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ABSTRACT

This study aimed to investigate the antimicrobial potential of
four imidazolium-based salt derivatives (A1-A4) using an
integrated approach that combined in vitro biological assays
with computational analysis. The compounds were screened
against various Gram-positive and Gram-negative bacteria,
as well as fungal strains, while computational methods like
ADMET predictions and molecular simulations assessed their
viability and mechanism. The results revealed that
compounds A3 and A4 possess potent antibacterial activity
comparable to gentamicin, particularly against E. coli, with
A3 also showing significant antifungal efficacy. These findings
were strongly supported by computational analysis, which
predicted favorable oral bioavailability, acceptable toxicity,
and confirmed a stable binding interaction with the bacterial
enzyme DNA gyrase. The primary implication is the
identification of A3 and A4 as promising therapeutic
candidates for developing new antimicrobials to combat
drug-resistant pathogens, validating this integrated research
strategy for future drug discovery.
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1. INTRODUCTION

Imidazolium-based salts [1, 2] have emerged as a focal point in medicinal chemistry [3] due
to their diverse biological activities [4, 5], particularly their antifungal [6] and antibacterial
properties [7]. Renowned for their structural versatility, chemical stability, and ability to
interact with biological targets [8], these compounds hold significant promise for
pharmaceutical applications [9, 10]. In recent years, the escalating threat of drug-resistant
microbial [11] infections has become a pressing global health crisis, highlighting the urgent
need for innovative antimicrobial agents that are effective, environmentally sustainable, and
safe for long-term use [12]. This research aligns with global sustainability objectives by
addressing the environmental and public health challenges posed by drug-resistant
pathogens, while promoting the development of eco-friendly therapeutic solutions. In this
study, six previously synthesized imidazole-based salts were rigorously evaluated for their
antimicrobial potential [13, 14] against a panel of Gram-positive bacteria [15] (Staphylococcus
aureus and Micrococcus luteus) and Gram-negative bacteria [16] (Escherichia coli and
Pseudomonas aeruginosa). Additionally, their antifungal activity was assessed against four
fungal strains: Candida glabrata, Rhodotorula glutinis, Aspergillus niger, and Penicillium
digitatum [17]. These pathogens are known to cause severe infections, particularly in
immunocompromised individuals, and exhibit increasing resistance to conventional
antibiotics and antifungal agents. By targeting these resistant strains, this research
contributes to sustainable healthcare strategies, aiming to reduce the overuse of existing
treatments and minimize their environmental impact.

To further support the development of these compounds, a molecular docking study [18,
19] was carried out to investigate their potential interaction with Escherichia coli DNA gyrase
[20], a validated antibacterial target. DNA gyrase is essential for bacterial DNA replication and
transcription, making it a prime target for drug development. The docking study revealed
strong binding affinities between the synthesized salts and the enzyme's active site,
suggesting their potential as effective bacterial inhibitors. Redocking of the reference
inhibitor Clorobiocin confirmed the reliability of the docking protocol, with an RMSD value of
1.05A. Additionally, an in-silico Absorption, Distribution, Metabolism, Excretion, and Toxicity
(ADMET) analysis was conducted to predict their pharmacokinetic behavior and toxicity
profiles [21-23]. Key parameters were evaluated to assess their drug-likeness and safety [24],
including solubility, lipophilicity, intestinal absorption, metabolic stability, clearance, and
toxicity risks. This computational approach not only streamlines the drug discovery process
but also aligns with sustainable practices by reducing the need for extensive laboratory
testing, conserving resources, and optimizing material use. A thorough understanding of
these properties is essential for guiding structural modifications that enhance efficacy while
ensuring biocompatibility and environmental safety [25].

This study seeks to advance the valorization of imidazolium-based salts as next-generation
antimicrobial agents by integrating biological evaluations with in silico ADMET predictions.
The results offer valuable insights into their mechanisms of action, pharmacokinetic behavior,
and potential limitations, thereby laying a solid foundation for their further development as
effective and sustainable therapeutic candidates. By addressing both therapeutic efficacy and
environmental impact, this research aligns with long-term strategies to combat antimicrobial
resistance and promote eco-conscious pharmaceutical innovation. Ultimately, the study
contributes to global health advancement and environmental preservation, offering a viable
pathway toward more resilient and sustainable healthcare systems.
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2. METHODS
2.1. Synthesis of Salts

The four imidazole-based salts utilized in this study were synthesized using a methodology
previously detailed in our anti-corrosion research (Figure 1) [26]. The synthesis process
involved the N-alkylation of imidazole derivatives with suitable alkyl halides in the presence
of a base catalyst, resulting in the formation of imidazolium salts. The reaction was conducted
under reflux conditions in polar solvents to optimize yield and purity. Following the reaction,
the crude products were purified using recrystallization or column chromatography, and their
structural integrity was confirmed through spectroscopic techniques, including NMR and FTIR
analysis. Initially investigated for their corrosion inhibition capabilities, these salts are now
being repurposed and valorized for their antimicrobial potential. This transition underscores
their versatility and aligns with sustainable practices by extending the utility of existing
compounds. Through comprehensive biological screening and computational ADMET
analysis, this study aims to unlock their therapeutic potential, contributing to the
development of novel antimicrobial agents while promoting resource efficiency and long-
term material management.

