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 ABSTRACT
The emergence of bacterial resistance requires research into new natural or synthetic molecules capable of overcoming this resistance. Heterocyclic compounds, due to their broad spectrum of biological activity, represent a promising avenue of research. This study evaluates the antibacterial activity of new synthesized compounds (Z1-Z6) derived from benzimidazole on 6 bacterial strains: Escherichia coli, Bacillus sp., Rhizobium sp., Rhizobium leguminozarum, Bradyrhizobium japonicum and Rhizobium tropici using the agar diffusion method. The results of this study revealed inhibitory activity against Escherichia coli and Bacillus sp., with the highest activity observed with Z2 against Escherichia coli. This accuracy of the results was determined using the double-dilution method, which allowed us to obtain the Minimum Inhibitory Concentration (MIC). Ciprofloxacin, confirmed the strain’s sensibility. These results highlight the potential of benzimidazole derivatives as candidates for the development of new antibacterial agents capable of circumventing resistance mechanisms.
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1. INTRODUCTION
The increasing emergence of bacteria that are multi-resistant to conventional treatments underlines the crucial importance of developing new, effective antibacterial agents (Baquer et al., 2021). In this context, the exploration of new chemical entities of natural or synthetic origin remains a preferred strategy, due to their immense potential for diverse applications in fields such as pharmacology, materials science, agrochemistry, and environmental chemistry (Granchi, 2022). Nitrogen heterocyclics, particularly benzimidazole derivatives, occupy a prominent place because of their broad spectrum of antimicrobial activity and their pharmacological potential. Their purine-like structure confers a high affinity for biological targets, justifying their role as essential pharmacophores in many therapeutic agents (Sharma et al., 2009 ; Bansal et al., 2019). Previous studies have described the synthesis and in vitro evaluation of substituted benzimidazoles, demonstrating activity against pathogenic Gram-positive and Gram-negative bacterial strains (Asmaa et al., 2019 ; A. Ibrahim et al., 2025). These compounds act, in particular, by targeting mechanisms essential for bacterial survival, which could limit bacterial resistance (Chung et al., 2023). In this study, the focus is on evaluating antibacterial activities in order to observe the effect of certain benzimidazole derivatives on different Gram-positive and Gram-negative bacterial strains.
2. MATERIAL AND METHODS
2.1. Bacterial strains used
The synthesized compounds were evaluated using six reference strains, including Escherichia coli, Bacillus sp, Rhizobium sp, Rhizobium tropici, Rhizobium leguminosarum, Bradyrhizobium japonicum, and Rhizobium tropici. All strains used were obtained from the microbiology laboratory at Jean LOROUGNON GUEDE University. The various tests were performed using the solid-state diffusion method (Bauer et al., 1966).
2.2. Determination of inhibition diameters
Inhibition diameters were determined using the solid-state diffusion method (disc method). This method involved pouring 20 mL of sterile bacteria-specific medium (Muller Hinton) into sterile Petri dishes. Once solidified, the culture media previously prepared and distributed in the Petri dishes were evenly seeded using a swab. Subsequently, sterile filter paper discs, 6 mm in diameter, were impregnated with different concentrations of synthesized products and placed on the surface of the agar medium, along with the positive control (ciprofloxacin). The Petri dishes were then placed in an incubator at 37°C for 24 hours. After incubation, the diameters of the inhibition zones surrounding the discs were measured in millimeters (mm) using a caliper (Bauer et al., 1966 ; Bin et al., 2019). 
2.3. Determination of the Minimum Inhibitory Concentration (MIC)
To accurately assess the antibacterial activity of the synthesized products, the minimum inhibitory concentration (MIC) was determined. It is defined as the lowest concentration at which there is no bacterial growth visible to the naked eye (Okou et al., 2018). A range of concentrations of each synthesized product was prepared using the double dilution method in liquid medium with a geometric progression of ½. It ranged from 0.312 mg/mL to 5 mg/mL. To carry out the test, two series of six tubes were prepared (a test series and a control series), with 0,5 mL of DMSO distributed in each test tube (TC1 to TC5) and the control tube TC0. Subsequently, 0.5 mL of each synthesized compound at a concentration of 10 mg/mL was added to tube TC1 (C1=5 mg/mL). A series of double dilutions was obtained from TC2 to TC5 by adding 0.5 mL of the TC1 mixture to TC2, then from TC2 to TC3, and so on up to TC5 (C5 = 0.312 mg/mL). After completing this dilution range, 20 µL of the bacterial inoculum is introduced into each tube (TC1 to TC5) and TC0. The same procedure was performed for the reference tests, but instead of the pure inoculum, sterile DMSO was used as a control. The tubes in the test series and reference series were incubated at 37°C for 18 to 24 hours (Akré et al., 2023). The minimum inhibitory concentration value was determined by comparing the tubes in the test series with those in the reference series to check for the absence of turbidity.
3. RESULTS 
3.1.  Antibacterial activity of the synthesized compounds
[bookmark: _Hlk211196200]The antibacterial activity of the six synthesized compounds (Z1-Z6) was evaluated using the disk diffusion method, which measures the appearance of an inhibition zone around the impregnated disks (Table 1). Of the six compounds tested, five (Z1, Z2, Z3, Z4, Z5) showed inhibitory activity against the target bacterial strains, with varying inhibition diameters ranging from 7 to 20 mm. Moderate activity was observed against Escherichia coli for compounds Z1, Z2, Z3, Z4 and Z5, with Z2 exhibiting the highest inhibition diameter (20 mm). Compound Z5 showed weak activity against Escherichia coli and Bacillus sp. . Compound Z2 only weakly inhibited Bacillus sp. In contrast, compound Z6 showed no antibacterial activity under the conditions of this test. Regarding Rhizobium strains, no activity was detected against the different strains used. The activity of all active compounds remained low compared to that of the reference antibiotic, ciprofloxacin (Figure 1).




