication or 

FISH. Scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), 

and confocal laser scanning microscopy 

(CLSM) are the most used tools in biofilm 

visualisation 42,43. The high resolution of this 

microscopy allows analysis of all biofilm 

structures, facilitating direct detection and 

visualisation of the biofilm where it was 

formed, such as in a catheter 44,45.  

5.3 Polymerase Chain Reaction (PCR) 

This approach detects biofilm-forming 

pathogens directly in clinical samples. 

Compared to methods that involve culture, 

DNA-based analyses are more sensitive in 

detecting microbes, including unculturable 

cells and samples with mixed species. It is 

based on the amplification of specific 

regions, providing high specificity and 

sensitivity in the identification of genes 

involved in biofilm formation, after the 

sonication process 46. Some examples of 

developed PCR methods are real-time PCR, 

multiplex PCR and reverse transcriptase 

PCR. These techniques can be used to 

identify clinical biofilm-forming isolates 47. 

 

 

5.4 Colourimetric Assays 

This is the most widely used method and is 

commonly applied in studies related to the 

development and susceptibility of biofilms to 
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drugs as well as the quantification of specific 

biofilm structures15. 

5.4.1 Crystal Violet Staining (Agar Plate 

and Tube Methods) 

Agar Plate Method 

Isolates from fresh agar plates are inoculated 

in 5 ml of Trypticase soy broth and incubated 

at 37°C for 24 hours. The cultures are then 

diluted 1:100 with fresh medium. Individual 

wells of 96-well flat-bottom polystyrene 

plates are then filled with 0.2 ml aliquots of 

the diluted culture. The plates are then 

incubated at 37°C for 24 hours, and after the 

incubation, the contents are removed from 

the plates by tapping gently.  

Plates are then washed twice with 0.2 ml of 

phosphate buffer saline (pH 7.2) and 

incubated at 37°C for an hour. The plates are 

stained with 0.2 ml of 0.1% crystal violet for 

10 minutes. Excess stain is removed by 

washing twice with deionised water, and the 

plates are kept for drying. 200 μl of 33% 

glacial acetic acid is added to the wells 

(Figure 3). The optical density (OD) of the 

isolates is determined using an ELISA auto 

reader at a wavelength of 570 nm. The 

average optical density (OD) values of each 

test strain and negative control are calculated, 

and the final OD values of a test strain are 

obtained by subtracting the OD cutoff (ODc) 

value of the negative control from the 

average OD value of the test strain. Biofilm 

formation is classified into Strong, moderate 

and weak or non-biofilm producers 48,49.
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Figure 3. Moderate biofilm formation in a 96-well plate: a top-down view of Escherichia coli 

growth stained with 0.1% crystal violet 47. 
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Tube Method 

In this method, 5 ml of Trypticase soy broth 

is inoculated with a loopful of organisms and 

incubated for 24 hours at 37 °C. The tubes are 

then decanted and washed with phosphate 

buffer saline (pH 7.2) and allowed to air dry. 

Crystal violet (0.1%) is used to stain for 10 

minutes and washed with deionised water. 

The tubes are then left to air dry in an inverted 

position.  Biofilm production is considered 

when there is a formation of a visible layer on 

the walls and at the base of the tube.  While 

the formation of a ring at the interface of the 

liquid medium is an indication that the 

organism is non-biofilm producing. It is 

scored as negative, weak positive, moderate 

positive, and strong positive (Figure 4)47

. 

 

 

 

 

 

 

 

 

 

https://www.keffihospitaljournal.com/


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

 

Figure 4. Test tube method showing Pseudomonas aeruginosa biofilm production on the inner 

sides of test tubes stained with 0.1% crystal violet50. 
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5.4.2 Congo Red Agar Test 

This agar allows the differentiation of the 

colonies in two colours, with black indicating 

strong biofilm production and pale-red 

indicating no biofilm production51. Special 

media such as Brain Heart Infusion (BHI) 

agar with Sucrose and Congo red in the 

following composition: BHI agar-52 g/L; 

sucrose-36 g/L; agar-10 g/L; Congo red-0.8 

g/L can be used. It is prepared as a 

concentrated solution and autoclaved, then 

added to the medium when the agar is cooled 

to 55°C and poured into Petri dishes. Plates 

are then inoculated with test organisms and 

incubated for 24–48 hours at 37°C. Black 

colonies with dry crystalline morphology are 

considered positive for biofilm-producing 

organisms, while weak or non-biofilm-

producing organisms appear pink in colour 

(Figure 5)47,52. 
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Figure 5. Escherichia coli biofilm negative (A) and positive colonies (B) on Congo Red Agar51. 
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5.4.3 Biofilm Assay Kit 

This is an assay kit that allows for the 

detection and quantification of biofilms. The 

assay kits allow for the formation of biofilms 

on the pegs attached to the plate’s lid and 

make it possible to avoid peeling off biofilm, 

which occurs during the process of formation 

(Figure 6). In the first step, the amount of 

biofilm is measured after staining the live or 

dead microorganisms with crystal violet by 

targeting the extracellular polysaccharides at 

590 nm.  

