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Exploring Antibiotic Resistance Mechanisms and β-Lactamase Interactions with Ceftriaxone and Linezolid

ABSTRACT
Introduction: Antimicrobial resistance (AMR) poses a significant global health challenge, fueled by mechanisms such as β-lactamase production and the formation of biofilms. This study aimed to assess antibiotic resistance, β-lactamase activity, biofilm formation, and explore resistance mechanisms through molecular docking. 
Methods:
Thirty-five bacterial isolates from clinical samples, representing seven genera—Escherichia coli, Salmonella spp., Staphylococcus aureus, Acinetobacter spp, Klebsiella pneumonia, Enterococcus faecalis, and Pseudomonas aeruginosa were analyzed. Antibiotic susceptibility testing determined resistance patterns, while β-lactamase production and biofilm formation were assessed phenotypically. Molecular docking evaluated interactions between β-lactamase (PDB ID: 1YLJ) and the antibiotics ceftriaxone and linezolid using Auto Dock Vina 2.0. 
Results:
High resistance rates were observed to ceftriaxone (85.7%) and erythromycin (71.4%). Salmonella spp. showed the highest overall resistance (77.3%) with complete resistance to ceftriaxone and cefuroxime. β-lactamase producers accounted for 25.7% of isolates, with a mean resistance rate of 67.3%, higher than non-producers. Biofilm-forming isolates (48.5%) exhibited increased resistance (68.5%) compared to non-biofilm producers (49.5%). Docking results revealed ceftriaxone had moderate binding affinity (-6.45 kcal/mol; Ki: 18.67 µM) to β-lactamase, suggesting vulnerability to enzymatic degradation, while linezolid bound more strongly (-8.66 kcal/mol; Ki: 448.07 nM), indicating better inhibitory potential. 
Conclusion:
These findings highlight the need for ongoing resistance monitoring, antimicrobial stewardship, and molecular-level insights to guide effective treatment against multidrug-resistant pathogens.
Keywords:   Antimicrobial resistance (AMR), β-lactamase production, Biofilm formation, Molecular docking, Ceftriaxone, Linezolid.
INTRODUCTION 
Antibiotic resistance has emerged as a critical global health issue, contributing to hundreds of thousands of deaths annually. Of particular concern is the growing number of bacterial strains that show resistance to commonly prescribed antibiotics, including those considered drugs of last resort, such as vancomycin. The rapid global transmission of resistance genes underscores the urgency of this threat and highlights the need for collaborative international responses. In 2014, the World Health Organization (WHO) identified antimicrobial resistance as a significant global health threat, highlighting the urgency of the issue [1and 2].
The widespread and often inappropriate use of antibiotics in human healthcare, veterinary practices and agriculture is a major cause of the increase in antimicrobial resistance. This resistance is increasingly evident in bacteria responsible for community-acquired and hospital-associated infections. In particular, multidrug-resistant organisms such as Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, methicillin-resistant (MRSA), Streptococcus pneumonia, Penicillin-resistant, vancomycin-resistant Enterococcus (VRE), Acinetobacter baumannii, and extensively drug-resistant Mycobacterium tuberculosis [3] are of particular concern [4].
β-Lactam antibiotics are the cornerstone of treatment for bacterial infections and are leading targets for resistance development in Gram-negative pathogens worldwide. Constant exposure to various β-lactams has prompted bacteria to develop and diversify β-lactamase enzymes – extended-spectrum β-lactamases (ESBLs) – that can now even break down new β-lactam antibiotics. This trend presents a formidable challenge for the treatment of multidrug-resistant infections. Furthermore, accurately determining the global prevalence of ESBL-producing organisms is hampered by inconsistent detection methods and variations in reporting standards among laboratories [5].
Over the last fifteen years, the rise and dissemination of β-lactam resistance in hospital-acquired Gram-negative bacteria, including Pseudomonas aeruginosa, has emerged as a significant global concern—especially with the growing resistance to third- and fourth-generation cephalosporins. While third-generation cephalosporins, like most β-lactam antibiotics, are typically well tolerated and have a relatively low toxicity profile, they can still cause serious adverse effects in some cases. For example, there have been reports of coagulopathies (blood clotting disorders) associated with the use of third-generation cephalosporins [6]. Nevertheless, all recorded adverse effects from third-generation cephalosporin administration are relatively rare when compared to the serious consequences caused by certain bacterial infections [7].
