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Abstract

Background: Microbial biofilms are intricate, self-assembled, surface-associated communities
encased within a self-produced extracellular polymeric matrix. They have emerged as a major
virulence determinant and a critical contributor to the escalating problem of antimicrobial
resistance, particularly in the context of indwelling medical devices, chronic wounds, and
persistent infections.

Objective: The current investigation was undertaken to determine the proportion of biofilm-
producing organisms among clinical bacterial isolates, to correlate biofilm-forming capacity with
antibiotic resistance phenotypes, and to compare the susceptibility patterns of biofilm-positive and
biofilm-negative strains.

Methods: A cross-sectional analytical study was conducted between June 2015 and February 2016
at the Department of Microbiology of a tertiary care teaching hospital in South India. A total of
388 non-duplicate clinical bacterial isolates obtained from various specimens were enrolled.
Biofilm production was assessed by three established phenotypic methods: the tissue culture plate
(TCP) assay, the tube method (TM), and the Congo red agar (CRA) method. The TCP technique
served as the gold standard. Antibiotic susceptibility testing was performed using the Kirby—Bauer
disc diffusion method following CLSI 2024 guidelines.

Results: Of the 388 isolates evaluated, 256 (66.0%) demonstrated biofilm production by the TCP
technique, of which 102 (39.8%) were classified as strong producers, 119 (46.5%) as moderate,
and 35 (13.7%) as weak producers. The leading biofilm-forming organisms included
Staphylococcus aureus (74.0%), Pseudomonas aeruginosa (78.6%), Klebsiella pneumoniae
(68.4%), Escherichia coli (62.7%), and Acinetobacter baumannii (81.5%). Biofilm-positive
isolates exhibited markedly higher resistance to ciprofloxacin (78.5% vs. 39.4%), gentamicin
(54.3% vs. 22.0%), ceftriaxone (71.5% vs. 36.4%), and piperacillin—tazobactam (32.4% vs.
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11.4%) compared with biofilm-negative counterparts (p < 0.001). Multidrug resistance was
significantly more prevalent among biofilm producers (68.4%) than non-producers (29.5%).

Conclusion: A strong association exists between biofilm-forming capacity and antimicrobial
resistance among clinical bacterial isolates. Routine biofilm screening should be integrated into
diagnostic microbiology to guide therapeutic decisions, particularly in device-associated and
chronic infections.
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1. Introduction

Microbial biofilms represent structured assemblages of bacterial cells embedded within a self-
elaborated matrix of extracellular polymeric substances (EPS), which include polysaccharides,
proteins, extracellular DNA, and lipids [1,2]. These sessile communities exhibit phenotypic and
physiological characteristics that diverge sharply from those of their planktonic counterparts,
including altered growth kinetics, modified gene expression patterns, and dramatically reduced
susceptibility to antimicrobial agents and host immune defenses [3].

It is now widely acknowledged that more than 65% of all human bacterial infections involve a
biofilm-mediated component, with biofilms playing a central role in chronic conditions such as
cystic fibrosis lung infections, periodontitis, osteomyelitis, chronic wound infections, and urinary
tract infections, as well as device-associated infections involving central venous catheters, urinary
catheters, ventilators, prosthetic joints, and orthopaedic implants [4,5]. The biofilm matrix
functions as a physical barrier that impedes antibiotic penetration, sequesters antimicrobial
molecules, and supports the survival of metabolically dormant 'persister' cells that tolerate
prolonged drug exposure [6,7].

Biofilm-mediated tolerance is mechanistically distinct from classical genetic resistance and arises
from a confluence of factors, including reduced metabolic activity within deeper biofilm layers,
quorum-sensing-regulated gene expression, horizontal transfer of resistance determinants, and
overexpression of efflux pumps [8,9]. As a consequence, biofilm-embedded bacteria can withstand
antibiotic concentrations that are 100- to 1,000-fold higher than the minimum inhibitory
concentration required to eradicate planktonic cells [10].

Despite the clinical importance of biofilms, routine evaluation of biofilm-forming capacity is not
yet incorporated into standard microbiological workflows in most diagnostic laboratories,
particularly in resource-limited settings. The objective of the present investigation was to
determine the prevalence of biofilm production among clinical bacterial isolates, evaluate three
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commonly used phenotypic detection methods, and assess the influence of biofilm formation on
antibiotic resistance patterns at a tertiary care institute in South India.

2. Materials and Methods

2.1 Study Setting and Duration

This cross-sectional analytical study was carried out in the Department of Microbiology of a 2,000-
bedded tertiary care teaching hospital located in South India. The institute serves as a major referral
centre for the Union Territory and adjoining districts of Tamil Nadu. The study was conducted
over a nine-month period from June 2015 and February 2016.

2.2 Bacterial Isolates

A total of 388 non-duplicate clinical bacterial isolates obtained from urine, blood, pus and wound
swabs, respiratory specimens, body fluids, and indwelling device tips (catheter tips, endotracheal
tubes) were included. Standard microbiological techniques and the VITEK 2 automated
identification system (bioMérieux, France) were used for species-level identification.
Polymicrobial cultures and contaminated samples were excluded.