Secondly, the metabolic activity of the live 

organisms within the biofilm is measured at 

480 nm after staining with warm toluidine 

blue solution53, 54. 

 

 

Figure 6. Procedures for Biofilm Formation Assay and Biofilm Viability Assay54. 
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6. Strategies to Combat Biofilm Formation 

6.1 Targeting Biofilm-Specific 

Mechanisms  

Due to the growing bacterial resistance to 

antibiotics that have been overused, the 

search for alternative antimicrobial therapies 

is on the increase. One of them is quorum 

quenching (QQ), which disrupts microbial 

communication55,56. QQ-driving molecules 

can decrease or even completely inhibit the 

production of virulence factors, including 

biofilm formation. For example, Kaempferol 

and Naringenin obtained from citrus plants 

can inhibit quorum sensing 57,58. 

6.2 The Use of Biofilm-disrupting Agents 

and Enzymes 

Azithromycin has been shown to reduce 

biofilm formation by Pseudomonas 

aeruginosa and inhibit QS-regulated 

virulence factors, includin autoinducer 

production, pyocyanin production, and 

swarming. Azithromycin downregulates the 

expression of gacA, which mediates the 

switch between the motile and biofilm 

lifestyles of Pseudomonas aeruginosa 59,60. 

6.3 Nanotechnology-based Antimicrobials 

Nanoparticles (NPs) are being increasingly 

utilised as an alternative to antibiotics for 

targeting bacteria. Their application in 

treating bacterial infections shows promise, 

especially in areas such as antibacterial 

coatings for implants, medicinal materials for 

infection prevention and wound healing, 

antibiotic delivery systems, microbial 

diagnostics, and antibacterial vaccines 61,62.  

6.4 Combination Therapies and 

Adjunctive Treatments 

Due to the resistance of biofilms to antibiotic 

treatments, combination therapy with 

different medications has been employed to 

eradicate biofilms63. An inhaled 

Fosfomycin/tobramycin combination 

antibiotic strategy has been effective against 

Gram-negative as well as Gram-positive 

organisms. Along with antibiotics, the use of 

natural or synthetic adjuvants shows 

promising effects in treating biofilm 

infections. Fluoroquinolone activity on 

biofilms is disrupted by low oxygen tension 

in the matrix, a strategy known as hyperbaric 

oxygen treatment that can enhance the 

efficacy of antibiotics if well optimised. 

Adjuvants such as 

Ethylenediaminetetraacetic acid (EDTA), 

Sodium Dodecyl Sulphate (SDS), and 

chlorhexidine act by killing non-growing 

microbial cells aggregated on the inner layer 

of the biofilm 64.  
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A new therapeutic approach describes the 

application of stimulus-responsive therapy 

along with drug combinations. This 

experimentation made use of phototherapy; 

the two main techniques employed in light-

induced therapy are photodynamic therapy 

(PDT) and photothermal therapy (PTT) 65. 

Light-induced eradication has a 99-100% 

efficiency rate. Some of the light-induced 

therapies are PDT and Ampicillin used 

against Escherichia coli K12-MG 1655 

processed on a carbon dot platform, PTT and 

Ciprofloxacin were effective 

against Escherichia coli, Staphylococcus 

aureus processed on hydrogel, and ferulic 

acid/sulfur dioxide against Enterococcus 

cloacae MTCC 509 66. 

6.5 Wound Debridement 

The exceedingly high incidence of false-

negative cultures for bacteria in a biofilm 

state leads to missed diagnoses of wound 

infection. The use of topical and parenteral 

antimicrobial therapy without wound 

debridement has had a limited impact on 

decreasing biofilm infection, which remains 

a major problem in wound care. However, a 

combination of topical antimicrobial agents 

alongside wound debridement has been 

shown to reduce the effect of biofilm-

forming bacteria 67. 