Cephalosporins are a widely used group of β-lactam antibiotics that treat and prevent bacterial infections by disrupting the peptidoglycan layer structure in the cell walls of both Gram-negative and Gram- positive bacteria [8]. In terms of volume, cephalosporins account for 50–70% of the total antibiotics used by humans [9]. A large-scale production and consumption of cephalosporin antibiotics has been recorded globally [10].
In general, bacterial groups that show resistance to third-generation cephalosporin antibiotics—such as ceftazidime and cefotaxime are commonly referred to as strong ESBL (Extended-Spectrum Beta-Lactamase) producers. This could be attributed to the strong efficacy of third-generation cephalosporins against Gram-negative bacteria. Resistance is primarily attributed to the production of various types of ESBLs, mainly mediated by bacterial and/or plasmid-associated AmpC β-lactamases (PABL) [4]. Ferjani et al. [11] reported the occurrence and distribution of both ESBL and PABL in bacterial strains, isolated from the gut microflora of healthy Tunisian children. In India, Basu et al. [12] identified antibiotic-resistant isolates against third-generation cephalosporins from clinical samples. In 2024, Handa et al. [13] also reported resistance among isolates to the cephalosporin group of antibiotics.
As part of the strategies to combat drug resistance in microorganisms, it is essential to enhance research efforts, improve diagnostic methods, and identify resistance mechanisms. Currently, there is limited information available on the mechanisms of antibiotic resistance in ESBL-producing isolates through molecular docking studies. Understanding the development of antibiotic resistance is essential for preventing its spread and guiding the design of new therapeutic strategies. Research has demonstrated that molecular docking is a valuable tool for identifying antibiotics that are losing effectiveness due to resistance mechanisms. This approach is not only cost-efficient but also accessible for routine analysis. Therefore, the present study aims to utilize molecular docking to explore the mechanisms and extent of antibiotic resistance in clinical isolates.
MATERIALS AND METHODS
The study isolates were procured from Microtech Microbial Laboratory, Coimbatore, India. The history of each isolate was documented, and all isolates were transported in a coolant box within 7 hours. The isolates were confirmed using selective media and biochemical tests. Confirmed isolates were stored on nutrient agar slants at 4°C for further analysis.
Antibiotic susceptibility testing
Antibiotic susceptibility testing was performed on 35 bacterial isolates following the guidelines of the National Committee for Clinical Laboratory Standards (NCCLS). The Kirby-Bauer disc diffusion method was employed for the antibiogram analysis. All clinical isolates were subjected to this test. Antibiotic discs and Mueller-Hinton Agar (MHA) were procured from Hi-Media, Mumbai. Agar plates were prepared according to the manufacturer's instructions and their sterility was confirmed by overnight incubation at 37°C. Prior to testing, the antibiotic discs were brought to room temperature for one hour. Bacterial inocula were adjusted to a 0.5 McFarland turbidity standard and evenly spread on the surface of the agar plates. The antibiotic discs were carefully placed on the agar surface. Following incubation, the diameters of the zones of inhibition were measured and interpreted using standard reference charts.
Isolation of biofilm producing isolates
All bacterial isolates were screened for biofilm production using the Congo Red Agar (CRA) method as described by Freeman et al. [14]. Brain Heart Infusion (BHI) agar supplemented with 5% sucrose and 0.08 g/L Congo red was prepared and sterilized by autoclaving at 121°C for 15 minutes. The isolates were streaked onto the prepared medium and incubated aerobically at 35°C for 24–48 hours. Biofilm-producing isolates were identified by the formation of black colonies with a dry, crystalline appearance, whereas non-biofilm producers remained pink. Occasionally, colonies exhibited central darkening without full blackening, which was not considered indicative of biofilm production.
Isolation of ESBL-Producing Isolates
All bacterial isolates were tested for Extended-Spectrum β-Lactamase (ESBL) production using the phenotypic confirmatory method recommended by the Clinical and Laboratory Standards Institute (CLSI). In this approach, a first-generation β-lactam antibiotic, Amoxicillin (30 μg), was tested both alone and in combination with Clavulanic acid (10 μg). After overnight incubation at 37°C, the zones of inhibition were measured. An increase of ≥5 mm in the inhibition zone diameter for the Amoxicillin-Clavulanic acid combination compared to Amoxicillin alone was considered indicative of ESBL production (CLSI, 2008) [15].
Tools / Software Used
Auto Dock Vina 2.0 and AutoDock 4.2: Used for performing molecular docking simulations. UCSF Chimera v1.16: open-source molecular visualization software used for 3D structure optimization and preparation of both protein and ligands. BIOVIA Draw 2019: Used for drawing and saving 2D chemical structures of ligand compounds in mol format.