Figure 1. General procedure of synthesis of imidazolium salts.
2.2. Antibacterial Studies

We examined antibacterial efficacy against two Gram-positive strains, Staphylococcus
aureus ATCC 6538P and Micrococcus luteus LB 14110, and two Gram-negative strains,
Pseudomonas aeruginosa ATCC 15442 and Escherichia coli ATCC 10536. Antifungal
effectiveness was measured against Candida glabrata, Rhodotorula glutinis ON 209167,
Aspergillus niger, and Penicillium digitatum. To find the MIC, we tested concentrations from
16 t0 0.125%. The method involved 96-well microplates and the broth microdilution process.
To each well, we added 50 L of the microbial inocula standardized to 105 cells/mL. Positive
controls matched the microorganism's tetracycline for bacteria and cycloheximide for fungi
[27]. The plates incubated at 37°C for 24 hours for bacteria, and at 25°C for 48 hours for fungi,
were later augmented with 15 plL of 0.015% resazurin and incubated further for 2 hours to
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check metabolic activity. A change from blue resazurin to pink resorufin indicated viability.
Each test was conducted in triplicate for precision.
2.3. Antifungal Activities

The antifungal activities of diazole derivatives were evaluated using the agar well diffusion
method. The fungal strains used were Candida albicans ATCC 10231, Aspergillus niger ATCC
16404, and Trichophyton mentagrophytes ATCC 9533. The diazole derivatives were dissolved
in dimethyl sulfoxide (DMSO) to obtain solutions at concentrations of 10, 50, and 100 pg/mL.
The fungal strains were cultured on Sabouraud agar plates, and spore suspensions (106
spores/ml) were spread on the surface of the plates. Wells of 6 mm in diameter were created
in the agar and filled with 100 pyL of each diazole derivative solution. The plates were
incubated at 28°C for 48 hours. Antifungal activity was determined by measuring the diameter
of the inhibition zone around the wells. Fluconazole was used as a positive control, and DMSO
was used as a negative control [27-29]. The results were analysed by comparing the inhibition
zones obtained with those of the controls.

2.4. ADMET Studies
2.4.1. Pharmacokinetic Analysis Using Computational Tools

A compound’s pharmacokinetic profile, encompassing absorption, distribution,
metabolism, and excretion (ADME), arises from a series of biochemical and physiological
interactions that determine its behavior in biological systems. A thorough understanding of
these parameters clarifies how compounds are absorbed, systemically distributed,
metabolized, and ultimately eliminated. In recent years, computational approaches have
gained prominence for analyzing and predicting ADME properties, leveraging in silico
simulations of membrane permeability, biomolecular interactions during absorption and
excretion, and structural stability throughout the metabolic process [30]. In this study, the
molecular structures of the target compounds were initially drawn in ChemDraw, and their
SMILES notations were extracted for further computational evaluation. These SMILES strings
were then processed using two key prediction platforms: SwissADME and pkCSM (31, 32].

Both tools provided robust models for forecasting pharmacokinetic parameters, offering
comprehensive insights into each compound’s potential pharmacological behavior (e.g.,
absorption, tissue distribution, metabolic pathways) under physiologically relevant
conditions, as well as toxicity risk assessments. By integrating predictions from SwissADME
and pkCSM, it was possible to refine the overall interpretation of how each compound might
perform in vivo, thus laying a rational foundation for subsequent experimental validation.

2.4.2. Prediction of the Toxicity Analysis (Pro Tox Ill)

Prospective toxicity evaluations were performed using the ProTox-Ill online platform,
following established guidelines [33]. This platform processes chemical structures input as
SMILES strings, employing advanced statistical models and machine learning algorithms. The
SMILES codes, generated in ChemDraw, were validated and cross-referenced with an
extensive toxicological database, yielding detailed information on each compound’s
structural and chemical features. By providing estimated LDso values for acute toxicity and
GHS classification data, ProTox-lll offers a comprehensive perspective on potential
toxicological endpoints. This structured toxicity assessment facilitates the judicious selection
of promising molecules for subsequent in vivo validation. In addition, the platform’s speed
and precision in toxicity analysis support data-driven decision-making in both pharmaceutical
research and environmental risk management.
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2.5. PyRx: Preparation, Configuration, and Validation of the Docking Protocol

Docking simulations were carried out using PyRx, which integrates AutoDock Vina with the
AutoDock Tools (ADT) interface (version 1.5.7) [34]. Before docking, the receptor (*.pdbqt)
files were prepared by removing crystallographic water molecules, adding polar hydrogens,
and assigning charges according to the AutoDock suite’s guidelines. Any additional protein
preprocessing (e.g., deleting superfluous water, correcting structural issues) was handled in
Discovery Studio, which was also used to visualize the resulting poses and analyze ligand—
receptor interactions post-docking. Each ligand was initially drawn and optimized in
ChemDraw, then subjected to energy minimization. The final ligand structures were
converted into PDBQT format via ADT (version 1.5.7), ensuring proper geometric and
electronic configurations for docking. For the 1KZN receptor, the search space was defined by
a bounding box centered at (x = 18.62, y = 30.58, z = 36.61) with dimensions
(12.7 x 15.88 x 16.24), and the exhaustiveness parameter was set to 8. As part of protocol
validation, the co-crystallized ligand for 1KZN was re-docked into its active site, yielding an
RMSD of 0.234 A relative to its experimental conformation. This value is well below the
conventional threshold of 2 A, confirming the reliability and robustness of the chosen docking
procedure for 1KZN. For the three additional protein targets (1U1Z, 1J1J, and 6KQ9), a blind
docking approach was employed, wherein the entire protein surface was considered as the
potential binding site rather than specifying a predefined box. Under these conditions,
AutoDock Vina’s scoring function was again used to rank the resulting poses, maintaining the
same exhaustiveness level (8) and default parameters for all simulations.

2.6. Implementation of Molecular Dynamics Simulations Using GROMACS

The protein file (P.pdb) was prepared using the gmx pdb2gmx command under the
AMBER99SB-ILDN force field, ensuring missing hydrogen atoms were added and protonation
states assigned automatically. The ligand (LIG.pdb) was subsequently parameterized, and the
resulting .gro and .itp files were verified. A protein-ligand complex (complex.pdb) was then
created by merging the parameterized ligand with the protein, placed in a cubic simulation
box, solvated with the TIP3P water model, and neutralized by adding the required ions. After
standard GROMACS [35] energy minimization and equilibration procedures, a production
simulation was conducted with periodic recording of atomic coordinates and velocities. This
workflow allowed the evaluation of the complex’s stability, structural dynamics, and key
interactions under conditions closely resembling physiological environments.