6.6 Water Treatment 

Biofilms develop as a survival mechanism 

for bacteria in aquatic environments. Ozone 

effectively targets the extracellular 

polysaccharides of bacterial colonies on 

surfaces, rapidly cleaving through the 

biofilm's structure and breaking it down into 

harmless microscopic fragments. Its efficacy 

stems from ozone being a strong oxidant, 

present in much larger concentrations 

compared to common disinfectants like 

chlorine. This method has primarily been 

used for water purification 68. Other physical 

methods include the use of heat, light, 

sonification and electromagnetic energy 69,70. 

 

4.Conclusion 

It is estimated that about 70% of all human 

microbial infections are due to biofilms and 

lead to various diseases, including non-

healing chronic wounds, endocarditis, 

periodontitis, cystic rhinosinusitis, fibrosis, 

meningitis, osteomyelitis, kidney infections, 

prosthesis, and implantable device-related 

infections. The bacteria within biofilms 

exhibit significant heterogeneity with 

complex properties. As a result, the diagnosis 

and treatment of infections associated with 

biofilms remains a considerable hurdle in 

healthcare, with treatment strategies for such 
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infections still in their infancy. The tube and 

plate method for the demonstration of 

biofilm-forming organisms, as well as the 

Congo red method, are simple that are cost 

cost-effective and can be performed with 

little training. Microbial biofilms pose a 

significant challenge to antimicrobial therapy 

due to their unique biological characteristics 

that confer resilience against conventional 

treatments. The implications of biofilm-

associated infections underscore the need for 

innovative diagnostic procedures and 

implementation of therapeutic strategies that 

target biofilm formation and enhance the 

efficacy of existing antimicrobial agents. 

Author contributions 

Conceptualisation by I.I and O.M., review of 

literature and writing M.S. J., O.M. and I.S., 

drafting of original manuscript I.I., U.R.U 

and O.U.D., supervision O.M., U.D. and E.T. 

All authors have read and agreed to the 

published version of the manuscript. 

Funding 

No external funding was received for this 

review 

Conflict of interest 

The authors declare no conflict of interest  

 

 

REFERENCES 

[1] Schulze A, Mitterer F, Pombo JP, Schild 

S. Biofilms by bacterial human pathogens: 

Clinical relevance-development, 

composition and regulation-therapeutical 

strategies. Microbial Cell 

[Internet]. 2021 Feb 1;8(2):28-56. Available 

from: https://www.ncbi.nlm.nih.gov/pmc/art

icles/PMC7841849/ 

[2] Tang KWK, Millar BC, Moore JE. 

Antimicrobial Resistance (AMR). British 

Journal of Biomedical Science. 2023 Jun 

28;80(11387):11387. 

[3] Lai CKC, Ng RWY, Leung SSY, Hui M, 

Ip M. Overcoming the rising incidence and 

evolving mechanisms of antibiotic resistance 

by novel drug delivery approaches – An 

overview. Advanced Drug Delivery Reviews. 

2022 Feb; 181:114078. 

[4] World Health Organization. 

Antimicrobial Resistance [Internet]. World 

Health Organization. 

World Health Organization; 2023. Available

 from: https://www.who.int/news-room/fact-

sheets/detail/antimicrobial-resistance 

[5] Banthia R, Chandki R, Banthia P. 

Biofilms: A microbial home. Journal of 

Indian Society of 

Periodontology [Internet]. 2011;15(2):111. 

Available from: https://www.ncbi.nlm.nih.g

ov/pmc/articles/PMC3183659/ 

https://www.keffihospitaljournal.com/
https://www.who.int/newsroom/factsheets/detail/antimicrobial-resistance
https://www.who.int/newsroom/factsheets/detail/antimicrobial-resistance
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3183659/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3183659/


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

[6] Armbruster CR, Parsek MR. New insight 

into the early stages of biofilm formation. 

Proceedings of the National Academy of 

Sciences. 2018 Apr 9;115(17):4317–9. 