Protein Visualization and Preparation
The 3D crystal structure of the β-lactamase enzyme (PDB (1ZG4)) was downloaded in .pdb format from the Protein Data Bank. The protein structure was visualized and prepared using UCSF Chimera v1.16, where water molecules were removed, hydrogen atoms were added, and Gasteiger charges were assigned. The processed file was saved in pdb format and converted to pdbqt format using AutoDock Tools for docking compatibility.
Drug (Ligand) 3D Conversion
Two antibiotic compounds— Ceftriaxone and Linezolid—were selected for docking. Their 2D chemical structures were drawn using BIOVIA Draw 2019 and saved in .mol format. These ligand structures were imported into UCSF Chimera, converted into 3D conformations, and geometrically optimized. Hydrogen atoms were added, and partial charges were applied. The final ligand files were saved in .pdbqt format suitable for docking.
Docking Execution
Molecular docking was performed using Auto Dock Vina 2.0, and the results were validated with Auto Dock 4.2. A grid box was defined around the active site of the β-lactamase enzyme to restrict the docking search area. Docking simulations were executed using standard parameters to predict the binding poses and affinities of both ligands. The docking scores and interaction profiles were recorded for further analysis.
RESULTS
In the present study, a total of 35 bacterial isolates belonging to seven different genera were identified through selective media and biochemical tests. The genera included Escherichia coli, Enterococcus faecalis, Pseudomonas aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae, Salmonella spp., and Acinetobacter spp.
Antibiotic susceptibility testing showed a variety of resistance patterns among the isolates. Salmonella spp. demonstrated the highest resistance rate (77.3%), with complete resistance (100%) to ceftriaxone and cefuroxime. This high resistance is alarming and consistent with national surveillance data indicating increasing resistance to third-generation cephalosporins. Escherichia coli exhibited a moderate resistance rate of 54.6%, with 100% resistance to ceftriaxone. This suggests widespread extended-spectrum β-lactamase (ESBL) production, in line with earlier reports from various Indian regions. Similarly, Enterococcus faecalis showed 53.3% resistance overall, with 100% resistance to novobiocin and 80% to erythromycin.
Staphylococcus aureus presented the lowest overall resistance rate (35.9%) among the tested isolates, but notably, it showed complete resistance to meropenem, norfloxacin, and imipenem. These findings support previous reports on methicillin-resistant S. aureus (MRSA) strains demonstrating resistance to multiple antibiotics, including quinolones. Acinetobacter spp. exhibited a high average resistance rate of 69.3% against the tested antibiotics. Resistance to imipenem was 100%, and high resistance was also observed for ciprofloxacin (80%), meropenem (60%), and ceftriaxone (80%). These patterns indicate the prevalence of multidrug-resistant and potentially extensively drug-resistant strains (Figure 1).
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When resistance was analyzed by drug class, ceftriaxone showed the highest resistance rate (85.7%) among all antibiotics tested. Erythromycin resistance was recorded at 71.4%, while cephalosporins such as cefpodoxime and cefuroxime showed resistance rates of 85.7% and 57.1%, respectively. In contrast, meropenem demonstrated the lowest resistance rate at 34.2%. The aminoglycoside gentamycin showed a resistance rate of 45.7%. Fluoroquinolones demonstrated moderate resistance levels, including ciprofloxacin (54.2%), norfloxacin (40%), and levofloxacin (37.1%), with an average resistance of 43.7%. Tetracycline and chloramphenicol exhibited resistance rates of 57.1% and 62.8%, respectively. Carbapenem resistance varied significantly: meropenem (34.2%) and imipenem (77.1%), averaging 55.6% (Figure 2).
Phenotypic β-lactamase detection identified 9 out of 35 isolates (22.5%) as β-lactamase producers. The highest prevalence was observed in E. faecalis and S. aureus, with 40% of their isolates testing positive. β-lactamase-positive isolates demonstrated a mean resistance rate of 67.3%, higher than the 55.8% observed in β-lactamase-negative isolates, indicating their role in resistance escalation. Biofilm production analysis revealed that 17 (48.5%) of the 35 isolates were capable of forming biofilms. E. faecalis had the highest biofilm formation rate at 80%, followed by Salmonella spp. at 65%. E. coli, P. aeruginosa, S. aureus, and K. pneumoniae each showed biofilm production in 40% of their isolates. Biofilm-forming isolates had a higher drug resistance rate (68.5%) compared to non-biofilm-formers (49.5%) (Table 1).
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Table 1 Comparison of Antibiotic Resistance in Biofilm and β-Lactamase Producing solates
	S.No
	Types of parameters
	No. of positive
	% of resistance