3. RESULTS AND DISCUSSION
3.1. Antibacterial activities

The evaluation of the ligands was conducted with Gram-positive bacteria Staphylococcus
aureus and Micrococcus luteus, and two Gram-negative bacteria, Escherichia coli and
Pseudomonas aeruginosa. The results are shown in Figure 2. In this study, four heterocyclic
ligands were evaluated for their antimicrobial activity against four bacterial strains,
comprising both Gram-positive and Gram-negative bacteria. The Gram-positive bacteria
tested were Staphylococcus aureus and Micrococcus luteus, while the Gram-negative
bacteria included Escherichia coli and Pseudomonas aeruginosa. Two ligands, A3 and A4,
showed significant inhibition results against these bacterial strains, indicating promising
antibacterial potential (Table 1). Ligand A3 demonstrated strong activity against Escherichia
coli, with an inhibition zone of 31 mm, comparable to the positive control Gentamicin (T+),

DOI: https://doi.org/10.17509/ajse.v6i1.89789
p- ISSN 2775-6793 e- ISSN 2775-6815



https://doi.org/10.17509/ajse.v6i1.89789

Merimi et al.,. Valorization of Imidazolium-Based Salts as Next-Generation Antimicrobials ... | 16

which showed 31.01 mm inhibition. A3 also inhibited Pseudomonas aeruginosa with a 28 mm
inhibition zone, closely approaching the T+ result of 33.5 mm.

Ligand Sm48 exhibited broad-spectrum efficacy across both Gram-positive and Gram-
negative bacteria. It showed inhibition zones of 22 mm against Staphylococcus aureus and
Micrococcus luteus, compared to 32.7 mm and 30.66 mm with T+, respectively. For Gram-
negative bacteria, Sm48 produced inhibition zones of 28 mm against Escherichia coli and 25
mm against Pseudomonas aeruginosa, which were also comparable to T+ values of 31.01 mm
and 33.5 mm, respectively. These results highlight the potential of ligands A3 and A4 as
effective antimicrobial agents, particularly against both Gram-positive and Gram-negative
bacterial strains.

H S.aureus M.luteus E. coli P.aeruginosa
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Figure 2. Antibacterial Activity of imidazolium salts.

Table 1. Antibacterial activity “inhibition zone in mm”.

Staphylococcus  Micrococcus luteus  Escherichia coli  Pseudomonas
aureus aeruginosa

Inhibition Zone (mm)

Al 10+0.2 11.2+0.1 11+0.1 8.1+0.2
A2 11+0.1 16.5%0.2 17+0.2 19+0.1
A3 1310.3 13+0.4 31+0.2 28+0.1
A4 22+0.1 22+0.2 28+0.1 25+0.1
T- DMSO ND ND ND ND
T+ Gentamicine 32.7+0.1 30.66+0.1 31.01+0.9 33.510.7

The tests showed that the diazole derivatives, particularly A3 and A4, exhibited significant
antibacterial activity against both Gram-positive (Staphylococcus aureus and Micrococcus
luteus) and Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia coli) (Table 2).
Specifically, A3 demonstrated comparable inhibition to the positive control (gentamicin), with
inhibition zones of 31 mm against E. coliand 28 mm against P. aeruginosa, showing impressive
antibacterial efficacy. These results suggest that these derivatives could be used as
antimicrobial agents in the treatment of infections resistant to conventional antibiotics, a
growing public health concern.
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Table 2. Growth inhibition effectiveness of compound salts using MIC and MBC.

Staphylococcus Micrococcus luteus Escherichia coli Pseudomonas
aureus aeruginosa
MiC MBC MiIC MBC [ MBC MiC MBC
Al - - - - - - - -
A2 - - 6.66 >13.33 6.66 >13.33 3.33 13.33
A3 >13.33 >13.33 >13.33 >13.3 0.20 0.83 0.20 6.66
A4 0.83 3.33 0.83 3.33 0.20 0.83 0.41 1.66

T+: Tetracycline (1Img/mL) for antibacterial activity.
3.2. Antifungal Activities

In our antifungal screening, four heterocyclic ligands were evaluated against four fungal
strains: Candida glabrata, Rhodotorula glutinis (ON 209167), Aspergillus niger, and Penicillium
digitatum. Among the tested ligands, A3 displayed the most promising antifungal activity,
showing comparable inhibition to the positive control, Cycloheximide (T+), against all four
strains. The results are shown in Figure 3 and Table 3.

B G.candidum A.niger C.glabrata R.glutinis

22,1

14,2
14,6
l\
15
14,1
13,5
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Al A2 A3 A4 CYCLOHEXIMIDE

Figure 3. Antifungal activity of imidazolium salts.

Specifically, A3 achieved an inhibition zone of 14.6 mm against Candida glabrata, close to
the T+ inhibition of 35.05 mm. For Rhodotorula glutinis (ON 209167), A3 recorded a 15 mm
inhibition zone, comparable to the T+ inhibition of 22.1 mm. Against Aspergillus niger, SM47
produced an inhibition zone of 12.9 mm, approaching the T+ result of 35 mm. Lastly, SM47
showed a 15 mm inhibition against Penicillium digitatum, while the T+ control achieved 28
mm. These findings suggest that ligand A3 has noteworthy antifungal properties and potential
as a broad-spectrum antifungal agent, given its efficacy across both yeast and mold strains,
despite the naturally higher inhibition values observed with Cycloheximide. Regarding
antifungal activity, A3 proved particularly promising, showing inhibition zones that were
comparable to positive controls against several fungal strains, including Candida glabrata,
Rhodotorula glutinis, Aspergillus niger, and Penicillium digitatum. Although the inhibition
values were naturally higher with the control (cycloheximide), A3 still demonstrated
considerable antifungal activity. These findings suggest that A3 has broad-spectrum
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antifungal properties, making it a potential candidate for treating both yeast and mold
infections (Table 4).
Table 3. Antifungal activity “inhibition zone in mm”.