[7] Samrot AV, Abubakar Mohamed A, 

Faradjeva E, Si Jie L, Hooi Sze C, Arif A, et 

al. Mechanisms and Impact of Biofilms and 

Targeting of Biofilms Using Bioactive 

Compounds-A Review. Medicina (Kaunas, 

Lithuania) [Internet]. 2021 Aug 

18;57(8):839. Available from: 

https://pubmed.ncbi.nlm.nih.gov/34441045/ 

[8] Zhao A, Sun J, Liu Y. Understanding 

bacterial biofilms: From definition to 

treatment strategies. Frontiers in Cellular 

and Infection Microbiology [Internet]. 2023 

Apr 6;13(1137947). Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/P

MC10117668/ 

[9] Khalid SJ, Ain Q, Khan SJ, Jalil A, 

Siddiqui MF, Ahmad T, Badshah M, Adnan 

F. Targeting Acyl Homoserine Lactones 

(AHLs) by the quorum quenching bacterial 

strains to control biofilm formation in 

Pseudomonas aeruginosa. Saudi J Biol Sci. 

2022 Mar;29(3):1673-1682. doi: 

10.1016/j.sjbs.2021.10.064. Epub 2021 Oct 

30. PMID: 35280554; PMCID: 

PMC8913397. 

 

[10] Alonso V, Paula M, Airlane F, Giovana 

Rueda Barboza, Liliana, Cirone C. Dry 

surface biofilms in the food processing 

industry: An overview on surface 

characteristics, adhesion and biofilm 

formation, detection of biofilms, and dry 

sanitization methods. Comprehensive 

Reviews in Food Science and Food Safety. 

2022 Dec 5;22(1):688–713. 

[11] Bera JH, Selvin L, Gang S, Patel DN. 

Biofilm. Elsevier eBooks. 2023 Jan 1;369–

90. 

[12] Hari Prasath Nagaiah, Karthikeyan 

Kandaswamy, Arumugam Priya, Thirupathi 

Kasthuri, Pandian SK. Biofilms associated 

with biomedical implants and combating 

therapies. Elsevier eBooks. 2023 Jan 1;335–

53. 

[13] Singh S, Datta S, Narayanan KB, 

Rajnish KN. Bacterial exo-polysaccharides 

in biofilms: role in antimicrobial resistance 

and treatments. Journal of Genetic 

Engineering and Biotechnology. 2021 Sep 

23;19(1). 

[14] None Vandana, Das S. Structural and 

mechanical characterization of biofilm-

associated bacterial polymer in the 

emulsification of petroleum hydrocarbon. 3 

Biotech. 2021 Apr 25;11(5). 

[15] Sharma S, Mohler J, Mahajan SD, 

Schwartz SA, Bruggemann L, Aalinkeel R. 

https://www.keffihospitaljournal.com/


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

Microbial Biofilm: A Review on Formation, 

Infection, Antibiotic Resistance, Control 

Measures, and Innovative Treatment. 

Microorganisms [Internet]. 2023 Jun 

1;11(6):1614. Available from: 

https://www.mdpi.com/2076-

2607/11/6/1614 

[16] Quan K, Hou J, Zhang Z, Ren Y, 

Peterson BW, Flemming HC, et al. Water in 

bacterial biofilms: pores and channels, 

storage and transport functions. Critical 

Reviews in Microbiology. 2021 Aug 

19;48(3):283–302. 

[17] Galdino RV, Benevides CA, Tenório 

RP. Diffusion maps of Bacillus subtilis 

biofilms via magnetic resonance imaging 

highlight a complex network of channels. 

Colloids and Surfaces B Biointerfaces. 2020 

Feb 26; 190:110905–5. 

[18] Karygianni L, Ren Z, Koo H, Thurnheer 

T. Biofilm Matrixome: Extracellular 

Components in Structured Microbial 

Communities. Trends in Microbiology 

[Internet]. 2020 Apr 21;28(8). 

Available from: https://reader.elsevier.com/r

eader/sd/pii/S0966842X20300871?token=56

4d8aa0aa908f18d732cd6af9d12300bf0b1a1

a2b360a6b9926b8fc840cfcf4260a7b1127a7

72152bdc7b17c66b93b0 

 

 

[19] Molina-Santiago C, de Vicente A, 

Romero D. Bacterial extracellular matrix as a 

natural source of biotechnologically 

multivalent materials. Computational and 

Structural Biotechnology 

Journal [Internet]. 2021 Jan 1; 19:2796-805.

 Available from: https://www.sciencedirect.c

om/science/article/pii/S2001037021001896 

[20] Singh A, Puneet Singh Chauhan. 

Ecological Significance of Soil-Associated 

Plant Growth-Promoting Biofilm-Forming 

Microbes for Stress Management. 2017 Jul 

21;291–326. 