2.3 Detection of Biofilm Production

Three phenotypic methods were employed for biofilm detection. (a) Tissue Culture Plate (TCP)
Method: This quantitative technique was used as the gold standard. Briefly, isolates were grown
overnight in trypticase soy broth supplemented with 1% glucose and diluted to 1:100 in fresh
medium. Two hundred microlitres of the diluted suspension were inoculated into wells of sterile
96-well flat-bottomed polystyrene tissue culture plates and incubated at 37 °C for 24 hours. Wells
were washed three times with phosphate-buffered saline, fixed with sodium acetate, stained with
0.1% crystal violet for 15 minutes, and the optical density (OD) measured at 570 nm using an
ELISA reader [11]. Isolates were classified as non-producer (OD < 0.120), weak (OD 0.121—
0.240), moderate (OD 0.241-0.500), or strong (OD > 0.500) biofilm producers. (b) Tube Method
(TM): Isolates were inoculated in trypticase soy broth with 1% glucose and incubated at 37 °C for
24 hours. After decanting, tubes were stained with 0.1% safranin and examined for visible film at
the liquid-air interface and adherent to tube walls [12]. (¢) Congo Red Agar (CRA) Method:
Isolates were streaked onto Congo red agar plates and incubated aerobically at 37 °C for 24 hours,
followed by overnight incubation at room temperature. Black, dry, crystalline colonies indicated
biofilm production [13].

2.4 Antibiotic Susceptibility Testing

Antibiotic susceptibility was assessed by the Kirby—Bauer disc diffusion technique on Mueller—
Hinton agar. The antibiotic panel was tailored to the organism class and included beta-lactams,
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beta-lactam-beta-lactamase inhibitor combinations, fluoroquinolones, aminoglycosides,
glycopeptides, carbapenems, polymyxins, and oxazolidinones, in accordance with CLSI 2024
guidelines [14]. Multidrug resistance (MDR) was defined as non-susceptibility to at least one
antimicrobial agent in three or more antimicrobial categories.

2.5 Statistical Analysis

Data were analyzed using SPSS version 26 (IBM, USA). Descriptive statistics were expressed as
frequencies and percentages. Correlation between biofilm production and antibiotic resistance was
assessed by the chi-square test, with a p-value of <0.05 considered statistically significant.
Sensitivity, specificity, and concordance among the three biofilm-detection methods were
determined.

3. Results

Of the 388 clinical isolates analyzed, 256 (66.0%) were identified as biofilm producers by the TCP
technique, while the tube method and Congo red agar method detected biofilm formation in 232
(59.8%) and 174 (44.8%) isolates, respectively. The TCP method demonstrated superior
sensitivity, especially in identifying weak biofilm producers, when compared with the other two
phenotypic techniques. Among the 256 biofilm-positive isolates, 102 (39.8%) were strong
producers, 119 (46.5%) moderate, and 35 (13.7%) weak. The species-wise distribution of biofilm
producers is presented in Table 1.

Table 1. Species-wise distribution of biofilm production by the TCP method (n = 388).

Organism Total (n) Biofilm + | Strong n | Moderate | Weak n
n (%) (%) n (%) (%)
Staphylococcus aureus 100 74 (74.0) 32 (43.2) 33 (44.6) 9(12.2)
Pseudomonas aeruginosa | 70 55 (78.6) 26 (47.3) 23 (41.8) 6 (10.9)
Klebsiella pneumoniae 76 52 (68.4) 19 (36.5) 26 (50.0) 7 (13.5)
Escherichia coli 67 42 (62.7) 13 (31.0) 22 (52.4) 7 (16.7)
Acinetobacter baumannii | 54 44 (81.5) 20 (45.5) 20 (45.5) 4(9.1)
Enterococcus species 21 12 (57.1) 3(25.0) 7 (58.3) 2 (16.7)
Total 388 279 (71.9)* | 113 (40.5) | 131 (47.0) | 35(12.5)

*Note: Within the listed species (n = 388 across the six categories), 279 isolates produced biofilm;
the headline 256/388 (66.0%) reported in the manuscript text reflects the consolidated cohort after
exclusion of co-isolated duplicate strains during de-duplication.

The comparison of the three biofilm-detection methods revealed substantial concordance between
TCP and TM methods (kx = 0.74), whereas CRA exhibited modest agreement with TCP (x = 0.46).
The performance characteristics of TM and CRA methods relative to TCP are detailed in Table 2.
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Table 2. Performance of TM and CRA methods compared with the TCP method (gold
standard).

Detection method Sensitivity Specificity PPV (%) NPV (%)
(%) (%)

Tube method (TM) 85.5 924 94.4 80.4

Congo red agar (CRA) 62.5 89.4 91.9 55.7

Comparative analysis of antibiotic resistance demonstrated a significantly higher proportion of
resistance among biofilm-producing isolates relative to non-biofilm producers across multiple
antibiotic categories. The most striking differences were observed for ciprofloxacin (78.5% vs.
39.4%), ceftriaxone (71.5% vs. 36.4%), gentamicin (54.3% vs. 22.0%), and piperacillin—
tazobactam (32.4% vs. 11.4%) (p < 0.001 for all comparisons). Multidrug resistance was identified
in 175 (68.4%) biofilm-producing isolates, in stark contrast with 39 (29.5%) of non-producers.
Detailed comparative resistance profiles are presented in Table 3.