Table 1 : Antibacterial activity of synthesized compounds (Z1-Z6),
	Compounds
	Diameter of inhibition zone (mm)

	
	E. coli
	Bacillus
	Rhizobium sp.
	Rhizobium leguminosarum
	Bradyrhizobium japonicum
	Rhizobium tropici

	Z1
	12
	11
	-
	-
	-
	-

	Z2
	20
	7
	-
	-
	-
	-

	Z3
	13.5
	12
	-
	-
	-
	-

	Z4
	12
	11
	-
	-
	-
	-

	Z5
	8.5
	8
	-
	-
	-
	-

	Z6
	-
	-
	-
	-
	-
	-

	Ciprofloxacin
	25
	22
	22
	31
	25
	31

	DMSO
	-
	-
	-
	-
	-
	-


Z1 : N-methyl-2-(2-oxo-3-(1-phenylvinyl)-2,3-dihydro-1H-benzo[d]imidazol-1-yl)acetamide ; Z2 : N-benzyl-2-(2-oxo-3-(1-phenylvinyl)-2,3-dihydro-1H-benzo[d]imidazol-1-yl)acetamide ; Z3 : N-ethyl-2-(2-oxo-3-(1-phenylvinyl)-2,3-dihydro-1H-benzo[d]imidazol-1-yl)acetamide ; Z4 : N-(sec-butyl)-2-(2-oxo-3-(1-phenylvinyl)-2,3-dihydro-1H-benzo[d]imidazol-1-yl)acetamide ;  Z5 : ethyl 2-(2-oxo-3-(1-phenylvinyl)-2,3-dihydro-1H-benzo[d]imidazol-1-yl)butanoate ; Z6 : 2-(2-oxo-3-(1-phenylvinyl)-2,3-dihydro-1H-benzo[d]imidazol-1-yl)propanoic acid.
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Figure 1. Inhibition profile of synthetic derivatives against Escherichia coli et Bacillus sp
3.2. Minimum inhibitory concentration of strains on the compounds used
In order to determine the minimum inhibitory concentration (MIC) of the six synthesized compounds, serial dilutions (10, 5, 2.5, 1.25, 0.625, and 0.312 mg/mL) were prepared using DMSO as the solvent (Table 2). The MIC values ranged from 2.5 to 0.312 mg/mL. Compounds that showed a significant inhibition diameter revealed a measurable MIC. The lowest MIC was obtained with compound Z2 on Escherichia coli (0.312 mg/mL). For the Bacillus sp strain, the lowest MIC was observed with compound Z4. No sensitivity was observed for the Rhizobium strains, and no MIC was obtained.  A negative correlation was observed between inhibition diameters and MIC values : compounds with the largest inhibition zones tended to have the lowest MICs. 