[21] Awuor SO, Omwenga EO, Mariita RM, 

Daud II. Cholera outbreak: antibiofilm 

activity, profiling of antibiotic-resistant 

genes and virulence factors of toxigenic 

Vibrio cholerae isolates reveals concerning 

traits. Access Microbiology. 2022 Mar 

23;4(3). 

[22] Jamal M, Ahmad W, Andleeb S, Jalil F, 

Imran M, Nawaz MA, et al. Bacterial biofilm 

and associated infections. Journal of the 

Chinese Medical Association: JCMA. 

2018;81(1):7–11. 

[23] Sharma D, Misba L, Khan AU. 

Antibiotics versus biofilm: an Emerging 

Battleground in Microbial Communities. 

Antimicrobial Resistance & Infection 

Control. 2019 May 16;8(1). 

https://www.keffihospitaljournal.com/
https://www.mdpi.com/2076-2607/11/6/1614
https://www.mdpi.com/2076-2607/11/6/1614


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

[24] Zheng S, Bawazir M, Dhall A, Kim HE, 

He L, Heo J, et al. Implication of Surface 

Properties, Bacterial Motility, and 

Hydrodynamic Conditions on Bacterial 

Surface Sensing and Their Initial Adhesion. 

Frontiers in Bioengineering and 

Biotechnology. 2021 Feb 12;9.  

[25] Rather MA, Gupta K, Mandal M. 

Microbial biofilm: formation, architecture, 

antibiotic resistance, and control strategies. 

Brazilian Journal of Microbiology: 

[publication of the Brazilian 

Society for Microbiology] [Internet]. 2021 D

ec 1;52(4):1701–18. Available from: 

https://pubmed.ncbi.nlm.nih.gov/34558029/ 

[26] Mirghani R, Saba T, Khaliq H, Mitchell 

J, Do L, Chambi L, et al. Biofilms: 

Formation, drug 

resistance and alternatives to conventional a

pproaches. AIMS Microbiology [Internet]. 

2022;8(3):239–77. Available from: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC9

576500/ 

[27] Preda VG, Săndulescu O. 

Communication is the key: biofilms, quorum 

sensing, formation 

and prevention. Discov d eries [Internet]. 20

19 Sep 30;7(3):e10. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/P

MC7086079/ 

[28] Sauer K, Stoodley P, Goeres DM, Hall-

Stoodley L, Burmølle M, Stewart PS, et al. 

The biofilm 

life cycle: expanding the conceptual model o

f biofilm formation. Nature Reviews Microbi

ology [Internet]. 2022 Oct 1;20(10):608–

20. Available from: https://www.nature.com

/articles/s41579-022-00767-0#citeas 

[29] Boban T, Nadar S, Tauro S. Breaking 

down bacterial communication: a review of 

quorum quenching agents. Future Journal of 

Pharmaceutical Sciences. 2023 Aug 30;9(1). 

[30] Abebe GM. The Role of Bacterial 

Biofilm in Antibiotic Resistance and Food 

Contamination. International Journal of 

Microbiology. 2020 Aug 25; 2020:1–10. 

[31] De Oliveira DMP, Forde BM, Kidd TJ, 

Harris PNA, Schembri MA, Beatson SA, et 

al. Antimicrobial resistance in ESKAPE 

pathogens. Clinical Microbiology Reviews. 

2020 May 13;33(3). 

[32] Vale de Macedo GHR, Costa GDE, 

Oliveira ER, Damasceno GV, Mendonça 

JSP, Silva L dos S, et al. Interplay between 

ESKAPE Pathogens and Immunity in Skin 

Infections: An Overview of the Major 

Determinants of Virulence and Antibiotic 

Resistance. Pathogens. 2021 Feb 

2;10(2):148. 

[33] Banawas SS, Alobaidi AS, Dawoud TM, 

AlDehaimi A, Alsubaie FM, Abdel-Hadi A, 

https://www.keffihospitaljournal.com/
https://www.nature.com/articles/s41579-022-00767-0#citeas
https://www.nature.com/articles/s41579-022-00767-0#citeas


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

et al. Prevalence of Multidrug-Resistant 

Bacteria in Healthcare-Associated 

Bloodstream Infections at Hospitals in 

Riyadh, Saudi Arabia. Pathogens [Internet]. 

2023 Sep 1;12(9):1075. Available from: 

https://www.mdpi.com/2076-

0817/12/9/1075 

[34] Wi YM, Patel R. Understanding 

Biofilms and Novel Approaches to the 

Diagnosis, Prevention, and 

Treatment of Medical Device-Associated 

Infections. Infectious Disease Clinics of 

North 

America [Internet]. 2018 Dec;32(4):915-29. 