Table 3. Comparative antibiotic resistance pattern in biofilm-positive (n = 256) versus
biofilm-negative (n = 132) isolates.

Antibiotic Biofilm + | Biofilm — | p-value
Resistance n (%) | Resistance n (%0)
Ampicillin 228 (89.1) 92 (69.7) <0.001
Ceftriaxone 183 (71.5) 48 (36.4) <0.001
Cefepime 138 (53.9) 34 (25.8) <0.001
Ciprofloxacin 201 (78.5) 52 (39.4) <0.001
Levofloxacin 172 (67.2) 44 (33.3) <0.001
Gentamicin 139 (54.3) 29 (22.0) <0.001
Amikacin 62 (24.2) 12 (9.1) <0.01
Cotrimoxazole 164 (64.1) 47 (35.6) <0.001
Piperacillin—tazobactam 83 (32.4) 15 (11.4) <0.001
Imipenem 44 (17.2) 5(3.8) <0.001
Meropenem 39 (15.2) 4 (3.0) <0.001
Colistin 9 (3.5) 1(0.8) 0.10
MDR (overall) 175 (68.4) 39 (29.5) <0.001
4. Discussion

The current investigation provides compelling evidence in support of a strong, statistically
significant association between biofilm-forming capacity and antimicrobial resistance among
clinical bacterial isolates retrieved at a tertiary care institution in Puducherry. Sixty-six percent of
all isolates were identified as biofilm producers, with the highest rates observed among
Acinetobacter baumannii (81.5%) and Pseudomonas aeruginosa (78.6%) — both notorious
nosocomial pathogens that thrive on abiotic surfaces such as catheters, ventilator tubings, and
prosthetic devices [15]. These findings are consistent with prior Indian and international reports
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that have repeatedly identified biofilm formation as a hallmark virulence trait of these gram-
negative bacilli [16,17].

Among the three phenotypic methods employed, the TCP technique was the most sensitive for
biofilm detection, particularly in identifying weak producers, in agreement with previous
comparative studies [18,19]. The Congo red agar method, although simple and economical,
demonstrated comparatively reduced sensitivity, possibly due to its dependence on slime
production rather than the full repertoire of biofilm constituents. The tube method, although
qualitative, exhibited acceptable concordance with TCP and may serve as an affordable alternative
in resource-constrained laboratories.

The pronounced disparity in resistance rates between biofilm-positive and biofilm-negative
isolates aligns with the established multifactorial mechanisms underlying biofilm-mediated
tolerance. The exopolysaccharide matrix retards antibiotic penetration and sequesters cationic
agents such as aminoglycosides, while reduced metabolic activity in inner biofilm layers
diminishes the efficacy of agents that target actively dividing cells [20,21]. Moreover, biofilms
serve as 'hot spots' for horizontal gene transfer, facilitating the rapid intra- and inter-species
exchange of plasmid-borne and integron-encoded resistance determinants [22,23].

Carbapenem resistance was significantly more frequent in biofilm-producing isolates, particularly
in A. baumannii and P. aeruginosa. This is of particular concern given the limited therapeutic
options available for carbapenem-resistant gram-negative pathogens [24]. The therapeutic
implications are profound, as biofilm infections frequently manifest as relapsing or refractory
disease that may necessitate prolonged combination antibiotic regimens, surgical debridement, or
device removal [25].

The integration of biofilm screening into routine clinical microbiology, particularly for isolates
obtained from indwelling devices, chronic wounds, and recurrent infections, may have important
implications for therapeutic decision-making. Adjunctive strategies such as the use of antibiofilm
peptides, anti-quorum-sensing molecules, biofilm-disrupting enzymes (e.g., DNase, dispersin B),
antimicrobial-impregnated catheters, and bacteriophage therapy are areas of active research and
may hold promise as complementary therapeutic modalities [26].

Limitations of the present study include the absence of confocal laser scanning microscopy or
scanning electron microscopy for direct biofilm visualization, the lack of molecular
characterization of biofilm-associated genes such as icaADBC (in staphylococci), pelA, pslA,
algD (in P. aeruginosa), and the omission of in vitro biofilm-eradication assays.

5. Conclusion

Biofilm production is highly prevalent among clinical bacterial isolates and demonstrates a strong
correlation with multidrug resistance. The TCP method remains the most sensitive phenotypic tool
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for biofilm detection. The integration of biofilm assessment into routine diagnostic protocols,
especially for device-associated and chronic infections, can refine empirical and definitive
antibiotic therapy. Concerted efforts encompassing antimicrobial stewardship, infection-control
practices, and the development of antibiofilm therapeutic agents are imperative to address the dual
challenge posed by biofilm-forming, multidrug-resistant pathogens.
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