Table 2 : Minimum inhibitory concentration of synthesized compounds to bacteria 
	
Compounds

	Minimum inhibitory Concentration (mg.ml-1)  

	
	E. coli
	Bacillus sp.
	Rhizobium sp.
	Rhizobium leguminosarum
	Bradyrhizobium japonicum
	Rhizobium tropici

	Z1
	1.25
	0.625
	
	0
	0
	0

	Z2
	>0.312
	2.5
	0
	0
	0
	0

	Z3
	0.312
	0.312
	0
	0
	0
	0

	Z4
	1.25
	0.625
	0
	0
	0
	0

	Z5
	0.625
	0.625
	0
	0
	0
	0

	Z6
	0
	0
	0
	0
	0
	0



4. DISCUSSION
The antibacterial evaluation of the six synthesized compounds (Z1-Z6) revealed a variable inhibition profile, ranging from no activity to moderate activity, depending on both the chemical structure of the compound and the target bacterial strain. Indeed, the results of this study show that several of the synthesized compounds, notably derivatives Z1, Z2, Z3, and Z4, possess significant antibacterial activity, although generally lower than that of the reference antibiotic. It should be noted that moderate activity was observed against Escherichia coli, a Gram-negative bacterium.  This result is noteworthy given the permeability barrier formed by the outer membrane of these bacteria, which is rich in lipopolysaccharides and often limits the effectiveness of antibacterial agents (Silhavy et al., 2010). This observation is consistent with those of Bin et al., (2019), who attribute the resistance of Gram-negative bacteria in part to their outer membrane, which restricts the diffusion of hydrophobic compounds through the lipopolysaccharide layer. The inhibitory activity of the compounds, particularly compound Z2, which has the lowest MIC, suggests that they may have a mechanism of action capable of compromising the integrity of this barrier or effectively targeting essential intracellular pathways. However, its weak activity against Bacillus sp. suggests a relatively specific action or variable sensitivity depending on the structure of the bacterial cell wall. In line with this hypothesis, Hafidh et al., (2018) suggested that heterocyclic compounds may disrupt or destroy the bacterial wall through interactions with membrane processes. Indeed, the composition of molecules or the presence of functional groups may interfere with membrane interactions and affect the cytoplasm.
The lack of activity of the compounds against the Rhizobium strains tested is a notable result. The observed inactivity reflects a possible selectivity of the tested molecules, which could target pathogens without affecting certain beneficial environmental bacteria. It has been established that soil bacteria, such as Rhizobia, develop complex resistance mechanisms that allow them to thrive in competitive environments rich in secondary metabolites (Poole, 2017 ; Siddiqi et al., 2018). Finally, the lack of activity of compound Z6 could be attributed to the compound's low lipophilicity, which does not promote penetration through the lipid layers of bacterial membranes(Mesbah, 2018). Structure-activity relationship (SAR) studies could help identify and improve affinity for the biological target or physicochemical properties such as solubility and membrane permeability (Bryskier, 2006).

5. CONCLUSION 
The biological evaluation of the newly synthesized products was carried out using antibacterial tests on different bacterial strains. The results obtained show that the functionalized benzimidazolone nucleus confers significant antibacterial activity, albeit moderate, against several of the strains tested. This study identifies compound Z2 as the most promising in this series due to its activity against Escherichia coli and its low MIC, suggesting its ability to penetrate the membrane barrier of Gram-negative bacteria. The marked selectivity observed towards Rhizobium could be exploited to target pathogens without affecting certain beneficial bacteria. The inactive compound Z6, provide useful insights into understanding structure-activity relationships, particularly regarding the importance of lipophilicity for antibacterial activity. Overall, this work not only identifies promising candidates for the development of new antibacterial agents, but also highlights the need for structural optimization to increase the antibacterial potential of the molecules and identify more effective derivatives.
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