Geotrichum  Aspergillus niger Candida Rhodotorula.
candidum glabrata glutinis

Inhibition Zone (mm)

Al 14.5+0.2 14+0.2 14+0.2 12.610.2
A2 14+0.1 13.1+0.1 12+0.1 14.2+0.2
A3 14.6+0.3 15+0.2 12.9+0.3 15+0.3
A4 14+0.3 14.1+0.2 13.5+0.4 1510.1
T- DMSO ND ND ND ND

T+ 35.03+0.2 22.1+0.1 35.02+0.1 28.01+0.1

Table 4. Growth inhibition effectiveness of compound salts using MIC and MBC.

Geotrichum Aspergillus niger Candida Rhodotorula.

candidum glabrata Glutinis

MIC MFC MIC MFC MIC MFC MIC MFC
Al 13.33 >13.33 13.33 >13.33 13.33 >13.33 >13.33 >13.33
A3 13.33 >13.33 >13.33  >13.33 >13.33  >13.33  13.33  >13.33
A3 13.33 >13.33 13.33 >13.33 >13.33 >13.33 13.33 >13.33
Ad 13.33 >13.33 13.33 >13.33 >13.33 >13.33 13.33 >13.33

T+: Cycloheximide (1 mg/mL) for antifungal activity

3.3. ADMET results
3.3.1. Comparative Analysis of Imidazolium Derivatives vs. Ciprofloxacin (Physicochemical

& PK)

Before turning attention to the findings in Table 5, it bears emphasizing why ciprofloxacin
was adopted as the standard. Esteemed among fluoroquinolones, ciprofloxacin possesses
formidable antibacterial properties and a thoroughly documented pharmacokinetic
background, making it a prime choice for assessing emerging imidazolium-based compounds.
Although initial experimentation touched on antifungal inquiries, the main thrust of the
insilico evaluations is on antibacterial performance, an arena in which ciprofloxacin has
historically achieved remarkably positive results [36]. When ciprofloxacin (M5) is contrasted
with the four newer entities (A1, A2, A3, A4), one can observe that all five specimens fit into
a positive physicochemical spectrum that correlates with “drug-likeness.” This evaluation
draws on factors such as molecular weight, topological polar surface area (TPSA), hydrogen-
bonding capacity, lipophilicity (CLogP), and structural flexibility. Specifically, ciprofloxacin
(331.34 g/mol) has the largest molecular weight, whereas A2 (229.25 g/mol) registers the
smallest, followed in ascending order by A3 (247.24 g/mol) and A4 (263.70 g/mol). Al
(308.31 g/mol) stands closer to ciprofloxacin in terms of complexity and prospective
distribution. As for hydrogen-bond donors, ciprofloxacin possesses two, which could favor
solubility but occasionally inhibit passive membrane diffusion; in contrast, A1-A4 have none
(0). In the same vein, ciprofloxacin (TPSA =74.57 A2) and Al (TPSA=71.7 A?) reveal
significantly larger polar surface areas than A2, A3, and A4 (circa 43 A?), suggesting reduced
overall polarity for the latter trio. Ciprofloxacin also surpasses Al-A4 in the number of
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hydrogen-bond acceptors (five compared to two or three), reflecting inherent structural
discrepancies between the quinolone scaffold and imidazolium frameworks. Despite a
variation in rotatable bond counts (ranging from three for ciprofloxacin to five for A1), none
of these molecules violate Lipinski’s or Veber’s guidelines, which bolsters the case for their
oral bioavailability [37, 38]. The CLogP values for A1-A4 (0.76-1.34) and ciprofloxacin (1.1)
indicate a moderate level of lipophilicity, favoring a beneficial balance between water
solubility and membrane traversal, consistent with a predicted high gastrointestinal uptake
across all five candidates. Moreover, an identical bioavailability score (0.55) implies that, from
an insilico viewpoint, A1-A4 might display pharmacokinetic behavior akin to ciprofloxacin. All
these points converge to demonstrate a pronounced structural and pharmaceutical
compatibility between the imidazolium-based derivatives and the reference antibiotic,
underscoring the need for further in vivo studies. Such studies will ultimately confirm their
genuine therapeutic promise, safety aspects, and practical bioavailability when compared
directly against this well-recognized clinical agent.

Table 5. Comparison of physicochemical parameters and “Drug-likeness” profiles between
ciprofloxacin (M5) and imidazolium-based derivatives (A1-A4).

Molecules Al A2 A3 A4 Ciprofloxacin
Molecular WEIGHT(g/mol) 308.31 229.25 247.24 263.7 331.34
H-bond acceptors 3 2 3 2 5
H-bond donors 0 0 0 0 2
Rotatable bonds 5 4 4 4 3
TPSA (A?) 71.7 42.95 42.95 42.95 74.57
CLogP 1.34 0.76 1 1.2 1.1
Gl absorption High High High High High
Lipinski: violations 0 0 0 0 0
Veber: violations 0 0 0 0 0
Bioavailability Score 0.55 0.55 0.55 0.55 0.55

3.3.2. Influence Des Substituants Sur I’Activité Métabolique Et I'inhibition Des CYP450

These ADMETIlab3 predictions (Table 6) highlight how subtle variations in the chemical
scaffolds of the imidazolium-based derivatives (A1-A4) translate into different propensities
for interacting with cytochrome P450 enzymes, specifically CYP2D6 and CYP3A4, in both
inhibitory (inh) and substrate (sub) capacities [39]. At one end of the spectrum, ciprofloxacin
exhibits extremely low predicted values for inhibition of CYP2D6 and CYP3A4 (on the order of
10-8 to 10-9), reflecting its rigid bicyclic quinolone structure, which limits the molecule’s
capacity to bind and modulate these enzymes’ active sites. In contrast, the four imidazolium
derivatives display more pronounced numerical values (from 0.01 up to ~0.8 for inhibition
probabilities and ~0.13 for substrate scores in some cases), signifying a higher likelihood of
interfering with or being metabolized by these enzymes.