	1.
	Biofilm positive
	17
	68.5

	2.
	Biofilm negative
	18
	49.5

	3.
	Betalactamase positive
	9
	67.3

	4.
	Betalactamase negative
	26
	55.8


To understand resistance mechanisms at a molecular level, docking studies were conducted using β-lactamase (PDB ID: 1YLJ) with ceftriaxone and linezolid. Ceftriaxone showed a moderate binding affinity of -6.45 kcal/mol and an inhibition constant (Ki) of 18.67 µM, stabilized by interactions with LYS 212, ASN 214, THR 215, and TRP 229. In contrast, linezolid showed a stronger binding affinity of -8.66 kcal/mol with a much lower Ki of 448.07 nM, forming more stable interactions with residues ARG 222, ALA 223, LEU 225, and THR 230 (Table 2, 3 and Figure 3).



Table 2: Interaction at the Active Site Region of β-lactamase Receptor (1YLJ)

	Ligand
	Active site region

	1YLJ_Ceftriaxone compound
	LYS 212; ASN 214; THR 215; ALA 218; ARG 222; ALA 223; LEU 225; TRP 229

	1YLJ_ Linezolid compound
	GLY 213; ARG 222; ALA 223; LEU 225; PRO 226; THR 227; THR 230; ALA 231



Table 3: Molecular Docking Results Using AutoDock Vina 2.0

	Ligand
	Binding Affinity
	Inhibition Constant, Ki
	vdW
	Intermolecular Energy

	Ceftriaxone
	-6.45kcal/mol
	18.67 uM
	-8.79kcal/mol
	-9.43kcal/mol

	Linezolid
	-8.66kcal/mol
	448.07 nM
	-0.47kcal/mol
	-11.64kcal/mol
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These docking results indicate that ceftriaxone resistance in E. coli is mediated by β-lactamase enzymes. Ceftriaxone binds within the active site of the enzyme, enabling hydrolysis of the β-lactam ring and subsequent inactivation of the drug. In contrast, Linezolid, which is not a β-lactam antibiotic, demonstrated stronger and more stable binding, suggesting its potential as an effective alternative in resistant infections.
DISCUSSION
In the present study, 35 bacterial isolates belonging to seven different genera were procured and confirmed using selective media and biochemical tests. The identified genera included Escherichia coli, Enterococcus faecalis, Pseudomonas aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae, Salmonella spp., and Acinetobacter spp. All isolates were subjected to antibiotic susceptibility test with different groups of antibiotics. The findings revealed a wide range of resistance patterns across both bacterial species and antibiotics.
In our study, Salmonella species showed the highest resistance (77.3%), including 100% resistance to ceftriaxone and cefuroxime, which is closely consistent with recent Indian surveillance data. A case report from North India documented that ceftriaxone-resistant S. typhi carried the ESBL gene and belonged to the H58 lineage [16]. Similarly, the Ahmedabad study of the SEFI network reported widespread third-generation cephalosporin resistance and plasmid-mediated genes in the H58/IncFIB(K) lineage [17]. In addition, a South Indian case of ceftriaxone-resistant S. enterica underscores the broad expression of resistant non-typhoidal serovars [18].
Our study found E.coli to have a moderate resistance rate of 54.6% and showed complete resistance to ceftriaxone. This is consistent with the data from a multicenter surveillance study conducted in India. In that study, susceptibility to third-generation cephalosporins, especially ceftriaxone, was reported to be only 46.3%, indicating widespread ESBL (Extended Spectrum Beta-Lactamase) production [19]. Notably, 66.6% of urinary E. coli infections tested in North-East Karnataka during 2012–2015 were resistant to ceftriaxone and 43% of infections were multidrug resistant [20].
E. faecalis showed 53.3% drug resistance rates, especially 100% resistance to Novobiocin and 80% resistance to Erythromycin. A study conducted in Iran reported 67% resistance rate of E. faecalis isolates to erythromycin. Similarly, a study conducted in a tertiary care hospital in East India reported 71.24% resistance rate to erythromycin [21]. Although S. aureus showed the lowest resistance (35.9%), overall resistance rate among the tested isolates, it exhibited complete resistance to drugs such as Meropenem, Norfloxacin, and Imipenem. A study conducted over a six-year period reported that methicillin-resistant S. aureus (MRSA) isolates accounted for 18% to 28% of S. aureus infections, and significant resistance to quinolones, including norfloxacin, was observed [22].
In our study, Acinetobacter spp. exhibited a high average resistance rate of 69.3% across 15 antibiotics, with notable resistance to imipenem (100%), norfloxacin (60%), ciprofloxacin (80%), meropenem (60%), and ceftriaxone (80%). Similarly, a study from a tertiary care hospital in Varanasi, India, reported a high prevalence of multidrug-resistant (MDR) Acinetobacter spp. in the intensive care unit (ICU). Among 100 randomly selected isolates, 88.02% were classified as MDR, and 61.97% as extensively drug-resistant (XDR). The study identified the presence of carbapenemase genes, including blaOXA-23, bla_IMP, blaVIM, and bla NDM-1, in a significant proportion of the isolates, contributing to the observed resistance patterns [23].
