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1. INTRODUCTION
The rapid rise of antimicrobial resistance (AMR) has become a global 
concern, significantly limiting the effectiveness of available 
antimicrobial therapies. [15] While resistance is traditionally 
attributed to genetic mutations and the acquisition of resistance 
determinants, increasing evidence indicates that microbial lifestyle 
plays a crucial role in determining antimicrobial susceptibility. Among 
these lifestyles, biofilm formation represents one of the most clinically 
significant survival strategies adopted by microorganisms. Biofilms 
consist of surface-associated microbial communities embedded in a 
self-secreted extracellular polymeric substance (EPS). [1,4] This 
mode of growth confers substantial protection against environmental 
stresses, including antimicrobial exposure. It is estimated that a 
majority of chronic and device-associated infections involve biofilm 
formation, highlighting their clinical relevance. [4,6] Unlike 
planktonic cells, biofilm associated microorganisms display 
phenotypic heterogeneity and adaptive responses that significantly 
enhance survival under antimicrobial pressure. This review aims to 
examine the contribution of biofilms to antimicrobial resistance 
mechanisms and to discuss the resulting clinical challenges.

2. Biofilm Formation and Structural Organization
Biofilm development is a sequential and regulated process that begins 
with the initial attachment of microbial cells to a surface, followed by 
irreversible adhesion, microcolony formation, maturation, and 
eventual dispersion. During maturation, microorganisms produce an 
EPS matrix composed of polysaccharides, proteins, lipids, and 
extracellular DNA, which provides both structural stability and 
functional protection. [1] The biofilm matrix creates spatial and 
chemical heterogeneity, resulting in gradients of oxygen, nutrients, 
and metabolic by-products. [1,3] These gradients generate 
microenvironments that influence cellular physiology and 
antimicrobial susceptibility. Such heterogeneity allows different 
subpopulations of cells to coexist, some of which are highly tolerant to 
antimicrobial treatment.

3. Biofilm-Associated Mechanisms of Antimicrobial Resistance 
3.1 Restricted Penetration of Antimicrobial Agents
One of the most direct protective functions of biofilms is the limitation 
of antimicrobial penetration. The EPS matrix can delay or reduce the 
diffusion of antimicrobial molecules, and in some cases, bind or 
inactivate them. [2,3] As a result, microorganisms located in deeper 
layers of the biofilm are often exposed to sub-inhibitory drug 
concentrations, allowing survival and adaptation.  

3.2 Reduced Metabolic Activity
Cells residing within biofilms frequently exhibit reduced growth rates 
due to limited nutrient and oxygen availability. Since many 
antimicrobial agents primarily target actively dividing cells, slow-
growing or metabolically inactive biofilm cells display increased 
tolerance to treatment. [3]

3.3 Persister Cell Formation
Biofilms harbor small subpopulations of persister cells that are capable 

of surviving high concentrations of antimicrobial agents without 
possessing heritable resistance traits. [9,10] These cells can remain 
dormant during treatment and subsequently repopulate the biofilm 
once antimicrobial pressure is removed, leading to recurrent 
infections.

3.4 Horizontal Gene Transfer
The dense and stable environment within biofilms facilitates close 
cell-to-cell contact, enhancing the transfer of genetic material through 
conjugation, transformation, and transduction. [11] This promotes the 
dissemination of antimicrobial resistance genes within and between 
microbial species.

3.5 Biofilm-Specific Gene Regulation
Biofilm growth is associated with distinct gene expression profiles, 
including the upregulation of efflux pumps and stress response 
pathways. [2] These adaptations further contribute to reduced 
antimicrobial susceptibility and long-term survival.

4. Clinical Implications of Biofilm-Mediated Resistance
Biofilm-associated antimicrobial resistance has profound clinical 
consequences. Biofilms are implicated in chronic infections such as 
osteomyelitis, chronic wounds, and sinusitis, where complete 
eradication of the pathogen is rarely achieved. [7,12] Additionally, 
biofilm formation on medical devices, including catheters, prosthetic 
joints, and cardiovascular implants, represents a major cause of 
healthcare-associated infections. [5,6] Such infections are frequently 
refractory to standard antimicrobial therapy, often necessitating 
prolonged treatment, combination drug regimens, or removal of the 
infected device. These challenges contribute to increased morbidity, 
extended hospital stays, and higher healthcare costs.

5. Therapeutic Challenges and Emerging Strategies
The intrinsic tolerance of biofilm-associated microorganisms limits 
the effectiveness of conventional antimicrobial therapy. Current 
research is increasingly focused on alternative strategies, including 
biofilm-disrupting agents, quorum sensing inhibitors, antimicrobial 
peptides, bacteriophage therapy, and surface modifications of medical 
devices aimed at preventing biofilm formation. [13,14] 

6. CONCLUSION
Biofilms play a critical role in the persistence and progression of 
antimicrobial resistance by providing a protective and adaptive 
environment for microorganisms. Their involvement in chronic and 
device-associated infections poses significant challenges to clinical 
management. A comprehensive understanding of biofilm-mediated 
resistance mechanisms is essential for the development of effective 
therapeutic and preventive strategies to combat antimicrobial-resistant 
infections
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ABSTRACT
Antimicrobial resistance (AMR) continues to undermine the effective management of infectious diseases worldwide, posing a serious threat to 
public health systems. Beyond classical genetic resistance mechanisms, biofilm formation has emerged as a critical but often underappreciated 
contributor to antimicrobial tolerance and treatment failure. Biofilms are structured microbial communities encased within a self-produced 
extracellular polymeric substance (EPS) matrix that enables microorganisms to survive hostile environments, including exposure to antimicrobial 
agents and host immune defenses. Cells within biofilms exhibit altered physiological states, reduced metabolic activity, and enhanced capacity for 
horizontal gene transfer, all of which contribute to increased antimicrobial tolerance. In clinical settings, biofilm-associated infections are 
commonly linked to chronic disease, recurrent infections, and infections related to indwelling medical devices. These infections are particularly 
difficult to eradicate and frequently require prolonged or combination therapies, often with limited success. This review discusses the major 
mechanisms by which biofilms contribute to antimicrobial resistance and highlights their clinical implications, emphasizing the need for improved 
therapeutic and preventive strategies targeting biofilm-associated infections.
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