Table 6. ADMETIab3 predictions (CYP2D6/CYP3A4 inhibition/substrate) for imidazolium
derivatives (A1-A4) vs. ciprofloxacin.

Molecules Al A2 A3 A4 Ciprofloxacin
CYP2D6-inh 0.01 0.4 0.73 0.817 5.54 x 108
CYP2D6-sub 0.0262 0.014819 0.129 0.015 1.072 x 108
CYP3A4-inh 0.0451 598 x 107  1.38x10%° 7.5x10° 4,57 x 10°
CYP3A4-sub 0.014 9.21x107 2.8x107 4.99 x 107 0.023
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From a structural standpoint, the imidazolium core in A1-A4 is more flexible and carries
different substituents (e.g., nitro, halogen, or benzyl-acetyl moieties) that can engage in
hydrogen-bonding, t-it interactions, or dipolar contacts within the enzymes’ binding pockets.
Al, for instance, with moderate to low numerical values in both inhibition and substrate
columns (e.g., 0.01 and 0.0262 for CYP2D6), may have a conformation that partially fits into
the CYP2D6 active site enough to be recognized but not so extensively that it becomes a
potent inhibitor.

Meanwhile, A2’s higher CYP2D6-inh value (0.4) can be rationalized by a substituent pattern
that aligns more strongly with the hydrophobic and aromatic residues in the CYP2D6 binding
region, thereby increasing inhibitory potential. A3 and A4, containing halogen-substituted
phenyl rings, each display exceptionally low predicted values for 3A4-inh (e.g., 1.38824 x 10
>and 7.5 x 10®), suggesting that the spatial orientation or electronic distribution of their
halogen groups may hinder stable binding to the CYP3A4 catalytic site, reducing inhibition
likelihood despite the possibility of partial substrate recognition (reflected by smaller but non-
negligible “sub” values). Overall, these results underscore the powerful role of structure-
activity relationships in drug metabolism: even modest differences in side-chain substitution
(nitro vs. halogen vs. acetyl) or ring connectivity (as in ciprofloxacin’s fused quinolone system)
markedly alter how each compound might interfere with or be processed by CYP2D6 and
CYP3A4. The consistent theme is that ciprofloxacin’s more rigid, bicyclic framework and well-
known polar contacts confer a distinct ADME profile with minimal enzyme modulation,
whereas the imidazolium derivatives, owing to their charged core and variable substituents,
show broader spectrums of predicted substrate or inhibitor behavior, aligning closely with
their structural diversity.

3.3.3. Comparative Analysis of Thermal Properties and Metabolic Stability (SPR)

Figure 4 reveals notable variations in melting point (mp), boiling point (bp), and half-life
(t0.5, in minutes) among the imidazolium derivatives (A1, A2, A3, A4) and ciprofloxacin,
illustrating the direct influence of their chemical structures on physicochemical properties
and stability [40]. First, the marked increase in melting point seen in A3 (129 °C) and A4
(120°C), compared with A1l (77°C) and A2 (93 °C), reflects stronger intermolecular
interactions (hydrogen bonds, r-it stacking, dipolar forces) promoted by aromatic or halogen
substitutions. For instance, A3 appears to form a denser crystalline network thanks to its para-
halogen substituent. In contrast, the nitro or benzyl motifin Al, less suited to high symmetry,
leads to a lower melting point. Ciprofloxacin (222 °C) far exceeds these derivatives owing to
its bicyclic quinolone system and notable capacity for both intra- and intermolecular
hydrogen bonding, which increases its enthalpy of fusion. Regarding boiling points, Al
(304 °C) and A4 (301 °C) are on par with ciprofloxacin (297 °C), indicating that polar or halogen
substituents (F, Cl) can raise the vaporization temperature, while A2 (268 °C) and A3 (295 °C)
show how the nature and arrangement of aromatic substituents modulate overall volatility.

The half-life (t0.5) data, expressed here in minutes, confirms greater persistence for
ciprofloxacin, about 92 minutes, likely stemming from its rigid, sterically hindered structure
that reduces potential sites for hydrolysis or oxidation. Meanwhile, the imidazolium
derivatives A1-A4 range from roughly 24 minutes (0.40 hours) to about 54 minutes
(0.895 hours), reflecting a heightened susceptibility to degradation, probably due to fewer
stabilizing intramolecular interactions and greater exposure to enzymatic processes. Overall,
these melting point, boiling point, and half-life differences underscore a clear structure-
property relationship (SPR): the nature and positioning of substituents (nitro, halogen, acetyl),
the rigidity or flexibility of the molecular skeleton, and the presence of polar sites collectively
govern solid-state cohesion, thermal stability, and metabolic resilience for each compound.
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Figure 4. Comparing MP, BP, and to s for Imidazolium Derivatives vs. Ciprofloxacin
(ADMETIab3).

3.3.4. Acute Toxicity Insights: Linking Structure and LDso Predictions

These toxicity assessments (Figure 5) indicate that all imidazolium-based derivatives (Al-
A4) fall under “Class 4 Toxicity,” with modeled oral LDso values spanning 560 mg/kg (A2, A3,
A4) to 1000 mg/kg (A1l). Meanwhile, ciprofloxacin, also categorized as Class 4, exhibits a
considerably higher LDso (2000 mg/kg) [41]. From a structural perspective, the lower figures
(560-1000 mg/kg) for A1-A4 suggest a greater potential for acute toxicity compared to
ciprofloxacin, attributable to multiple factors.