The drug resistance patterns observed in clinical surveillance elements highlight how antimicrobial resistance (AMR) is increasing in healthcare settings. Ceftriaxone had the highest resistance rate of 85.7%. This is consistent with a multicenter longitudinal study in India [24] that reported a prevalence of ceftriaxone resistance in isolates isolated from bloodstream infections during the period 2017 to 2022. Erythromycin resistance was found to be 37.1%. This is consistent with data from a study in Iran, where significant resistance was reported in Enterococcus species [25].
In the present study, antibiotic resistance was analyzed across different classes of antimicrobial agents. The study observed high resistance rates to cephalosporins, with Cefpodoxime showing 85.7% resistance and Cefuroxime 57.1%. A study in Nashik, Maharashtra, reported that extended-spectrum cephalosporin resistance among Escherichia coli and Klebsiella spp. isolates remained above 78.4% and 84.9%, respectively, from 2004 to 2014 [26]. Similarly, a study in Pune's neonatal intensive care unit found 95% resistance to third/fourth-generation cephalosporins among Gram-negative pathogens [27].
The betalactamase producing phenomenon was important for antibiotic resistance. In the present study, all isolates were evaluated for β-lactamase production using a phenotypic method. Enterococcus faecalis and Staphylococcus aureus showed the highest rates of β-lactamase production, with 40% of their isolates testing positive. These results are consistent with previous research conducted in India. For instance, a study from a tertiary care hospital in Vellore reported that 92.2% of urinary E. coli isolates were positive for extended-spectrum β-lactamase (ESBL) production, highlighting the widespread presence of β-lactamase-producing strains in the region [28].
The findings from this study underscore the significant role of β-lactamase production in enhancing antibiotic resistance among clinical isolates. Our data reveal that β-lactamase-positive isolates exhibited a mean resistance of 67.3%, notably higher than the 55.8% observed in β-lactamase-negative isolates. Especially cephalosporins group of Cefuroxime and Ceftriaxone antibiotics were highest resistance. 
These findings align with a study conducted in the United States, which found that extended-spectrum β-lactamase (ESBL)-producing Escherichia coli and Klebsiella pneumoniae isolates showed significantly higher resistance rates to third-generation cephalosporins compared to non-ESBL producers. The study reported that 88.0% of isolates with elevated cephalosporin minimum inhibitory concentrations (MICs) were ESBL producers, highlighting the major role of β-lactamase enzymes in resistance mechanisms [29].
Infections involving biofilm-forming bacteria become more difficult to treat in the presence of resistance factors. It is well established that S. aureus has the capacity to form biofilms. These infections are considered life-threatening due to the complex biofilm structure, which hinders drug penetration. According to a report by the U.S. National Institutes of Health, treatment failure is believed to be the leading cause of over 60% of deaths associated with biofilm-related infections. Therefore, gaining a deeper understanding of biofilm characteristics and their connection to drug resistance is essential for effectively combating these infections [30]. 
Presently, E. faecalis demonstrated the highest biofilm formation rate at 80%. It is widely recognized as a strong biofilm producer, with previous studies reporting up to 13% of clinical isolates exhibiting this trait—especially from wound swab isolates [31]. In Karnataka, Upadhyaya et al., [32], also isolated the 65% of biofilm producing E.faecalis from clinical isolates. The second most was Salmonella species (65%), similarly Nair et al., [33] observed the 85% of biofilm producing salmonella spp clinical sources and poultry sources. Lately Inbara et al., [34] observed the biofilm producing salmonella sp from clinical samples in India. 