Available from: https://mayoclinic.pure.else

vier.com/en/publications/understanding-

biofilms-and-novel-approaches-to-the-

diagnosis-prev 

[35] Sterzenbach T, Helbig R, Hannig C, 

Hannig M. Bioadhesion in the oral cavity and 

approaches for biofilm management by 

surface modifications. Clinical Oral 

Investigations. 2020 Oct 27;24(12):4237–60. 

[36] Abdelhamid AG, Yousef AE. 

Combating Bacterial Biofilms: Current and 

Emerging Antibiofilm Strategies for Treating 

Persistent Infections. Antibiotics [Internet]. 

2023 Jun 

3;12(6):1005. Available from: https://mdpi-r

es.com/antibiotics/antibiotics-12-01005/artic

le_deploy/antibiotics-12-01005-

v2.pdf?version=1685940502 

[37] Vestby LK, Grønseth T, Simm R, Nesse 

LL.Bacterial Biofilm and Its Role in the 

Pathogenesis 

of Disease. Antibiotics [Internet]. 2020 Feb 

3;9(2):59. Available from: https://www.ncbi.

nlm.nih.gov/pmc/articles/PMC7167820/ 

[38] Kamineni S, Huang C. The antibacterial 

effect of sonication and its potential medical 

application. SICOT-J [Internet]. 5. Available

 from: https://www.ncbi.nlm.nih.gov/pmc/ar

ticles/PMC6572995/ 

[39] Ioana Roxana Codru, Sava M, Bogdan 

Ioan Vintilă, Alina Simona Bereanu, Bîrluțiu 

V. A Study on the Contributions of 

Sonication to the Identification of Bacteria 

Associated with Intubation Cannula Biofilm 

and the Risk of Ventilator-Associated 

Pneumonia. Medicina. 2023 May 

31;59(6):1058–8. 

[40] Frickmann H, Zautner AE, Moter A, 

Kikhney J, Hagen RM, Stender H, et al. 

Fluorescencein situhybridization (FISH) in 

the microbiological diagnostic routine 

laboratory: a review. Critical Reviews in 

Microbiology. 2017 Jan 27;43(3):263–93. 

[41] Franco-Duarte R, Černáková L, Kadam 

S, S. Kaushik K, Salehi B, Bevilacqua A, et 

al. Advances in Chemical and Biological 

Methods to Identify Microorganisms—From 

https://www.keffihospitaljournal.com/
https://www.mdpi.com/2076-0817/12/9/1075
https://www.mdpi.com/2076-0817/12/9/1075
https://mayoclinic.pure.elsevier.com/en/publications/understanding-biofilms-and-novel-approaches-to-the-diagnosis-prev
https://mayoclinic.pure.elsevier.com/en/publications/understanding-biofilms-and-novel-approaches-to-the-diagnosis-prev
https://mayoclinic.pure.elsevier.com/en/publications/understanding-biofilms-and-novel-approaches-to-the-diagnosis-prev
https://mayoclinic.pure.elsevier.com/en/publications/understanding-biofilms-and-novel-approaches-to-the-diagnosis-prev


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

past to Present. 

Microorganisms [Internet]. 2019 May 13;7(

5):130. Available from: https://pmc.ncbi.nlm

.nih.gov/articles/PMC6560418/ 

[42] Costa-Orlandi C, Sardi J, Pitangui N, de 

Oliveira H, Scorzoni L, Galeane M, et al. 

Fungal Biofilms and Polymicrobial Diseases. 

Journal of Fungi [Internet]. 2017 May 

10;3(2):22. Available from: 

https://dx.doi.org/10.3390%2Fjof3020022 

[43] Relucenti M, Familiari G, Donfrancesco 

O, Taurino M, Li X, Chen R, et al. 

Microscopy Methods for Biofilm Imaging: 

Focus on SEM and VP-SEM Pros and Cons. 

Biology [Internet]. 2021 Jan 12;10(1). 

Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/P

MC7828176/ 

[44] Walker JN, Flores-Mireles AL, Lynch 

AJL, Pinkner C, Caparon MG, Hultgren SJ, 

et al. High-resolution imaging reveals 

microbial biofilms on patient urinary 

catheters despite antibiotic administration. 

World Journal of Urology. 2019 Dec 2; 

[45] Cleaver L, Garnett JA. How to study 

biofilms: technological advancements in 

clinical biofilm research. Frontiers in 

cellular and infection microbiology. 2023 

Dec 13;13. 