First, the imidazolium core imparts a permanent positive charge that can facilitate
electrostatic interactions or compromise certain membranes, thus heightening systemic
toxicity. Moreover, substituent type and positioning (e.g., the nitro moiety on Al, or
halogenated/phenyl groups on A2-A4) affect each compound’s reactivity and likelihood of
producing harmful metabolites.

For instance, Al (LDso = 1000 mg/kg) possesses a nitro substituent that could trigger
reduction reactions or oxidative stress, yet its overall conformation may limit absorption or
tissue distribution, explaining a marginally lower toxicity than A2-A4 (560 mg/kg). In contrast,
halogenated substituents (A2, A3, A4) frequently correlate with improved membrane
penetration and metabolic pathways that form more toxic byproducts, thereby reducing the
LDso [42].

By comparison, ciprofloxacin (LDso = 2000 mg/kg) features a well-characterized quinolone
skeleton that is more stable and less prone to generating reactive intermediates; its rigid
bicyclic design and well-arranged polar groups foster a safer toxicological profile, despite
being in the same formal toxicity class.

Ultimately, these findings affirm a strong link between chemical structure and acute
toxicity, emphasizing how overall charge, substituent identity, and metabolic robustness drive
the observed divergences between imidazolium derivatives and ciprofloxacin.
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Figure 5. Predicted acute toxicity (LDso) for imidazolium-based derivatives (A1-A4) versus
ciprofloxacin.

3.4. Docking study

To gain additional proof and validation of the in vitro antibacterial performances we
observed in our imidazolium derivatives, we targeted key bacterial enzymes bearing the PDB
codes 1U1Z, 1KZN, 1JlJ, and 6KQ9 (Figure 6) [43-46]. These codes pinpoint vital three-
dimensional protein structures at the heart of metabolic pathways in pathogenic bacteria
such as Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, and Micrococcus
luteus.

We employed ciprofloxacin, a fluoroquinolone antibiotic known for its notable
antibacterial strength, as a reference molecule in the molecular docking phase, thus enabling
direct comparison to our imidazolium derivatives.

Because these protein architectures are available at high resolution, we can perform a
detailed and trustworthy inspection of their ligand-binding patterns. Consequently, the
docking outputs will shed light on the structural framework underlying the observed in vitro
biological activities, confirming the promising therapeutic relevance of imidazolium
derivatives when measured against ciprofloxacin.

A closer look at the binding affinities (in kcal/mol) in Table 7 indicates that ciprofloxacin
consistently shows some of the most negative (and thus most favorable) values across the
four targets. Nevertheless, certain imidazolium derivatives, particularly Al in the docking
calculations, display affinities that are on par with or occasionally surpass those of
ciprofloxacin, as observed with P. aeruginosa (1U1Z). At the same time, derivatives like A3
and A4 exhibit superior activity in vitro, suggesting that while the predicted binding energies
point to strong protein-ligand interactions, additional in vitro factors (e.g., cell penetration or
efflux mechanisms under laboratory conditions) could also affect antibacterial efficacy.

Overall, the docking results confirm the high potential of these imidazolium derivatives and
underscore ciprofloxacin’s role as a robust comparator, highlighting a promising array of
binding profiles within this series of compounds.
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Figure 6. Three-Dimensional Visualization of the Bacterial Enzymatic Targets (PDB Codes:
1J1J, 1KZN, 1U1Z, and 6KQ9).

Table 7. Predicted binding energies (kcal/mol) for imidazolium derivatives and ciprofloxacin
against four bacterial targets.

S. aureus E. Coli P. aeruginosa M. luteus
Structure 11 1KZN 1U1z 6KQ9
Al -9 -7.6 -6.9 -7.9
A2 -7.5 -7 -5.9 -7.2
A3 -7.8 -7.4 -6 -7.4
A4 -7.4 -7.3 -5.8 -7.6
Ciprofloxacin -9.4 -7.7 -6.7 -8.1

*Building affinity (kcal/mole)

Before examining Figure 7, it is important to note that the choice of the A4 compound for
the docking simulation with the E. coli protein (PDB: 1KZN) was guided by two key
considerations: on the one hand, A4 demonstrated particularly promising in vitro results; on
the other, the validated docking protocol using this protein showed increased reliability in
predicting interactions. The 2D interaction diagram reveals that A4 establishes a variety of
non-covalent bonds with 1KZN, reflecting a favorable steric and electronic complementarity
within the complex. Notably, the ligand’s carbonyl oxygen forms a C-H hydrogen bond with
Asn A:46 (=3.59 A), anchoring A4 in the binding pocket, while the halogen substituent
(chlorine) on the aromatic ring creates a halogen bond with Val A:71 (3.09 A), a type of
interaction often critical for achieving selective and stable protein-ligand complexes. In
addition, the analysis indicates approximately ten van der Waals contacts, highlighting the
extensive non-covalent framework that bolsters A4’s positioning within the active site [46].

Among these, there are notable alkyl interactions with Val A:43 (4.80 A) and Val A:167
(3.98 A), as well as m-alkyl contacts with lle A:78 (4.72 A). The ligand also engages in m-
o\sigmao interactions (Thr A:165 at 3.93 A), underscoring the tight hydrophobic packing
around its aromatic moieties. These hydrophobic contacts, combined with the hydrogen-
bond network and halogen interactions, confer a multidimensional stabilization of the
complex; even the slightly longer m-alkyl distance of 5.25A with Ala A:47 highlights
cooperative involvement of nearby residues in maintaining the ligand’s optimal
conformation.