Furthermore, other isolates, including E. coli, P. aeruginosa, S. aureus, and K. pneumoniae, showed biofilm-positive reactions at a rate of 40%. In support of this, a study conducted in India found that 38.29% of S. aureus strains were biofilm producers, of which 18.08% were very strong biofilm producers [35]. Similarly, 64.7% of P. aeruginosa strains isolated from patients with lower respiratory tract infections in India were reported to form biofilms [36]. Additionally, a study conducted in a rural hospital in the Western Ghats found that 51% of K. pneumoniae strains were moderate biofilm producers, 27% were strong producers, and only 22% were weak or non-biofilm producers [37].
These findings highlight the critical role of biofilm formation in infections caused by these microorganisms. Biofilm formation not only enhances microbial resistance to drugs but also contributes to the chronic persistence and recurrence of infections. Consequently, understanding the mechanisms of biofilm development and its connection to drug resistance is vital for devising effective treatment strategies to manage biofilm-associated infections and combat the growing threat of antimicrobial resistance (AMR).
The relationship between biofilm formation and enhanced drug resistance complicates the effective management of infectious diseases. In our study, biofilm-forming microorganisms had a high drug resistance rate of 68.5%, while non-biofilm-forming microorganisms showed only 49.5% drug resistance. These findings align with several studies conducted in India. For instance, a study in North-East India reported that 29% of Pseudomonas aeruginosa isolates were biofilm producers, and all of these exhibited greater drug resistance compared to non-biofilm-forming isolates. Meanwhile, a study by Jaisal and colleagues [37] noted that biofilm-forming isolates showed higher drug resistance.
Controlling antibiotic resistance requires regular surveillance and strict regulation of antibiotic. Understanding resistance mechanisms is crucial for developing strategies against multidrug-resistant pathogens [38]. Among various methods, molecular docking is effective due to its low cost and minimal lab work, though its use in resistance studies remains limited [39]. In this study, molecular docking was used to investigate resistance mechanisms, focusing on Ceftriaxone, a cephalosporin antibiotic showing high resistance, particularly in E. coli isolates.
The structural and interaction analysis revealed that Ceftriaxone exhibited a moderate binding affinity of -6.45 kcal/mol with an estimated inhibition constant (Ki) of 18.67 µM. Its binding within the β-lactamase active site was primarily stabilized through non-covalent interactions. In contrast, Linezolid demonstrated a stronger binding affinity of -8.66 kcal/mol and a significantly lower Ki of 448.07 nM, indicating a higher inhibitory potential against β-lactamase. Linezolid formed more stable and extensive interactions, which facilitated both hydrophobic contacts and hydrogen bonding. Molecular visualization (Figure 3) further confirmed that while both ligands were well-accommodated in the active site cavity, Linezolid’s broader interaction network contributed to its superior docking performance and enhanced binding stability.
Antibiotic resistance in E. coli is primarily mediated by β-lactamase enzymes, which deactivate β-lactam antibiotics like Ceftriaxone. Normally, Ceftriaxone targets penicillin-binding proteins (PBPs), disrupting peptidoglycan synthesis and leading to bacterial cell lysis. However, in resistant strains, β-lactamase enzymes hydrolyze the β-lactam ring of Ceftriaxone before it reaches PBPs, rendering the drug ineffective. Molecular docking analysis in this study revealed that Ceftriaxone binds to the active site of β-lactamase and forms stabilizing interactions, allowing enzymatic hydrolysis. This confirms that the mechanism of resistance arises from enzymatic degradation rather than target inaccessibility or failure.
The current study highlights the alarming spread of antibiotic resistance in clinical bacterial isolates, with high resistance observed against cephalosporins, erythromycin and novobiocin in particular. In particular, resistance was significantly higher in β-lactamase-producing and biofilm-forming isolates, underscoring their role in treatment failure. Molecular docking analysis further confirmed the mechanism of resistance, with β-lactamase enzymes effectively binding and hydrolyzing ceftriaxone, compromising its efficacy. These findings emphasize the urgent need for routine screening of resistance mechanisms, robust antimicrobial stewardship and the development of targeted therapies to combat multidrug-resistant infections and preserve the efficacy of existing antibiotics.
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Figure 3. Interaction of beta-Lactamase receptor (1YLT) and ligands
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