[46] Songtanin B, Peterson CJ, Molehin AJ, 

Nugent K. Biofilms and Benign Colonic 

Diseases. International Journal of Molecular 

Sciences. 2022 Nov 17;23(22):14259. 

[47] Shenoy V, Harika K, Narasimhaswamy 

N, Chawla K. Detection of biofilm 

production and its impact on antibiotic 

resistance profile of bacterial isolates from 

chronic wound infections. Journal of Global 

Infectious Diseases. 2020;12(3):129. 

[48] Jain S. Can EDTA Change MRSA into 

MSSA? A Future Prospective! Journal of 

Clinical and Diagnostic Research [Internet].

 2016; Available from: https://www.ncbi.nl

m.nih.gov/pmc/articles/PMC4800529/ 

[49] Allkja J, van Charante F, Aizawa J, 

Reigada I, Guarch-Pérez C, Vazquez-

Rodriguez JA, et al. Interlaboratory study for 

the evaluation of three microtiter plate-based 

biofilm quantification 

methods. Scientific Reports [Internet]. 2021 

Jul 2;11(1). Available from: https://www.nat

ure.com/articles/s41598-021-93115-w.pdf 

[50] Eladawy M, El-Mowafy M, El-Sokkary 

MMA, Barwa R. Effects of Lysozyme, 

Proteinase K, and Cephalosporins on Biofilm 

Formation by Clinical Isolates of 

Pseudomonas aeruginosa. Interdisciplinary 

Perspectives on Infectious Diseases 

[Internet]. 2020 Feb 8;2020:e6156720. 

Available from: 

https://www.hindawi.com/journals/ipid/2020

/6156720/ 

https://www.keffihospitaljournal.com/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7828176/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7828176/


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

[51] Katongole P, Nalubega F, Florence NC, 

Asiimwe B, Andia I. Biofilm formation, 

antimicrobial susceptibility and virulence 

genes of Uropathogenic Escherichia coli 

isolated from clinical isolates in Uganda. 

BMC Infectious Diseases [Internet]. 2020 Jun 

29;20(1). Available from: 

https://bmcinfectdis.biomedcentral.com/artic

les/10.1186/s12879-020-05186-1 

[52] Cho JA, Roh YJ, Son HR, Choi H, Lee 

JW, Kim SJ, et al. Assessment of the biofilm-

forming ability on solid surfaces of 

periprosthetic infection-associated 

pathogens. Scientific Reports 

[Internet]. 2022 Nov 4; 12:18669. Available 

from: https://www.ncbi.nlm.nih.gov/pmc/art

icles/PMC9636376/ 

[53] Sato Y, Ubagai T, Tansho-Nagakawa S, 

Yoshino Y, Ono Y. Effects of colistin and 

tigecycline on multidrug-resistant 

Acinetobacter baumannii biofilms: 

advantages and disadvantages of their 

combination. Scientific Reports [Internet]. 

2021 Jun 3 [cited 2022 Oct 26];11(1). 

Available from: 

https://www.nature.com/articles/s41598-

021-90732-3.pdf 

[54] Zhang S, Qu X, Jiao J, Tang H, Wang 

M, Wang Y, et al. Felodipine enhances 

aminoglycosides efficacy against implant 

infections caused by methicillin-resistant 

Staphylococcus aureus, persisters and 

biofilms. Bioactive Materials. 2022 Aug; 

14:272–89. 

[55] Jha S, Anand S. Development and 

Control of Biofilms: Novel Strategies Using 

Natural Antimicrobials. Membranes. 2023 

Jun 2;13(6):579. 

[56]. Liu X, Yao H, Zhao X, Ge C. Biofilm 

Formation and Control of Foodborne 

Pathogenic 

Bacteria. Molecules [Internet]. 2023 Mar 7;2

8(6):2432. Available from: https://www.ncbi

.nlm.nih.gov/pmc/articles/PMC10058477/ 

[57] Paluch E, Rewak-Soroczyńska J, 

Jędrusik I, Mazurkiewicz E, Jermakow K. 

Prevention of biofilm formation by quorum 

quenching. Applied Microbiology and 

Biotechnology. 2020 Jan 11;104(5):1871–81. 

[58] Sionov RV, Steinberg D. Targeting the 

Holy Triangle of Quorum Sensing, Biofilm 

Formation, and Antibiotic Resistance in 

Pathogenic Bacteria. Microorganisms. 2022 

Jun 16;10(6):1239. 