Furthermore, three-dimensional visualization of the same binding environment integrates
solvent accessibility (SAS), hydrogen-bond distribution, electrostatic charge, and hydrophobic
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character. The SAS gradient (green to blue) delineates more buried versus more solvent-
exposed regions around the ligand, while the hydrogen-bond map (magenta for donor, green
for acceptor) pinpoints specific polar contacts, guiding A4’s orientation toward key side-chain
functionalities. The interpolated charge surface (negative in red to positive in blue) captures
the electrostatic contours, unveiling areas of charge complementarity that could enhance
binding affinity. Lastly, the hydrophobicity map (brown for hydrophobic to blue for
hydrophilic) demonstrates the predominance of nonpolar residues in the binding pocket
favorable for van der Waals interactions with A4’s aromatic and aliphatic regions while small
hydrophilic patches accommodate charge-dependent or hydrogen-bonding interactions [47].
Taken together, these multifaceted data provide a comprehensive view of how A4 is
recognized and stabilized, showcasing the complex interplay of polar and nonpolar forces that
drive ligand affinity in this protein environment.

Figure 7. 2D and 3D visualizations of the docking results for ligand A4 with the E. coli protein
1KZN, highlighting key non-covalent interactions and solvent accessibility.

3.5. Molecular Dynamics Analysis: RMSD, RMSF, and Protein-Ligand Stability

Before presenting the detailed analysis of molecular dynamics, it is worth emphasizing the
importance of this method for studying conformational stability and protein-ligand
interactions. Indeed, molecular dynamics (MD) makes it possible to simulate the
spatiotemporal evolution of a biological system (protein, ligand, solvents, etc.) under
controlled thermodynamic conditions, thereby revealing structural fluctuations, the
accessibility of binding pockets, and stabilization mechanisms that may not be observable in
static docking models [48].

In Figure 8, the evolution of the RMSD (Root Mean Square Deviation) over time (horizontal
axis, in nanoseconds) is shown for two entities: on the one hand, the protein backbone (red
line), and on the other, the ligand A4 (black line). The red curve displays minimal fluctuation,
hovering around modest values (generally below 0.3 nm), indicating that the protein
maintains a globally stable structure throughout the simulation, evidence of a well-balanced
system devoid of any significant unfolding. In contrast, the black curve, associated with A4,
exhibits greater fluctuation: peaks can reach around 0.8 nm, indicating a more pronounced
mobility of the ligand within the binding pocket.

This increase in RMSD for A4 may be explained by its chemical structure, featuring a
substituted imidazolium core (e.g., a halogen group or an aromatic moiety), which confers a
certain degree of conformational flexibility. Consequently, A4 can adopt various orientations,
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form transient interactions with different key cavity residues (e.g., via hydrophobic contacts
or halogen bonds), and then shift in response to local protein movements or solvent
rearrangements. The fact that these RMSD values do not exceed 1 nm for prolonged periods,
however, suggests that the ligand does not “escape” the site, but rather explores multiple
internal positions while maintaining sufficient binding interactions to remain within the
pocket.

RMSD
LIG afier lsg it w Protein

| — Ad
—— Backbone

RMSD (nm)

Time (ns)

Figure 8. RMSD evolution of the protein backbone and ligand A4 during molecular dynamics
simulation.

All these observations confirm the protein’s stability (low backbone RMSD) and a relative
freedom of movement for A4 (higher RMSD), consistent with binding modulated by the
flexibility of the imidazolium skeleton and its substituents. This internal dynamic, while
remaining confined to the active site, serves as an indicator of a reasonably strong affinity:
the ligand does not dissociate but explores micro-conformational states that can briefly
strengthen or weaken its interactions. Overall, the RMSD analysis highlights the protein’s
structural robustness and A4’s capacity to remain associated despite noticeable fluctuations,
thus corroborating the hypothesis of a stable and potentially effective interaction already
suggested by the docking studies. The RMSF (Root Mean Square Fluctuation) (Figure 9)
analysis evaluates, for each atom (or sometimes each residue) of the protein, the average
amplitude of its displacements during the molecular dynamics simulation.

In the presented graph, the x-axis (from 0 to about 2800) corresponds to the index of the
atoms in the protein, while the y-axis indicates the RMSF in nanometers (up to around
0.4 nm). The observation of pronounced peaks near atom indices 1000 and 1200, exceeding
0.2-0.3 nm, suggests the existence of particularly mobile regions, such as solvent-exposed
loops, unstructured (or partially structured) segments, or external domains that are less
sterically constrained [49]. By contrast, the portions whose fluctuation remains below 0.1 nm
generally correspond to more rigid regions, such as a-helical or B-sheet cores, often buried in
the protein’s hydrophobic interior and contributing to the overall stability of the architecture.
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Figure 8. RMS Fluctuation of the protein backbone and ligand A4 during molecular dynamics
simulation.

The presence of well-defined peaks illustrates a heterogeneous distribution of flexibility a
common phenomenon in multidomain proteins or those possessing flexible structural motifs
involved in ligand recognition or allosteric regulation. It is not uncommon for the N- or C-
terminal ends to also exhibit high fluctuations, owing to weaker structural anchoring. In the
context of studying a protein-ligand complex, this information complements the global RMSD
analysis: a high RMSF can reflect local “breathing” in the protein, which may sometimes
facilitate ligand access to its binding site or, conversely, alter the stability of certain key
interactions. Consequently, the most prominent peaks are hypothesized to correspond to
flexible regions that play a role in the protein’s dynamics, potentially crucial for its biological
activity. Thus, interpreting the RMSF results, combined with docking and RMSD data, provides
a detailed view of conformational stability: not only is the average flexibility of the entire
protein identified, but specific segments that can modulate the overall behavior of the
complex through their fluctuations are also pinpointed. Finally, this study adds new
information regarding molecular docking, as reported elsewhere (Table 8).

Table 8. Previous studies regarding molecular docking.

No Title Ref.