[59] Elsheredy A, El-Soudany I, Elsherbini 

E, Metwally D, Ghazal A. Effect of 

azithromycin and phenylalanine-arginine 

beta-naphthylamide on quorum sensing and 

virulence factors in clinical isolates of 

Pseudomonas aeruginosa. Iranian Journal of 

Microbiology. 2021 Feb 23; 

https://www.keffihospitaljournal.com/


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

[60] Ryan Kaler KM, Nix JC, Schubot FD. 

RetS inhibits Pseudomonas aeruginosa 

biofilm formation by disrupting the canonical 

histidine kinase dimerization interface of 

GacS. Journal of Biological Chemistry 

[Internet]. 2021 Oct [cited 2022 Oct 

24];297(4):101193. Available from: 

https://www.jbc.org/action/showPdf?pii=S0

021-9258%2821%2900995-9 

[61] Abdel-Fatah SS, Mohammad NH, 

Elshimy Rana, Mosallam FM. Impeding 

microbial biofilm formation and 

Pseudomonas aeruginosa virulence genes 

using biologically synthesized silver 

Carthamus nanoparticles. Microbial Cell 

Factories. 2024 Sep 5;23(1). 

[62] Faisal S, Tariq MH, Abdullah N, Zafar 

S, Nisa ZU, Ullah R, et al. Bio synthesis, 

comprehensive characterization, and 

multifaceted therapeutic applications of 

BSA-Resveratrol coated platinum 

nanoparticles. Scientific Reports. 2024 Apr 

3;14(1). 

[63] Mendes CR, Dilarri G, Forsan CF, 

Sapata V de MR, Lopes PRM, de Moraes PB, 

et al. Antibacterial action and target 

mechanisms of zinc oxide nanoparticles 

against bacterial pathogens. Scientific 

Reports. 2022 Feb 16;12(1). 

[64] Bari AK, Belalekar TS, Poojary A, 

Rohra S. Combination drug strategies for 

biofilm eradication using synthetic and 

natural agents in KAPE pathogens. Frontiers 

in Cellular and 

Infection Microbiology [Internet]. 2023 Apr 

17; 13:1155699. Available from: https://ww

w.ncbi.nlm.nih.gov/pmc/articles/PMC10149

696/ 

[65] Shrestha L, Fan HM, Tao HR, Huang 

JD. Recent Strategies to Combat Biofilms 

Using Antimicrobial Agents and Therapeutic 

Approaches. Pathogens [Internet]. 2022 Feb 

25;11(3):292. 

Available from: https://www.ncbi.nlm.nih.g

ov/pmc/articles/PMC8955104/#:~:text=In%

20general%2C%20two%20different%20stra

tegies 

[66] Sikder A, Chaudhuri A, Mondal S, 

Singh P. Recent Advances on Stimuli-

Responsive Combination Therapy against 

Multidrug-Resistant Bacteria and Biofilm. 

ACS applied bio materials. 2021 Jun 

7;4(6):4667–83. 

[67] Sen CK, Roy S, Mathew-Steiner SS, 

Gordillo GM. Biofilm Management in 

Wound Care. Plastic & Reconstructive 

Surgery. 2021 Jul 27;148(2):275e288e. 

[68] Panebianco F, Rubiola S, Di Ciccio PA. 

The Use of Ozone as an Eco-Friendly 

Strategy against 

Microbial Biofilm in Dairy Manufacturing P

https://www.keffihospitaljournal.com/


BACTERIAL BIOFILM:  A REVIEW ON FORMATION, CLINICAL IMPORTANCE, DETECTION AND 

CONTROL MEASURES 

ISSN: 30115-4956 (Print) https://www.keffihospitaljournal.com, DOI: 10.5281/zenodo.17013604 

lants: A Review. Microorganisms. 2022 Jan 

13;10(1):162. 

[69] Ciarolla AA, Lapin N, Williams D, 

Chopra R, Greenberg DE. Physical 

Approaches to Prevent and Treat Bacterial 

Biofilm. Antibiotics. 2022 Dec 29;12(1):54. 

[70] Li Y, Qu Y, Yang H, Zhou X, Xiao P, 

Shao TL. Combatting biofilms in potable 

water systems: A comprehensive overview to 

ensuring industrial water safety. 

Environmental Microbiology Reports. 2023 

Oct 12;15(6). 

 

 

https://www.keffihospitaljournal.com/