1 Artemisia herba alba essential oil: GC/MS analysis, antioxidant activities with molecular [50]
docking on S protein of SARS-CoV-2

2 Triazolopyrimidine derivatives: A comprehensive review of their synthesis, reactivity, [51]
biological properties, and molecular docking studies

3 Deciphering the mechanism of action Cosmos caudatus compounds against breast neoplasm: [52]
A combination of pharmacological networking and molecular docking approach with
bibliometric analysis

4 Synthesis, antibacterial evaluation and molecular docking of 2,4,5-tri-imidazole derivatives [53]

Reverse docking on five original PPO structures: Plant, bacterial, and human [54]

6 Synthesis, optimization, DFT/TD-DFT and COX/LOX docking of new Schiff base N'-((9-ethyl-9H-  [55]
carbazol-1-yl)methylene)naphthalene-2-sulfonohydrazide

(03]

DOI: https://doi.org/10.17509/ajse.v6i1.89789
p- ISSN 2776-6098 e- ISSN 2776-5938



https://doi.org/10.17509/ajse.v6i1.89789

27 | ASEAN Journal of Science and Engineering, Volume 6 Issue 1, March 2026 Hal 11-34

Table 8 (Continue). Previous studies regarding molecular docking.

No Title Ref.

7 Synthesis, characterization, E/Z-isomerization, DFT, optical and IBNA docking of new Schiff [56]
base derived from naphthalene-2-sulfonohydrazide

8 Design, synthesis, and biological evaluation of new sulfonamides derived from 2- [57]
aminopyridine: Molecular docking, POM analysis, and identification of the pharmacophore
sites

9 Computational approaches to Spirulina platensis growth with urea-derived nanonutrients: [58]
Thermodynamic properties, energetic profiles, molecular docking and POM analysis

10 Preparation and characterization of new mixed azo ligand complexes with some metal ions [59]
and in vitro biological activity and molecular docking study of Ni(ll) and Hg(ll) complexes

11  Molecular docking studies for the identifications of novel antimicrobial compounds targeting [60]
Staphylococcus aureus

12 Potential inhibition of ALDH by argan oil compounds, computational approach by docking, [61]
ADMET and molecular dynamics

13 3D-QSAR, molecular docking, molecular dynamic simulation, and ADMET study of bioactive [62]
compounds against Candida albicans

14  Acetylcholinesterase, tyrosinase, a-glucosidase inhibition of Ammoides leucotrichus fruits [63]
essential oil and ethanolic extract and molecular docking analysis

15 3D-QSAR modeling, molecular docking and drug-like properties investigations of novel [64]
heterocyclic compounds derived from Magnolia officinalis as hit compounds against NSCLC

16 Novel triazole-pyrazine as potential antibacterial agents: Synthesis, characterization, [65]
antibacterial activity, drug-likeness properties and molecular docking studies

17 Investigating the biological activities of Moroccan Cannabis sativa L. seed extract: [66]
Antimicrobial, anti-inflammatory, and antioxidant effects with molecular docking analysis

18 Investigation of the usability of some triazole derivative compounds as drug active ingredients  [67]
by ADME and molecular docking properties

19 In silico design of new a-glucosidase inhibitors through 3D-QSAR study, molecular docking [68]
modeling and ADMET analysis

20 In search of new potent a-glucosidase inhibitors: Molecular docking and ADMET prediction [69]

21 In silico studies of 1,4-disubstituted 1,2,3-triazole with amide functionality: Antimicrobial [70]
evaluation against Escherichia coli using 3D-QSAR, molecular docking, and ADMET properties

22  Deciphering the SARS-CoV-2 Delta variant: Antiviral compound efficacy by molecular docking, [71]
ADMET, and dynamics studies

23 In silico docking, drug-likeness and toxicity prediction studies of bioactive compounds of [72]
Eurycoma longifolia as potential multi-targeted antiviral agents against SARS-CoV-2

24 Extract and molecular docking: Exploring the oxidation of 3,5-di-tert-butylcatechol and 2- [73]
aminophenol in the presence of O, from air

25 Synthesis, structural and crystallographic characterization of new hydrosoluble thymol [74]
derivatives with enhanced antioxidant activity assessed by docking study

26  Synthesis, anticancer, antimicrobial evaluation, in silico molecular docking and POM analyses [75]
of new 4,7-dimethyl coumarin containing sulfonamides

27  Synthesis, spectroscopic characterization, cytotoxic activity, ADME prediction and molecular [76]
docking studies of the novel series quinoxaline-2,3-dione

28 Molecular docking and ADMET prediction of compounds from Piper longum L. detected by GC- [77]
MS analysis in diabetes management

29 CoMFA topomer, CoMFA, CoMSIA, HQSAR, docking molecular, dynamique study and ADMET [78]
study on phenoxypropyl isoxazole derivatives for coxsackie virus B3 inhibitors activity

30 Computational insights into benzothiophene derivatives as potential antibiotics against [79]
multidrug-resistant Staphylococcus aureus: QSAR modeling and molecular docking studies

31 Computational engineering of malonate and tetrazole derivatives targeting SARS-CoV-2 main  [80]

protease: Pharmacokinetics, docking, and molecular dynamics insights to support the
sustainable development goals (SDGs), with a bibliometric analysis
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4. CONCLUSION

The study demonstrates that compounds A3 and A4 exhibit significant therapeutic
potential, as reflected in their vigorous antibacterial activity confirmed by both in vitro assays
and computational modeling. Their efficacy against E. coli and P. aeruginosa, comparable to
that of gentamicin, underscores their promise as alternative antimicrobial agents. Moreover,
molecular docking and molecular dynamics simulations revealed stable and favorable ligand-
protein interactions, supporting their mechanistic plausibility. The compounds also displayed
favorable ADMET characteristics and acceptable predicted toxicity (Class 4), further
reinforcing their suitability for pharmaceutical development. However, comprehensive
preclinical studies remain essential to validate their safety, efficacy, and pharmacokinetic
behavior in vivo. These findings provide a compelling foundation for the continued
development of imidazolium-based therapeutics targeting drug-resistant bacterial infections.
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